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Abstract

Mechanical properties of an aluminium thin film wemeasured by microcompression and
indentation tests. The microcompression techniqumabines preparation of specimens using
focused ion beam (FIB) and compression test byrmindeter device. Cylindrical specimens
were prepared by focused ion beam milling. The Hte@ cylindrical specimens was about
2 um and their diameter about 1y&n. The load and displacement were continuously areds
during tests. The stress-strain curves were oldtaiméwo representations. Stresses of the first
plastic bursts were determined in both represemtatiHardness and Young modulus were
measured by indentation test using continuousns$ method. Representative values of thin
film were calculated.
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1 Introduction

Mechanical properties of thin flms are generallyt masy to be measured. The indentation
technique continuously measuring force acting @nsiecimen and displacement of the indenter
is the most popular method. It can be distinguishegtween nanoindentation and
microindentation according to the accuracy andiaggbads of the testing device. This method
is easy to carry out and a set of material paransien be measured, nevertheless this method is
not suitable for determining of plastic propertiéghin films such as yield stress, ultimate stress
or strain hardening coefficient [1].

Tensile test is the most suitable method for meéagwf plastic properties of bulk materials.
Unfortunately, the preparation of specimens fronthim film for tensile test is extremely
difficult. For a successful test, the thin film muee separated from the substrate without any
damage and the film itself cannot contain defetiterwise the film is fractured before its plastic
deformation. There are only rare attempts to perfirese experiments in the literature [2-4].
Another possibility is so called bulge test. Insthinethod, the thin film is prepared as a
membrane, the gas pressure grows on one side tfithBlm and the deflection is measured on
the other side [5-7]. The dependence of deflecidnthin film on gas pressure can be
recalculated to biaxial tensile curve with stresaig coordinates. The preparation of specimens
is also complicated; therefore this method is usdy rarely.

Recently, mechanical tests at microscale become mxessible due to commercial availability
of focused ion beam (FIB) allowing precise removioigthe material and nanoindentation
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facilities. Prof. Dimiduk’s group was first to cad out mechanical test combining a preparation
of specimens using FIB and their subsequent defiiwmausing nanoindenter, so called
microcompression test [8]. This technique was ufsedstudy of various materials [9-12].
Specimens, referred as pillars, were prepared bsheo surface of bulk material and they had a
cylindrical geometry. The determination of the effef specimen size on mechanical behaviour
of tested specimen was the main goal of this erpart. The strong increase of yield stress was
found in specimens with diameter smaller thanurh. A possible explanation for this
strengthening is the concept of hardening by daloo starvation. It means that there are no
movable dislocations in such small volume; therefgield stress is determined by stress which
is needed for activation of dislocation sources aodl by stress necessary for moving of
dislocations as is usual in bulk materials [13].

2 Experiment

The studied material is a thin film of Al — 1,5 Wb Cu of chemical composition and
2,06 + 0,05um of thickness. The Al film was composed of relalyw large grains with the
average diameter in the plane parallel to the §ilmface of 3,8 + 0,fm. Such large grains are a
consequence of a relatively high substrate temperaturing deposition (340 °C). The EBSD
analysis showed a very strong preferential <11Jientation of the normal to the film surface.
The film was deposited on <100> Si monocrystalliveder. In between the wafer and the film,
an intermediate W-10%Ti layer was present. The \waid was prepared on Varian 3190
sputtering system at the ON Semiconductor company.

The microcompression specimens (pillars) were pezban the Quanta 3D FEG DualBeam™
and Tescan Lyra 3 FEG microscopes. The aim wabtairoa perfect cylindrical specimen with
a diameter of 1,m and their height is determined by film thickneB#lars were produced in
centers of large grains, to ensure that the whdlar ps single crystalline. The FIB milling
procedure was optimized so that the final shapthefAl part of the pillar is as close to the
perfect cylinder as possible.

Flg.l Scheme of microcompression experiment, dimensiopsi

The diameter of the removed zone around the pillss chosen to be 25m, to ensure that the
nanoindenter tip will not touch any other objectept the pillar. Flat diamond tip with the
diameter of 1um was used (see schematicgs-ig. 1). During the deformation, it was ensured
that the face of the flat punch was parallel to tipper face of pillars. At the onset of the
deformation, pillars were therefore loaded in pooenpression. Micro-compression tests were
carried out at nominal constant loading rate 06@,mNs".

Continuous stiffness measurement technique [14] wsed for measuring of indentation
modulus and hardness as function of indentatiorthdeping the MTS Nanoindeter XP. The
maximum indentation depth was chosen agur. It is known that measured values of
indentation modulus and hardness depend on ind@mtdepth, especially in the case of thin
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films deposited on a substrate. Representativeegabf Al thin film were determined at a
plateau which was found in dependences of indematiodulus and hardness on indentation
depth. The Berkovich tip geometry was used.

3 Resultsand discussion

3.1 Microcompression tests

The pillar which was prepared using optimised pssde shown irFig. 2. Obviously, the pillar
approaches the geometry of a perfect cylinder quitéh. The tapper angle is only about 3
degrees, substrate around pillar is also parti@iyjoved and substrate geometry around the
pillar is not too rough. The pillar after microcorapsion test is shown Fig 3. The obvious slip
bands were produced during plastic bursts durirfigrdetion.

- "--._ e T . .
Fig.2 The microcompression pillar before Fig.3 The microcompression pillar after deformation
deformation

The displacement of the nanoindenter and appliecefevere continuously measured during
experiment. These quantities were recalculatedhgineering stress and strain coordinates by
standard equations= F / & ande = 4l / |, wherely is the initial height of specimen (equal to
the thickness of thin film) an&, is the initial cross-section. Actually, compressiests were
carried out on single crystals, therefore resuttangly depend on crystallographic orientation of
pillars. The crystallographic orientation was meaduby EBSD following by determination of
Schmid factorm of the primary slip system. Subsequently, it wassible to recalculate—¢
coordinates tor—y coordinates by equationg = om and y = ¢/ m. An example of
microcompression curve in both representationfigsva inFig 4. It should be noticed that the
nanoindentor controls the test and measures tlaepdatisely, although displacement was in the
range ofnm and force inrmN. Obviously, the shape of the microcompression eunvFig. 4 is
completely different than typical stress-strain veurfor bulk materials. The deformation
behaviour of the pillar consisted of events of daplastic jumps called plastic bursts connected
by stages of elastic deformation. At first, stressreases and pillars are deformed only
elastically. After reaching stress necessary fdivation of a dislocation source, tens or
hundreds of dislocations loops glide through pilaad they disappear on free surface of the
pillar. It results in plastic bursts and in fasfatenation of the pillar as long as the dislocation
source is active. When the dislocation source isaested, pillar is deformed again only
elastically until other dislocation source is aated. Such explanation of the shape of the
microcompression stress-strain curve is generabgpted [15]. The strain hardening was not
observed.



Acta Metallurgica Slovaca, Vol. 17,2011, No. 3163-168 166

200 . e . -
‘ (. — {60
180 ] [
& 160 | -50
2 140 [ '
7] | 140
@ 120 [ i : | =
2 . | o
g 100 f‘l l ‘ {30 =,
£ 8ol | | e
% | | |
£ 60f( ‘ |20
o !
< 4l |
w | | | | —110
20 (| -
0 0

] 0.05 0.1 0.15
Engineering strain [-]
Fig4 An example of microcompression curvedne and 7—) representations.

Due to inability of tungsten alloys and silicondeform plastically at room temperature, it can
be supposed that all plasticity originate fromedsAl film so that plastic properties of the Al
thin film are measured. The stress at the firsistmaburst was determined to be equal
129 + 44 MPa. Subsequently stress was recalculatelear stress using Schmid factor, because
the plastic behaviour of pillar strongly dependsitsncrystallographic orientation. The shear
stressr at first plastic bursts was determined as 44 #MP3. This recalculation decreases the
variance of measured data significantly.

3.2 Indentation tests

Two examples of the variation of hardness with ldispment of the nanoindentor tip into
surface of the thin film are shown kig. 5 andFig. 6. A plateau can be found on that curve in
the interval of 150 — 400 nm of indentation demjresenting hardness of thin film, d&g. 5.
The measured hardness increases with indentatipth deecause of increasing effect of the
substrate. Hardness of the Al thin film was deteedi by analyzing about 20 experimental
curves as 0,71 = 0,08 GPa.
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Three examples of the dependence of the indentatmoiulusEy on displacement into surface
(indentation depth) is shown Fig. 6. There is also strong dependence of indentatioduns

on indentation depth due to influence of substraiee plateau was also found in Fig. 6,
nevertheless this plateau occurs in shorter intefvandentation depth (150 — 250 nm) than in
case of hardness measurement. The indentation oodigls determined as 102 + 12 MPa. The
Young modulus of thin film can be calculated by &tipn (1) given in [1]:

1-05 1)
1 1-0

n

E. E,

Ey =

where vy and v, are Poisson ratios of Al and indenter, respectivahd Ey, E;, and E¢ are
Young modulus of thin film, of the indenter and timelentation modulus, respectively. The
properties of diamond indenter were found in therditure:E;, = 1141 GPa and, = 0,07 [1]
and Poisson ratio of Al was reported to be equabdd0,347 [16]. The Young modulus was
calculated using these parameterg&qas- 98,6 + 12,7 GPa. This value is a bit higher thaE

for bulk Al O 70 GPa [10]. The tested Al film is strongly texddrwith preferential <111>
orientation parallel to the surface normal. In afrispic cubic crystalE of the <111> orientation
is higher. Therefore it can be expected tBatmeasured on single crystalline specimen with
orientation close to <111> will be higher than tiverage value. Another effect which may
increase the measured value K is the influence of the material pushed above itiitéal
surface, so called pile-up [1].

4 Conclusions
Results of this work can be summarised as follows:

e The compression curves imw-¢representation were obtained during successful
compression tests of specimens with sizuim range. The stress of the first plastic
burst was determined as 129 + 44 MPa

e The compression curves were recalculated-{pcoordinates using Schmid factor of
primary slip system. The shear stress of the fisistic burst was determined as
44 + 13 MPa.

e Hardness and Young modulus as function of indesmatepth were measured by
nanoindentation technique using continuous stifneeasurement mode. A plateau
was found on the curves representing propertighinffilm. The following properties
were determined: H = 0,71 + 0,08 GIFg,=102 + 12 MPa anfi, = 98,6 + 12,7 MPa.
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