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Abstract

The nanoindenation testing system has been extensively applied to determine mechanical properties of thin film presently. However, the
contact surface between the indenter and the thin film may arise a sliding friction. The existing report ignores such a friction force effect at
the contact surface. This study will present several experimental results to demonstrate the existing of the friction force between the tip of the
indenter and the test sample. In this regard, the effect of the sliding friction on thin film mechanical property measurement will be discussed.
According to the experiment results, the friction force effect is influenced by the indent depth. In addition, the interface friction force is more
significant for the brittle material due to its larger elastic restoring force. The ignorance of the friction effect may lead to significant error
when extracting elastic modulus of thin films from the indentation test.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction surface can be characterized. Further, the load—deflection test
is available on the free-standing micromachined cantilever,

The mechanical properties of thin film materials gradually microbridge, membranes, etc. Thus, it is possible to charac-

attract a lot of attention for the area of MEMS and IC. The terize the mechanical properties such as the stiffness, fracture

thin film mechanical properties not only affect the mechani- toughness and the residual stress of the micromachined struc-

cal performance but also the electrical as well as the optical tures[4-8].

performances of the devices. The mechanical property ofthin  Despite the popularity and practical importance of the

film materials may not be the same as that of the bulk ones.nanoindentation technique, various effects that were ignored

Moreover, the mechanical properties of thin film materials in the existing technique need to be further studidl2].

are usually vary with the fabrication processes, film thick- Forinstance, the sliding friction between the test film and the

ness, etc. Various techniques regarding the determining ofindenter was not considered in the existing analytical model.

thin film mechanical properties have been reporteld #8]. This research aims to study the sliding friction effect oc-
Presently the nanoindenation system has been extensivelicurred on the contact interface between indenters and thin

used for measuring mechanical properties of thin film. The film as show irFig. 1 Four different samples were employed

nanoindentation technique has several advantages over otheto demonstrate and discuss the effect of the sliding friction

methods. For instance, it is convenient to prepare the sampleon the characterizing of thin film mechanical properties.

for nanoindentation test. The online wafer level test is avail-

able using the nanoindentation system. In addition, the dis-

tribution of the thin film mechanical properties on the wafer . . .
2. Theory of indentation technique

* Corresponding author. Tel.: +886 4 2451 7250; fax: +886 4424519951, [N this study, experiments were performed using a com-
E-mail addresscftsou@fcu.edu.tw (C. Tsou). mercial nanoindention systef8,13]. The variation of the

0924-4247/$ — see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.sna.2004.06.030



310

(a) :
loading

(b)

Imoving

-

Fig. 1. The sliding friction effect occurred on the contact interface between
indenters and thin film.

elastic modulus at different indent depth was used to demon-
strate the existing of interface friction effect. As illustrated
in Fig. 2, the commercial nanoindentation system is mainly
consisted of a magnetic loading actuator, a capacitive dis-
placement sensor, a probe, and supporting springs. A typical
load—displacement curve is demonstratedrig. 3. As the
indenter is driven into the material, both elastic and plastic
deformation caused the formation of a hardness impression
conforming to the shape of the indenter to some contact depth,
hc. As the indent is withdrawn, only the elastic portion of the
displacement is recovered. According to the recovery of the
material, the elastic modulus is determined. As reported in
[3,13], a so-called reduced modulus is expressed as
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Fig. 2. Schematic diagram of nanoindentation system.
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Fig. 3. Atypical load—displacement curve.
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whereA is the projected contact area at that load grid a
constant that depends only the geometry of the indenter. In
addition, the stiffness of the sample during con®&¢tP/dh)

is the slop of the initial portion of the unloading curve indi-
cated inFig. 3a. The elastic modulus of the test matertal,

is expressed as

1 (1-v?) (1-09)
Er E E

5 = )
whereuv is the Poisson’s ratio of the test material; &dnd

v; are the elastic modulus and Poisson’s ratio, respectively,
of the indenter.

In addition to the static load—deflection test, the material
properties can be determined by using the dynamic harmonic
excitation test of this commercial indentation system. The
existing dynamic model of the indentation system and sample
contac{13—15]Jisillustrated inFig. 4. The equivalent mass,
spring constari, and damping coefficiel@ are contributed
from the indentation system and the sample during test. The
dynamic response of the system under a harmonic excitation
Fo sinwt can be expressed as
mZ + Dz + Kz = Fp sin ot (3)

As indicated inFig. 2 the equivalent stiffness is influ-
enced by the stiffness of the sam@aluring contact, the
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Ki, m, Ks, andD; of the system are known in advance; the
parameter§SandDsw can be determined under a given har-
monic excitationFg sinwt. In this regard, the reduced mod-

ulusE; and the elastic modulus of the test sample can be

determined fronigs. (1) and (2)

K=(S1+K, ) +K; D=D+D,

3. Experiment and results

X()=X P .

Fig. 4. The existing dynamic model of the indentation system and sample

contact.

stiffness of the load framiz, and the stiffness of the sus-
pensionKs. Moreover, the equivalent dampirig contains
the effects contributed from the damping of the saniple

D;. Accordingly, the stiffnes§and the damping coefficient

F(f) - P(Jei(w

Ds of the sample during contact can be expressed as

Fig. 2shows the schematic diagram of the system used to
test the thin film in this study. The system employs an XY

stage to position the sample directly undernearth the tip of

the probe. After driven downward by the loading actuator, the
probe will indent a notch in the film surface. A force trans-
ducer measures the magnitude of the reaction force with the
resolution within+1 nN, and the magnitude of the displace-
ment is measured by capacitive displacement sensor with the
during contact and the damping of the displacement sensorresolution withinA=0.0002 nm. The Berkovich indenter with
atriangular pyramid tip was used in all experiments. The ma-
terials are characterized by continuously recording the dis-
placement and load during the indentation process.

S = ! N £l (4) There are four thin film materials, including silicon diox-
Fofzo cOs¢ — (Ks —maw®) K ide (SiQy), silicon nitride (SiN4), aluminum (Al), and nickel

Fo (Ni), used to study the contact friction effect of indentation
Dsw = —sin ¢ — Djw (5) test. Among these materials, the $jGizN4, and Si are re-

20

—_
(2]
o

garded as brittle materials; on the other hand, the Ni and Al
wherez, is the measured amplitude of the dynamic response are ductile materials. These thin film materials were grown
associated with the driving frequency. Since the parametersor deposited on (100) silicon wafer. The conditions of these
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Fig. 5. The elastic modulus of the thin film materials for various different thicknesses.
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thin films are listed inTable 1 Moreover, the indentation
The fabrication processes and thickness of the four different films used in tests on two bulk materials, including a 500 thick single
crystal silicon wafer and a 20Q0m thick aluminum, were

performed as well.

In this study, experiments were performed using a com-
mercial nanoindention system with 0.0002 nm displacement
resolution and 1 nN force resolution. The commercial inden-
tation system will continuously record the load and displace-
ment of the indenter head during the thin film indentation

312
Table 1
this study
Material Fabrication Thicknessun)
SiO, Wet-thermal 0.98
SisNg LPCVD 0.8
Al Evaporation 1
Ni Evaporation 1
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Fig. 6. The experiment results for bulk materials.
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Fig. 7. A physical model for indentation interface.
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test. Hence, the elastic modulus of the thin film materials contact should be less than 10% of the thin film thickness,
for various different thicknesses was measured, as shown inthoughin some materials have been claimed for depths of up
Fig. 5. The indenter load is increased from zero to a certain 25%[16]. Thus, in fair agreement as mentioned previously,
maximum valuePhay, and then gradually decreased to zero. the Young's modulus for Si§) SisNg4, Al and Ni under con-

The elastic modulus changes drastically in the beginning duesider the range at 5 and 10% of each thickness are 71, 283,
to the surface profile of the indentation point. According to 72, 202 GPa, respectively.

the substrate effect, the elastic modulus varies with the indent  In addition, the experiment results for bulk materials Si
depth. A conservation rule of thumb is that the depth of the and Al is show inFig. 6. The measured results Fig. 6a
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Fig. 9. The load—deflection curve of the Sifin film under three different indentation depths.
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reveal that the elastic modulus of bulk Si is still increas- Load On Sample (mh)

ing with indentation depth, although the substrate effect R e dnpiieeiis

is no longer existed. Accordingly, the experimental results 18]+ SiyNg-film .ocic
of the indentation test are influenced not only by the sub- 14 "?“":"":"“5'eléstiic o s

strate effect. In addition, the measured resultFig. 6o fihedvests o ldibopriintion:
demonstrate that the elastic modulus of bulk Al becomes I t E? orma 10:nr
a constant valueH = 80 GPa) when the indentation depth 103 PR g

o

larger than 200 nm. Consequently, the variation of the elas- 8 d?formﬁﬂﬁn

tic modulus with the indentation depth is significantly dif- Bipris s wegmnshng
ference between the ductile Al and the brittle Si mate- i DRI e, T AN
rials. 2

20 40 60 80 100 120 140 160 160 200 220

4. Discussions (a) Displacement Into Surface (nm)
A physical model shown ifig. 7 has been established in Load On Sample (ul)

this study to explain the behavior observedig. 6. Fig. 7 2500

shows the indentation conditions on the contact interface that

between tip and sample. During the loading and unloading 2000
processes, a nhormal foréeresulted from the elastic restor-
ing force of the sample will apply on the tip. Thus, a sliding
contact friction f will apply on tip surface. In this case, the
energy dissipation of the dynamic system due to the dry fric-
tion needs to be considered, so that the dynamic respgnse 1000
in Egs. (4) and (5will be reduced. Apparently, the spring
stiffness of the dynamic model ifig. 2 will be increased if 500
the dry friction is not considered. As the indent depth is in-
creased, the dry friction isincreased yet the dynamic response , ; . ; : : i
7 is decreased. 100 200 30 400
The types of friction between the probe tip and the sam-
ple are mainly determined by the contact condition during
the indentation test. As shownig. 8a, a typical force ver-  rig. 10. The distribution of the elastic and plastic deformation regions for
sus indent depth curve is used to study the characteristic oftypical ductile (Al) and brittle (SiN4) materials.
contact friction during indentation. The curve is measured
from the SiQ thin film. The region inside the dashed box on
Fig. 8a is zoomed irFig. &, and the dashed box é1ig. & variation of the elastic modulus with the indent depth shown
is further zoomed iffrig. 8a. As indicated irFig. 8, the un- in Fig. 6.
loading curve consists of two segments with different slope,  The normal forceN is resulted from the elastic restoring
and the turning point is labeled as B. In the beginning of force of the sampld=ig. 10shows the distribution of the elas-
unloading, the probe tip contact with the test sample tightly. tic and plastic deformation regions for typical ductile (Al) and
There is no relative motion at the contact surface. Hence, brittle (SgN4) materials. It is obtained that the elastic defor-
a static friction forcds (N(cosé — ussing)) which tangent mation region for ductile material is much smaller than that of
to the contact surface is applied on the probe tip. As the the brittle material. Hence, the normal fofdecaused by the
unloading process continued, there is relative motion occur- ductile material is much smaller. Accordingly, the friction
ring at the contact surface. Thus, the probe tip will expe- effect for brittle and ductile materials is different. In addi-
rience a kinetic friction forcdy (N(cos® — u sind)). The tion to the SiQ, the indentation test on various thin films
existing of static and kinetic friction force explains that the and bulk materials are performed and recordedion 11
measured load—deflection curve has two different slopes dur-The test samples contain the brittle materials such as,SiO
ing unloading process. As the indent depth is increased, theSisN4 and Si, and the ductile materials such as Niand Al. As
normal loadN applied on the probe tip is increased, thus, shown inFig. 10 the load—deflection curve of all brittle mate-
the static friction forcds is also increased. To further ver- rials has two segments with different slopes during unloading
ify this characteristic, the load—deflection curve of the §i0 process. On the other hand, the load—deflection curve of all
thin film under three different indentation depths is recorded, ductile materials has merely one segment during unloading
as shown inFig. 9. Apparently, the slope of segment AB  process. In summary, the influence of the contact friction ef-
is increased with the indent depth. The characteristic asso-fect is more critical for the brittle material, as demonstrated
ciated with the contact friction is further demonstrating the in Fig. 6.
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Fig. 11. The indentation test on various thin films and bulk materials.

the indentation depth. Hence, the friction effect is influenced
by the indentation depth. In addition, the friction effect for

This work demonstrates the effect of interface friction brittle and ductile materials is different. The interface fric-

force during the in

dentation test. It is necessary to considertion force is more significant for the brittle material due to

the influence of this effect when determining the thin film its larger elastic restoring force. Hence, the effect of fric-
mechanical properties by indentation test. According to the tion force caused by the brittle material is large than that of

experiment results

, the static friction forfgés increased with ductile material. Consequently, the ignorance of the friction
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effect may lead to significant error when extracting elastic
modulus of thin films from the indentation test.
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