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Abstract

This paper presents the results of nanoindentation experimental studies of the contact-induced deformation in Au and Ag thin films. The paper
examines the effects of film thickness and substrate deformation restraint on the mechanical properties of electron beam (e-beam) deposited Au
and Ag films. Following a brief description of film microstmctore, surface topography, and contact-induced pile-up deformation, film mechanical
properties (hardness and Young's modulus) were determined using nanoindentation technigues. The indentation size effects (ISE) observed in
films with different thicknesses were explained using a mechanism-based strain gradient (MSG) theory, The intrinsic film yield strengths and
hardnesses extracted from the MSG theory are shown to exhibit classical Hall-Peich dependence on the inverse square root of the average film
grain size, Displacement bursts were also found to occur in Ag films at indentation load levels of 100 oM. These were attributed to the initial onsat
of dislocation slip activity, when the shear stress excesds the estimated theoretical shear strengths of the materials.

©@ 2006 Elsevier BV, All rights reserved.
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1. Introduction

In recent years, significant efforts have been made to
develop microelectronics and microelectro-mechanical systems
(MEMS ) structures in which face-centered cubic (fec) films have
been used as metallic contacts at the micro- and nano-scales
[3-5]. However, the physics of contact-induced deformation of
fee films has not been fully investigated, since the mechanical
properties of the small structures may be significantly different
from those of bulk materials [6].

The differences between the mechanical properties of small
structures and bulk materials may be attributed to: differences
in microstructure due to the fabrication [6]: possible substrate
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effects on thin films [1.2.7.8] and film size effects due to strain
gradient plasticity phenomena [9—11]. Thereis, therefore, a need
to study the mechanical properties of foe films at the appropriate
scale.

A number of experimental researchers [12-15] have made
efforts o study the nano/micro-scale mechanical properties of
polyerystalling fee metals. However, a complete understanding
of mechanical properties of fee films is yet to emerge. In par-
ticular, there is a need to develop a basic understanding of the
effects of film thickness, microstructure and substrate modulus.

This paper presents the results of an experimental study of
the effects of film microstructuredhickness on contact-induced
deformation in polycrystalline Av and Ag thin films produced by
electron-beam deposition on silicon substrates. Following abrief
description of sample preparation and surface microstructure,
contact-induced material pile-up and film mechanical proper-
ties (hardness and Young's modulus) are characterized using
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nanoindentation techniques. The effects of Auand Ag film thick-
nesses and microstructure on indentation size effects (ISE) are
analyzed within the framework of the mechanism-based strain
gradient (MSG) thaory.

The intrinsic yield stress/hardness, extracted from the MSG
theory. is shown to exhibit a Hall-Petch dependence on grain
size. The strengthening increase with decreasing film thickness
is also explained by the measured microstructural length scales
obtained from the MSG theory. Subsequently, Young's moduli
are determined using the comventional Oliver—Pharr method and
models by King [1], and Saha and Nix [2] that account for sub-
strate effects. Finally, displacement bursts are observed to oceur
when the shear stress underneath the indenter just exceeds the
theoretical shear strength of the material.

2. Theory

Doerner and MNix [7], and later on Oliver and Pharr [16.17]
developed a most comprehensive method for determining the
hardness and modulus from depth sensing indemtation (DSI)
load—displacement data. In the theory, the Meyer's definition of
hardness. H was adopted. This is given by:

Pmax 3
H= I i1}
where Py is the maximum load and A is the projected contact
area. The recorded load—displacement data were used to relate
the stiffness, 5, from the slope of the initial unloading curve, to
the reduced elastic modulus, E:

T8
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where §is the contact stiffness corresponding to the slope of the
load—penetration curve at the beginning of the unloading, and
E; is expressed in terms of the elastic moduli (E) and Poisson’s
ratios { v} of the indenter (i) and the indented material (im):
(I T
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Inthe case of film/substrate systems, the indentation response
is a combined elastic—plastic response from the film and the
substrate. A solution can be found from Saha and Mix [2] to
decouple the combined indentation response from the film and
the substrate, and extract the intrinsic mechanical properties of
the film. Their modified solution assumes that a flat punch is
sitvated at the tp of the indenter. This yields:
i
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where tis the film thickness, Ef and vf are the modulus and
Poisson’s ratio of the film, E; and v, are the modulus and Pois-
son’s ratio of the substrate, e is a numerical ly determined scaling
parameter that is a function of indentation size [1.2] and can be
determined from expressions in Ref. [2].

—+

For a Berkovich tp, the projected contact area A has a cal-
ibrated relationship with the contact depth ;. This is given by
[16]:

Athe) = 24507 + Cihl + bl + . 4 Cahl™ (3)

where C) through Cg are constants. The first term on the right
describes a perfect Berkovich indenter, the others describe the
deviations from the ideal Berkovich geometry due to blunting
[11] at the 1p. The blunting distance & can be calculated from the
actual geometry of the tip and the reference tip radivs provided
by tip manufacturer. For the Berkovich tip that was vsed in this
study, the blunting distance is caleulated o be 5.7 nm.

In some materials, the volume deformed under the indenter
pushes out into the sides of the indenter forming a pile-up profile
[2.18]. Due to this pile-up shape, theactual contact depthis larger
than the measured contact depth ke, the difference can be esti-
mated as the pile-up height fy,. Hence. the calculated projected
areabased on the recorded ke will underestimate the contact area.
Thus, the material pile-up effect must be corrected to obtain the
true properties. This is done by measuring the pile-up height,
hp. associated with each indent, and adding it to the measured
he.

After the tip rounding distance £ [11] and indentation pile-
up height hy, [2] are taken account, the corrected contact area is
given by:

Alhed = 2450k + 5+ hy)® + Crihe + 5+ k!
+C2[F?°+_E+hp]lﬁ' o4 Calhe + 5+ hp]l_."lzﬁ
(6

For contact-induced deformation in the micro- and nano-
scale regimes, the hardness increases as the indentation size
decreases, in metallic materials [9—11]. This so-called inden-
tation size effect has been explained recently using the
mechanism-based strain gradient { MSG) plasticity theory, estab-
lished by Nix and Gao [9]. This gives:

 h*
where & is the depth of indentation. Hy is the plateau hardness
in the limit where there are no strain gradient effects and & is a
characteristic length scale that depends on the shape of indenter,
the shear modulus and Hy. This model was used to derive the
following law for strain gradient plasticity:

o2 .
— | =141 (8)
(%) =+

where ¢ is the effective flow stress in the presence of a gradient,
ergy the flow stress in the absence of a gradient, y the effective
strain gradient and [ is a characteristic material length scale.
Note that | can be expressed in terms of the Burger's vector b
and shear modulus po [11]. This gives:

. b ,u,)*
== — (9
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Hence. the length scale [ canbe thought of as a formalism that
enables the strain contributions to plasticity from strain gradients
to be modeled within a continuum framework. For the case of
pure fec metals, this length scale positively increases with the
mean spacing between statistically stored dislocations (S50 Ls,
through the following expression [9]:

j_ 4L
b

The wield strength of polyerystalline materials, erq. is also
affected by the grain size. The grain size dependence is given
by this well-known Hall-Petch relationship [19]. This gives the
following:

(10}

ky
oy = o + —= (11
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where d is the grain size. o the intrinsic vield strength in the
absence of grain size effects and &, is a material constant.

3. Materials
3.1, Sample preparation

Polycrystalline Au and Ag thin films with different thick-
ness were deposited onto substrates of Si. The Si substrates
were obtained from Silicon Quest International Company, Santa
Clara. CA. Prior to deposition, the silicon wafers were pre-
pared by submerging them in a 4:1 mixture of sulfuric acid and

hydrogen peroxide in order to clean the wafer. They were then
rinsed in hydrofluoric acid to remove the remaining oxide layer.
before rinsing with water to remove any residual impurities.
Subsequently, the Av or Ag films were deposited on the silicon
wafers using a Denton/DV-502A E-Beam Evaporator {Denton
Vacuum, Moorestown, NI) that was operated at pressures below
10~% Torr, and a substrate temperature below 40=C. A depo-
sition rate of 0.5 nm/s was used. In this way., Au and Ag thin
films with thicknesses of 100, 50, [000 and 2000 nm were
produced.

3.2, Microstructure and surface topography

The microstructure and surface topographies of the as-
deposited films were examined using a Dimension 3 100 atomic
force microscope (AFM) (Veeco Instruments, Woodbury, NY ).
The AFM was operated in the tapping mode. Typical AFM
images of the films with thicknesses of 100, 500, [000 and
2000 nm deposited on the silicon substrates are presented in
Fig. 1. The AFM images show the equiaxed grain structures in
the as-deposited films. The grain size data that were obtained for
the Au and Ag films were summarized in Table 1. The results
show the average grain size of both the Au and Ag films increased
with increasing film thickness, increasing from approximately
20 nm, for the 100 nm thick Au film and 40 nm, for the 100 nm
thick Ag film, to 130 nm, for the 2000 nm thick Au film and
160 nm, for the 2000 nm thick Ag film. The results are. therefore,
consistent with prior studies of other metal film microstructure

2 um i3[|.[) nm o um 0 nim
15,0 nm 120 0m
0,0 em DOnm
0
18.1nm 200 mem
9.1 am 15.0 pm
0.0 nm 00 nm

2um

Fig. 1. AFM images of surface topography of Au films on silicon substrates prepared by e-beam evaporation with film thickness 100nm (@), 500nm (k). 1000 nm

() and 2000 nm (d).



¥ Caoer al. / Materials Science and Engineering A 427 (2006 232-240 235

Table
Crain zizes obtaned for the Av and Ag films using atonic force microscopy
el

Film thickress (nm) Au film grain size (nm) Az film grain size (nm)

Loo 21 41
500 39 o7
1000 76 142
000 126 159

[20-22]. which show that gran size increases with increased
film thickness.

It was also found that most of the graine in the as depesitad
Au film have a {11 1} orientation, using elzctron back-scattered
diffraction (EBSD) techniques [23]. Similar results have been
obtained for other face-centered cubic (foo) films deposited on
arange of substrotes [24-_26].

4 Experimental techniques and calibrations

The measwrements of hardness and modulus were paformed
wesinng o TribwoScope ( Hysiwon Toc., Minoeapolis, MN) Naoome-
chanical Testing Svstam integrated with 5 DT Dimension 3100
AFM frame. A three-plale capacitive transducer was used by
the TriboScope system toconirol the applied load and displace-
ment. The low spring mass {200 mg) of the transducer’s center
plate mirimized the instument’s sensitivity o exterral vibra-
tions, Within the system, the standard cantilevered AFM tip
was replaced with a diamond indenter. 1lns szrved as both the
indenter probe and an imaging probe, thereby climinating any
uncertainty in locating the indentztion after unloading,

A Berkovich (three-sided pyramud tp, [42.3%) diamond
indenter was used in this study. Peak loads, ranging between
100 end 11000 LM ware explored for different filmeubaotrate
systems. The loading profiles includzd three segments: load-
ing to a peak load; holding at the peak load: unloading back to
the zero load. Leading and unlozding rates of 400 /s were
applied. A holding period of at lzast 3 was applied to allow
time-dependent effects to diminish.

Only regicns with relatively low roughness values were cho-
szn for performing the indentations. Hence, the possible effects
of remgh anrfaces (on the hardnass and modnlis meaasiremeants)
were minimized. Furthermore, in an effort to decrease the pos-
sible interactions between adjacent indents, all the indents were
separated by 5—10 o, During the test, the surfaces were imaged
with 1 contact-based scanning probe iechnigque with the inden-
ter tip before and after esch indentation. A load—displacement
curve wai also recorded for each mdent.

After the indentation tests, the load-displacement curves
obtained for the different indents were mapped onto the same
master (Joad-displaczment) curve. Fig. 2 shows the typical
load—displacement curves obtained for the different indents on
the same sample. For consisteney, only load dieplacement pro
files that mapped onto the same master curve wers admitted as
valid messurements (the invald profiles have afraction less than
e for each film we tested).
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Fig 2 The laad—penetation cnrves cbmined from the nanaindeatation @ xperi-
ments performed to differentload: on the 300-nmethick Au Glm on Si substmbe.

The tip arez function was calibrated by indenting on fused
quartz sample, following the approach suggested by [16.27].
With ¢ constant modulus assumplion for the standard fused
quartz sample from Hysitron Ine., Minneapolis, MN (Young's
maodulus of 72 GPa). the projecied contacr area 4 was calculaed
for each indent based on Eq. (2). Then. a plot of the computed
area A as a function of contact depth b was plotted in Fig. 3
and a fitting procedure was employed to fit the 4 versus i; o a
prolyonial fore (Ey. (530, Dsing this approvcy, dee coelliciencs
7y thrangh Cg have heen calibrated for the Rerkowich indenter
used in the current study.

As a control, manocindentation experiments were also per-
formed on silicon substrates. These were used to chzck the
performance of the indentation svstzm. as well as to provide the
baseline data for our films on 5i substrates. Young's modulus,
hardness, and the indented pronle obtaned tor the 51 substrate
are presented in Fiz, 4 Clearly, Fig. 4(a) shows that there is no
significant pile-up on the 5i substrate. The silicon moculi and
hardness values are calzulaied 1o be independernt of indentation
depth, as shown i Fig. 4(b, with the average Young's modulus
of 181+ 12GPa and the swversge hardness of 1024 0.8 CPa,

B U _ O  Tecting on fuead quartz
Fil using Ec.(4) B
50 A
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Fig 3. The computed projeced contac: areaA asa function of contac: depih fig
with a palyncmial fit (Eg. (57,
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Fig.4. Thzirdented profi'e ina). Young s modulue and hard ness in (h) chiained
far the Si substnte.

which are in gond agreement with the values ohtained friom Red
[2]. These values were uscful for datermuning the actual film
propeties wsiag, the o fied King's mwodel [1.2] The absenos
of @ sigmiizant size etfect on the hardness of the sihcen substrate
ia attr/buted o the limited plasticity in slicon.

I Resulls aund discusswn
21 Materials pile-up

Siguificant weenal pile-up was foond woeceur o e o
polyerystalline Av and Ag thin films with different thicknesses.
Twpical images showing pile-up as well as the relevant section
analvsis are presentzd in Fig. 5(a) ond (h), respectively. The
pile-up s due to the severe constrained plastic deformation in
e films.

The exten: of matenal pile-up increases monotonically with
incressing indentatinon depth and incressing film thickness
(Fig. 6iz)) Itis important to note that, without aporopriace cor-
reciion, s s gniGcant pabe-up Gas ogloas 209 of tie dentaion
cepth at high leads ) coald canse an underestimation of the con-
tact area deduced from Olver—Phare methed [2]. Hence, the
material pile up effect hes 1o be accounted for in determining

nn
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Fig. 5. Significant material pile up wis obrerwed (@ A typical AFM image
tnsen af-er a nancindenation est or o A film on S subsirat: shows =i gnifi can:
pile-up. (b)) Typical section aralysi: performed fora pileup AT image taken
afier o nancindentation teat.

the eontact areain Fo. (50 The effects of material pile-np were
accounted for in the current amalysis of the data, following the
approach in [2.11], as descriped in Section 2.

It was also observed that thinner ilms gethazher pilz-up when
suhjacted o the same indentation load. For example, the AFW
image: obtained after nanoindentations at 300 pM on Ag films
witlthichamesses ol OO ad 1000 i were presental in Fig, 6]l
and [¢], respectively. Thevclearly show that pile-apdeformation
diminishzs in thicker films. This trend wis slso chszrved for Au
filmz. [t could bz cue to the relatively more s2vere constrained
plastic deformation in thinner lms, since pilz-up is due o the
severe constrainzd plastic deformation in the ilms [2].

520 Hurdness und vaeld sirengeh

The hardness values obiained for Av and Ag films of Cifferan:

thickness (versue normalized indentation depth) are pressnted
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Fig. f. Pilz-up height chenges with normalized indentation cepth for differnt
Ag film thicknesses in (), typical pile-up AFM images oblinec for 100rm
thick Ag flm in {b) and 13030nm thick Ag film in (<), subjected to the same
ndentation load (5080 ki,

m Fig. 7. Fer the thinnest film (ilm thickness of 100 nm), the
measured hardness values incresse with increasing indentation
depth. This increase is attributed largely to the effects of sub-
stratz modulus mismatch. The vsual indentation size effects are
shserved for indents with depth to film thickness ratios of uwp
w002 Don e Qocker Gl 0l tickeess of 500, TOCD amd
MO0 This is atriboted largely 1o the effects of genmet-
rically pecessary dislocations at small seales [97. This eritical
ratic of 0.2, below which the indentation size effect can be well
captared by the sffects of geometrically necessary dislocations
91, matches well with the critical ratio of 0.15-0.22 measured
for the Au films on Ni substates [12].

The depth independent hardnesses, Hp, for diffzrent film
thickness can be taken as the hardnesses in the absence of geo-
metrcally necessarvdislocations. This can beobtained by fitting
Eq. (71 1o the experimental data. The hardness values obtained
naing thes method are sumnmarzed i lable 2. 'Tis shows that
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Tig. 7. Tilm thickness effect on hardnes=es of Au fAlms in (a) and Ag films ic
(k0.

the hardnesses decrease with increasing Auv filmm thickness, Tom
approximately 1.6 GPa for S0 nm thick Auw and Ag films, tc
1.1 GPafor 2000 nm thick Au flm and 1.5 GPafor 2000 nm thick
Ag film. Since the film grain size increases with increasing film
thickress (lable 1), an etfort was mace to relate the film gran
size to theintrinsie film strengih'hardness in the absence of SGT

Tehle 2

List of the intrinzic hardness Hy in the limit of infinie death for different film
thokness (300, 10030, 2000nm) and he ooresponding micredructural lzngtk
scales

Semple specificalions Binn)® Gk B (GPa) Fipm
An

2Einm L2EES 14 134 LI 1.1
100 nm 0.2885 304 127 074
2000 nm 0.2885 304 1 06 La7
Ag

E00nm 0202 336 1 &3 .55
100 nm 0.2892 3.6 157 .60
2000 nm 02892 RN 151 nn4

* Ret. [40].
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Fig. 8. Plots of Hy vs. d-12 and o vs. d-12 with the comesponding linear fit
for Auand Ag films.

phenomena. Since the intrinsic hardness, Hp. corresponds to a
large indent, the intrinsic vield strength can be estimated from
Tabor’s relation [9] which gives Hy = 3ep. Hence, the Hall-Petch
relation (Eq. (11)) can be expressed as:

£l

— Y — e ]
Hu—-ao—ﬁouﬁﬂ (12}

Fig. 8 shows the experimental data of Hy and erg versus
as well as the corresponding linear fits based on Eq. (12). The
correlation coefficients of the linear fits are above 0,95, Since Eq.
(121 relies on the linear Tabor's relation, erg = Hp/3, s0 Hy can be
linearly related to d~Y2 The values of ky and ey obtained using
the linear fitting for Au films are 2.4 GPa (nm)'? and 0.14 GPa,
respectively. These are comparable to the reported Hall-Petch
coefficients of ~3 GPa inm "2 for Au films [28] and the reported
vield strengths ~0.2 GPa for Au bulk material and thin films
[6.29.30]. The values of ky and crgj obtained using the linear fit-
ting for Ag films are 1.6 GPa (nm)“? and 0.38 GPa, respectively.
These are comparable to the reported Hall-Petch coefficients of
1.0-1.5GPa(nm)M? for Ag films [31] and the reported vield
strengths 0.1-0.2 GPa for Ag thin films [31]. Hence. the method
presented in this section provides a simple approach for the esti-
mation of the intrinsic vield strength.

The material microstructure length scale § can be thought of
as a formalism that enables the strain contributions to plasticity
from strain gradients to be modeled within a continoum the-
ory framework (Eq. (8)). Table 2 lists the material length scales
obtained for Auand Ag films. Note that the material length scale
is comparable to the film thickness, for the range of film thick-
nesses that were examined in the current work. The measured
values of | were on the order of | pm. These are close to the
~| wm valves reported by Begley and Hutchinson [32] for a
range of single crystals (Cu, Ag and W) Hence, the measured
values of { are consistent with prior reported values. However,
the material length scales also increase with increasing film
thickness. for films with thicknesses between 500 and 2000 nm.
Based on Eq. (10}, larger values of | in thicker films indicate
greater spacing between statistically stored dislocations. This
could lead to weaker dislocation interactions and lower intrinsic
strengthening levels in films with increased thicknesses. This is

d—m

0.0104
| = Expenmental data
0.0054 Linear fit
1 L ]
-
0.008- . -
R .
o 4
5] 0.007 . .
= 1 =
> 0.006- T
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Fig. 9. Young's modulus determination for nancindentation tests. (a) A plot of

1=t f - .
y= 'El.' - —EI—') l—L.- v, ¥ = e~ for 5 S00-nm-thick Au flm on

a (100) silicon substrate. (k) The Young's modulus date obtained using the
Oliver—Pharr method and a fit using the modified King's model.

consistent with our current experimental results (Table 2), which

show thicker films have significantly lower intrinsic hardness
values.

5.3, Young's modulus
Young's moduli of the Au and Ag thin films were obtained

using the modified King's model [2] to account for substrate
effects. Eq. (4) corresponds to the equation for a straight line

v=Axr+B. where
1 1= 1
= —_—— | —.
. E; E; L=

| — |.'§ |

- == EI—
Egil — ) Eq

—_
= E—M,:—.'J WA .

By plotting the values of v versus x, the constants A and B can
be determined vsing the least squares method. A typical plot of
¥ versus x (with linear fitting) is presented in Fig. 9(a). Fig. 9(b)
shows a typical plot of Young's modulus versus the normalized
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Table 3 Tehle 4
Tae Young's module values for Auanc Ag Ame of differsnt thicknesszs on Material constents for Ag thin ilmes with disalace men: barst:
silicon sabeirales foo films E, (GPa) Vg Ey (CPa) Ty 5700 T (o Pa)
Film thick:
Hm thiclenss e li0nmaz & 037 ol 5556 53
103 00 1000 2000 S0pmag 86 037 92 53 53
Au film Young's moculus (GPo) 105 L1 [ 1S
Ag film Young's moculus (GPo) 25 26 112 a5

indentation depth. The Cliver—T"han method (Eq. (2)) was vsed
to i loudute the combinel elastic modulus, whike e modified
King s method (Eq. (4)) was vsed to extract the dlm modulos,

I'hevalves of £ obtmned for the Avard Aghlmsior difterent
thicxnessesi on silicon substrates are summarized in Table 3. In
the: anslvsis. dismord indenter prapert e< B and o wers taken as
1143 GPg and 0,07, respectively 2] The Prisson’s rato of both
the ilm and substrate was assumed o be 1.2 since it hes ¢ minor
ellect on e indenacon vesules [2]. The Youne™s paodull Do
the Aufilms of different thickness are between %4 and 1 11 GPa.
These are close o the Young's modulus of 117 GPa expected
for {1 11" orieatated bulk Au single crvstals (Eyon =43 GPaand
Fio=81GPay [33] Since a 7111 film textre was observed
in the EESDY experiments we conducted, the measored meduli
are consistent with ex pectations. The measured Young' s meduli
hzre reasonably agree with the moduli of 79-150 GPa reported in
| 12] for Auhilms on M1 sabstrate with fillm thicknesses between
300and 5120 nm. The Young's moduli for the Ag films of differ-
ent thickness are hetween 83 and 112 GPa. These are closz to the
Young's modulus expected for {100} orientated bulk Ag single
covstals (B po= 124G, E) =223 Claand E_ | | =358 GM)
[33].

54, Dislocation bursis

A sigrifizant honzontal displacement jump was observed in
the losd—displacemzn: corves of Ag thin films (Fig. 103 The
initial honzontal jump cccurred st loads between 30 and 37 .
Similar displazement jumps have been observed by Corcoran
and Colton [34] for single crystal A, Gouldstonz et @l [35]
for polverystallice and single crvstal Al and Suresh et al. [36]
for copper thin dlms. They are generallv believed w0 be due
ton the strain harsts that somrespond o the onser of significant

100 woponm ag
» SO0TT Aj

og

z

5 &0

=

E 40 f w

- .._"
ag .. Dislocafion
i)

o 10
Indentation Depth (rm)

g, 10 Dislocation sursts ebszrved on the load—penetracior curves i Ag thin
fiimz onSi substrates with @ maximum lead of 100 WM.

dislocartion nucleation acivicy undernzath the indenter [34-36].
I'ne mnitial contact of the indenter can be consderad (o mvolve
a sphencal contact wp toa specific ransition indenaton depth
By [371. This transiton depth can bz caleulated vsing a simple
geomeiric relaionship as in [35]:

hy = Kl —sinci 113

where o is the half included angle of the Serkovich up (65.35%)
and & 15 the p radins. Far the Berkovich tip used in the current
study, & is about 100 nm, ki can be calzulated o beabou 9 nm.
Therefore. when the penetration depth is below 9 nm, the con-
tact problzm may be ideglized as a Hertzian contact between a
spherical indenter and a flat surfoce. We can sce that the initial
displacement bursts occurred at indentation depths between 6
and 9 rm, they extended o only several nanometers. Thos, the
contact problem before the initiation of the displacement bursts
can be considered as the contazt between the spherical indenter
and Hat sample surfaces.

From contact mecharics [38], the maximum elastic shear
stress undernecath a spherical indenter is given by

e T
':-PE:') i14)

Trnn = (L31 ( —r
where P s the indentation load. The redueed mosdnlns, Fois
given by Eq.(3) [16). Forthe damond Berkovichtip, E ic about
1140 CPa sl v s 0007 [35] Thie relevan! moduli aned Poisson's
ravics of the samplesweresummarized in Table4. The matimum
shear stress underneath the indemer calculated using above data
were also summerized i Table 4. Alio included in Takle 4 15
the thearetical shear strength, Teh, estimsted from 27, where
pi 12 the shear madulus. The estmated values of the theoreti-
cal shear strengths, Ty =52 Gl for Ag films, arc comparable
o the s shiza siresses of 5.3-5.0GPa wodeneeth die
indenter that were obtaned for Ag films ( Table 4). Therefore, the
agrezment between Taax and 7oy suggests that the displacement
bursts oceur whena the shear stress underneath the indznrer just
excesds the thanretcal shear strength of the material. Hence,
the displacement bursts are attribated o the onset of dislocation
nucleation in the region of high stress underneath the indenter.
Similar srain bursts have been repored by other researchers for
An [39], Cu [36] and Al |35 crvsials. Some ot these researcherns
also suggest that the onset of the strzin bursts comesponds to
the nucleation of dislozation activity. However, further work s
neeced o determine hnw dislnestions nueleate, propagate and
interact al stresscs close o the theoretical sheer strength,
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fi. Concluding remarks

This paper presentstheresults of an experimental study of the
microstructure and mechanical properties of polverystalline Au
and Ag thin films on silicon subctrates, The salient conelusions
arising frioum this stdy are summarizad helowe

I. The grain sizes of the e-beam deposited Au and Ag films
incregse with increasing film thickness from 1000 2000 nom.

2. The intrinsic hardnesses of the Av and Ag dlms decreasz
with increasing film thickness. The strenzthening increasz
with decreasing film thickness can be reasongbly well char-
acterized by thie Hall-Peteh eyuation.

3. The mewsural imicrostroctonl ength scales increse with
inereesing film thickress. This can also be used, at least
partly, toexplain the sirengthening ncreass with decreasing
film thickness, because smaller microstructural length scales
correspond o smaller dislocation spacing and stronger dis-
location interactions.

4. The Auv and Ag film moduli extracted using the King model
were %4111 and 85-112 GPa, respectively. These arz essen-
trally indzpendent of flm thickness

. Displacement barsts occur in Ag flms when the maximum
slisar stress wncdernzath the indenter jus! exceals e Qeore-
ical shear strength of the material. These are atributed to the
nucleation of dislocations at stresees close to the theoretical
shear strengih

A
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