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Plastic deformation of materials exhibits a strong size dependence when the relevant physical length
scales are in the range of microns or below. Recent progress in experimental and computational
nanoindentation allows us to investigate the mechanical response of nanoscale material volumes,
particularly the transition from elastic to plastic deformation and the early stages of plastic
deformation. We present a systematic experimental study of nanoindentation on continuous films
and unidirectionally patterned lines on substrates to explore the effects of two size (§ibmles
thicknesst and linewidthw) on the early stages of plastic deformation via the investigation of the
nanoindentatio®—h response. The observed experimental trends indicate that early stage plasticity
is strongly size dependent, a feature that cannot be rationalized on the basis of continuum concepts.
Computational simulations of these nanoindentation experiments through finite element modeling
and molecular dynamics are conducted to elucidate the mechanisms by which this incipient
plasticity progresses in the material by correlating observations from both experiments and
computations. ©2003 American Institute of Physic§DOI: 10.1063/1.1615702

I. INTRODUCTION interest In addition, the technological relevance of this is-
sue as it relates to microelectronic thin films has generated a
The deformation of materials occurs via two distinct pro-jarge research effort over the last decafi®ecent progress
cesses: elastigeversible and plastidirreversiblg deforma-  in nanoindentation allows us to investigate the deformation
tion. Since elastic deformation is a reversible process, and isehavior of materials at the nanoscale, particularly the tran-
governed by angstrom scale (10m) interaction param- sition from elastic to plastic deformation and the early stages
eters such as the crystallographic lattice constants, elastis plastic deformation. The characteristics of such experi-
deformation of materials exhibits virtually no size depen-mental results are summarized as follow3i) The initial
dence unless a large population of preexisting defects ifpad—displacement{—h) response is elastic and can be de-
involved? Conversely, it has been established that physicabcribed by continuum level contact mechani. The first
and microstructural length scales exert a strong influence Ofeparture from this elastic response occurs when the local
the plastic deformation behavior of materials, as a consemaximum shear stress level sustained by the indented mate-
quence of the coupling between two competing siz&ig| is on the order of the theoretical shear strength of mate-
parameters:* the fundamental length scale of the physicalyig (j.e., the stress required to nucleate a dislocation homo-
phenomena involvede.g., the mean-free path and distancegeneously. (i) Subsequent to this initial plastic event, a
among dislocations, in the case of plastitiand the struc-  geries of similar discontinuities in tHe—h response occurs.
tural dimensions of the materia.g., grain size, film thick-  Ajthough the fundamental mechanisms responsible for the
ness, and linewidfh The plastic deformation response, experimentally observed discrete deformation processes un-
which occurs as a result of the generation, annihilation, ander this nanoscale contact are still debated in the literature,
motion of defects such as dislocations, displays marked sizgcent experimental and computational stutfiés have
effects when those material dimensions are in the range Qfyown that the initiation of such discrete plasticity is related
microns or below. _ _ ~ to the homogeneous nucleation mechanism of defects, where
The controlling mechanisms of plastic deformation in e\, defectgchiefly dislocationsare nucleated in the crystal
metallic materials, as well as the size dependence of thi§q 1o the elastic instability induced via contact loading.
deformation, have been topics of long-standing scientific | this study, we present a systematic experimental study
of nanoindentation on continuous thin films and unidirection-
dElectronic mail: ssuresh@mit.edu ally patterned unpassivated lines of Al on Si substrates to
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explore the effects of two size scalddm thicknesst and ¥ : ]

linewidth w) on the early stage of plastic deformation via the ! ‘ ;

investigation of the nanoindentatioR—h response. Al- ? ] :
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though both the film and the line are constrained at the sub- 1
strate interface in the same manner, the film extends infi-
nitely in both in-plane directions, whereas the line extends :
infinitely along only one in-plane axis and is unconstrained N |
in the orthogonal in-plane directiaie., unconstrained nor- ]
mal to the line sidewalls The observed experimental trends l
exhibit a strong size dependence, which cannot be rational- : : :
ized on the basis of continuum concepts and suggest a si 1G. 1. Mllcrogra‘phs ofasgrles of indents at the‘ center of the top surfage of
o . . @ 3-.um-wide Al line on a Si substrate. The maximum depth of indentation
nificant e.ﬁeCt of the;e bound.ary conditions qn .the pIaSt'Cwas 500 nm to demonstrate large indents. All indentations were oriented in
deformation mechanism. Continuum and atomistic computathe same way with respect to the line direction.
tional simulations of these nanoindentation experiments

through finite element modelinFEM) and molecular dy- ) . .
namics (MD), respectively, are conducted to elucidate theduartz specimen on both nanoindenters, according to the ex-

mechanism by which constraint influences the size deperif@polation method of Oliver and Phatr.Load-controlled

dence of plastic flow, as well as the mechanisms by whicf@noindentations were conducted over a complete loading
this earliest stage of plastic deformation progresses in th@nd unloading cycle on both the films and lines. On the
material. By correlating observations from both experimentd\anoTest600, loading was terminated at a maximum depth

and computations, possible mechanisms responsible f@ €ither 100 or 200 nm. On the Triboindenter, loading was
those size effects are discussed. terminated at 250 and 100@N, as it was not possible to

terminate loading at a specific depth; these maximum loads
were chosen to attain approximately the same maximum
Il. EXPERIMENTS depth of indentation as on the NanoTest600. In both sets of

A. Materials and experimental procedures experiments, a constant loading/unloading rate ofu20's

. L ) was applied, and a dwell period of 10 s was imposed at the
Polycrystalline thin films of Al-1.5 wt% Si, 0.33, 0.7, maximum load, prior to unloading. By employing each in-

and 120'“m. in thickness, were sputter deposited onto 525enteras a scanning probe, the accuracy of indenter position-
,L:Lm-thICk Si sqbstrates at room tem'perature. X-ray dlffrac-ing at the center of the lines was better tha.1 um. Al

tion data conflrmed a StrOngll']}-orlented texture of all i jeniations were oriented identically with respect to the line
films. _Trans_m|SS|on elect_ron microscogyEM) of an as- direction in order to minimize anisotropic effects due to the
dep_osn_ed film of .1'“m thickness showed that the average,,,, symmetry of the Berkoviclitrigonal pyramid indenter.
grain size of the film was-0.6 um and that the grains ex- Figure 1 shows a series of large indentations at the center of

hibited a typical columnar structure. A film of zm thick- the top surface of a gm-wide line to demonstrate position-
ness was subsequently patterned into sets of parallel Iinqﬁg accuracy.

with different widths, using standard photolithography and
dry etching techniques. The nominal linewidthwas varied
from 1.5 to 5.0um with an incremental increase in width of
0.5 um, for a total number of eight linewidth sets of seven Characteristic discontinuities, which have been observed
lines each, with an interline spacing equamviaand interset consistently in the experiment&-h responses of thin film
spacing of 20um. The length of each line was 5Qam. A or bulk single- and polycrystalline face-centered-cutiic)
square pad of 50umx500 um was patterned next to the metals indented to nanometer-scale depthare also ob-
sets of lines to represent a continuous thin film. All structuresserved in this study. The initial portion of tHe—h curves
were constructed on the same wafer by a single set of dep@rior to the first discontinuity follows the elastic response for
sition and etching processes such that all characteristics spherical indentatiof? At the onset of the first discontinuity,
film and lines are expected to be the same, except for ththe estimated local shear stresses beneath the indenter, ap-
in-plane dimensional length scaliee., linewidthw). proach the theoretical strength of Ak/10=2.7 GPa, where
Nanoindentation experiments were carried out withu is the shear modulysThis observation indicates that ho-
three-sided diamond Berkovich indenter tips on two com-mogeneous defect nucleation is a plausible mechanism for
mercially available nanoindenters: NanoTestéBicroMa-  the initiation of contact-induced plasticit):!* After devia-
terials, LLC, Wrexham, U.K.and TriboindentefHysitron,  tion from the initially elastic response, te—h response
Inc., Minneapolis, MN. Each apparatus was instrumentedgradually approaches the prediction of sharp indentation for
with an indenter of a particular radius. The tip rad®) were  an elastoplastic material. For a film of dm thickness, the
experimentally verified as~500 nm (NanoTest60D and  penetration depth at a load of 2@ is less than 10% of the
~100 nm (Triboindentey, using shallow(elastio indenta-  film thicknesst, a generally accepted depth liffitbeyond
tions on quartz and the analytical Hertzian solution of spheriwhich the substrate may contribute to the nanoindentation
cal indentationd? All necessary experimental parameters,response of the films. Up to this loading point, however, the
such as the tip area function and frame compliance, wer®—h response consists of a series of discontinuities, and the
calibrated prior to each set of experiments using a standaralansition to the continuous elastoplastic response is not at-

~
PP —

)“
B

!

B. Nanoindentation results for continuous films
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FIG. 2. Statistical distributions of indentation depth at 100 and 26D FIG. 3. Load—displacemenP(h) responses of polycrystalline Al thin film
indentation load for polycrystalline Al thin films of 0.33, 0.7, and Lt and lines of 1.5, 3.0, and 5.Am linewidths. The solid line denotes the
thicknesses. Each set of experiments contained 50 indentations. The mealastic response on aluminum of a spherical diamond indenter Rith

penetration depths of indentatidn= Nmean @re indicated near the normal =500 nm.
distribution curves, which are denoted by the solid lines. The indenter tip
radiusR=500 nm.

C. Nanoindentation results for patterned lines

Typical load—displacemen®(=h) responses of continu-

. . .ous film and patterned lines of three different linewidths, all
tained fully. Due to the presence of these discrete events B equal thickness, are shown in Fig. 3. Nanoindentation

the P—h response, these data cannot be analyzed in terms Was conducted with a rounded tip. The initial eladfieh

continuum concepts of plasticity. _ _ response matches well with the elastic response for a spheri-
In order to analyze the discontinuous nanoindentation.| jngentatiof? when the spherical tip radius is assumed to

response quantitatively, the penetration deptht a particu- e 500 nni® The initial deviation from the elastic response,
lar level of imposed loa®, is considered as a measure of the,\hich occurs over a load range of 45—@M, is approxi-
indentation compliance of the material during nanoindenta-mate|y independent of linewidti. The corresponding maxi-
tion. This parametrization can be extended to nanoindentanym shear stress sustained by the indented film and lines are
tion of patterned lines, where the general analysis of indeny g_2 0 GPa at the point of first deviation from the elastic
tation based on the semi-infinite half space of the indenteqjesponse, which compares well with the theoretical shear
material is invalid due to the unconstrained line sidewallsstrength of Al(~2.7 GPa, and is similar to the trends docu-
These loads are chosen to be 100 and 280 such that the . mented for continuous films of Al and Gif. The indentation
corresponding indentation depths are less thantOii®a  compliance, which can be represented by the curvature of the

continuous film wherg=1 um. loading response, is also unaffected by linewidth prior to the
Figure 2 shows the statistical distribution of penetrationfirst deviation.

depths of continuous thin Al films at fixed indentation loads  Each of theseP—h curves exhibits discontinuities

of 100 and 200uN. The mean penetration depthgeanare  (bursts in the load—displacement response after the initial
also indicated. Although there exists a relatively large scattegeviation from the elastic response, as observed for continu-
in experimental data, likely due to the polycrystalline natureous thin films. In contrast to the elastic response, Rhéh

and as-prepared surface roughness of the specimens, the ebsponse subsequent to this initial deviation is a function of
served trend is clear: thicker films are more compliant undetv. The curvature of the loading response decreases with de-
the same indentation load, resulting in a greater indentatiogreasingw, indicating that narrower lines deform more
depth. Results observed with a sharper indenter B ( readily than wider lines. The discrete discontinuities in the
~100nm) show the same trend. At a load of 108, the  P-h response are not as clear as those observed in the in-
average penetration depthg,e,, of 0.7- and 1.0um-thick  dentation of single crystal, continuous filfi% The penetra-
films are the same, but exceed that of the QuB3-thick film,  tion depth during a holding period of 10 s at maximum load
indicating no thickness effect on tife—h response at this also increases with decreasing linewidth. The unloading
load fort>0.7 um. The variation of penetration deptfi®.,  slope in Fig. 3 is similar for all linewidths, which results in a
experimentally observed scattés similar for all three films, decrease of the apparent elastic contact modulus during un-
with the exception that the two thicker films exhibit an in- loading.

creased frequency of above-average penetration depths. Note Figure 4 shows the statistical variation of indentation
that at a load of 20N, the mean penetration depth and thedepths of the continuous thin film and lines of the same
distribution of observed depth&cattey increase with in- thicknesd at fixed indentation loads of 100 and 2008l. The
creasingt. mean penetration depthg,e,, are indicated in Fig. 4. It is
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FIG. 4. Statistical distribution of indentation depth at 100 and 200 indentation loads. The error bars indicaté standard deviation in penetra-

indentation loads for polycrystalline Al thin film and lines with 1.5, 3.0, and tion depth of indentation experiments.
5.0 um linewidths. The mean penetration depths of indentatigg,, are
indicated near the normal distribution curves, which are denoted by the solid

lines. depth as a pyramidal Berkovich indenter. The specimen was
modeled only in a quarter space using eight-noded linear,

evident that narrower lines deform more readily under thereduced mtegratloq _eIemer(tsl_G 000 eIeme_n)sAppropn-
. . L . . _ate boundary conditions were impos@dg., sidewalls of the
same indentation load, resulting in a greater indentatiorn

. o . lines are free to displace normal to the sidewall surfgces
depth heanincreases aw decreases The variation of in- S .
dentation depths in a given set of experiments for a particulaerlnd the semi-infinite nature_ of the sub;trate was achieved by
a 40x40x40 um system sizethe relative length as com-

linewidth increases as the linewidth decreases. Indentationared to the tip radigsRepeated simulations showed that a
penetration depths for both rounded and sharp indenter tipg P b

. . . m that was larger than 28n in all directions w f-
as a function ofwv for 100 and 20QuN indentation loads are sy;te that was arge tha all directio s was su
. I o ficiently large to eliminate edge effects from the fixed bottom
summarized in Fig. 5. Each data point is the average of at . '
: surface of the system. The region of fine mesh near the con-
least 13 experiments for a rounded tiR500 nm), and of ; :
. . . tact area was designed to ensure numerical accuracy. The
seven experiments for a sharp tiB 100 nm). It is appar-

. . ; . element size increased with increasing distance from the in-

ent that the compliance increases more rapidly with decreas; . . .

. X dentation axis and surface. Computations were performed

ing w asR increases. . - 21
using the general-purpose finite element packsgpeus.

The quarter-space three-dimensional mesh was verified

IIl. COMPUTATIONAL SIMULATIONS OF against the axisymmetric model for the continuous film case.

NANOINDENTATION Large deformation theory and frictionless contact between

A. Finite element modeling the indenter and material were assumed throughout the
analyses.

Due to the complexity of the three-dimension@D)

elastoplastic nanoindentation problem, finite element model- Indentation was simulated via a complete, displacement-
. P - ' . . fontrolled loading and unloading cycle. The von Mises yield
ing has been used extensively to simulate material

6,17 . . . criterion was applied to determine the onset of plastic defor-
responsé®’ For bulk materials, comprehensive theoretical ___ . . . . .
: . . ation. All film and line materials were modeled as isotro-
and computational studies have been conducted in order {o

infer deformation mechanisms during indentation and to explc’ elastic/perfectly plastic solids, where the elastic proper-

. ) . . ; 15 ties were fixed to represent aluminuma= 70 GPa,»=0.33
tract material properties from indentation experimeénts: . . .
L . : . and yield stressr, was varied to test hypotheses regarding
For thin films and lines, however, these semiempirical solu- - L )
. . o . deformation; perfect plasticity was assumed for mathemati-
tions are generally not feasible due to additional constraints _, . .~ . . .
: ; . cal simplicity. The properties of the Si substrate were fixed
such as the film/substrate interface and the free sidewall SULC . fully elastic solid E=130 GPa,y=0.28
face of patterned lines. In such cases, FEM has been used y ’ e
chiefly to estimate mechanical properties by applying appro- . .
priate boundary conditions and fitting experimental datd. B. Results of FEM simulations
Finite element models used here comprise a three- FEM calculations for the load—displacemef<h) re-
dimensional indented body and a conical rigid indenter withsponses of continuous films on Si substrates were carried out
a spherical tip ofR=100nm. The validity of the conical to illustrate the effect of the substrdteig. 6). The film thick-
indenter geometry to simulate pyramidal indenters such asess was fixed at &Am, and the maximum indentation depth
the Berkovich geometry has been verified by ottéf8The  was 0.2um. The corresponding—h responses of bulk ma-
included half angle of the indenter was chosen to be 70.3° tterials with the same vyield stress and a typical experimental

have the same ratio between projected area and indentatioesult of a continuous polycrystalline Al film of Am thick-
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FIG. 6. SimulatedP—h response of Jsm-thick Al films on Si substrates FIG. 7. Simulated®—h response of continuous films and patterned lines of
and bulk counterparts with the same yield stress. A typical experiment of @ um width on a Si substrate. Thickness of film and lines are bothmi
1-um-thick Al film on a Si substrate is also plotted.

C. Molecular dynamics simulations
ness on a Si substrate are also shown in Fig. 6. As seen in istic simulati h lecular d , |
Fig. 6, the associated load at a given depth of penetration Atomistic simulations such as molecular dynamics cal-

increases as the yield stress increases. At the early stagescé{lllat'o?s Ef nano:ngentatl(f)n canhS|muIta.neolust prOV||de de-
indentation, the loading portions &f—h responses are es- tails of the evolving defect characterization and load—

sentially indistinguishable up to-120 nm of penetration disPlacementR—h) response over a well-defined, though

depth (0.12) for films and their bulk counterparts. More- limited, time period. Several researchers have modeled
over, the depth at which the film and bulk cases diverg@anoindentation of 3D, fcc single crystals and observed dis-
] . . .. -25 .
increases slightly for the softer film. A typical experimental '€t€ dislocation activity”~* However, the length and time
P—h curve, which was conducted by using a nominallyscales in such studies are limited by computational resources,

sharp Berkovich indentelR~ 100 nm), agrees well with the resulting in unrealistic system dimensions and strain rates
simulated curve ofr,=300 MPa beyond the early stage of which are incongruous with those attainable in experiments.

indentation, in which theo—h response is dominated by a Despite these Ilmltatlon.s_, MD can be'uged to assess the ef-
series of discontinuities. fects of boundary conditions on atomistic processes such as

Figure 7 shows the simulateB—h responses with a dislocation plasticity, and is particularly well suited to the
conical indenter R=100) on the continuous filmst ( investigation of small volume structures such as patterned

=1 um), as well as on 2:m-wide lines of the same thick- €S-

ness on a Si substrate. The yield stress of the films and the 1WO- (2D) and three-dimensiondBD) MD simulation
lines is assumed to be 200 and 300 MPa. Phé responses results are presented to demonstrate the effects of size and

of the films and the lines with the same yield stress are eS(;onstraints on the early stages of nanoindentation. The goal

sentially indistinguishable up to the loads of 20038, of the subsequent section is to understand qualitative trends

such that differences may not be perceptible in practice duld! nanomdentaﬂon experiments by S|mulat|®—h re-
to experimental scatter. The corresponding penetratiofiPONSes in a model crystal, rather than to duplicate the exact
depths are approximately 10% of the thickness experimental results. Thus, various simulation sizes and con-

Effects of different constraints on the early stages ofS@ints(boundary conditionsare imposed on the MD simu-

P—h responses cannot be rationalized via FEM simulationd2!ion o examine the corresponding effects on the nanoin-
unless the appropriate change of the yield properties is aFSj_entanon responsghe first and sub_sequent_d|scont|numes

plied, since the difference in the initial curvature Bf-h ina Z,D model prygtal. Then, nanomdentauon_on a 3D fcc
responses with yield stress is apparent. Such a difference waetallic crystal is simulated to extend and verify the trends

not observed in experiments due to the significant number qutracted from the 2D simulation results. Details of the simu-

discontinuities in thé®—h responses, which is related to the !atlon are described n Refs. 11 and 26. In all S|mulat'|ons,
discrete motion of dislocations during the transition frommdent"’ltlon proceeded in displacement control. Thus, discon-

elastic to the plastic response. The effect of tip radius on thdnuities in theP—h response appear as sharp decreases in
P—h response of a continuous film and au@s-wide line of load, rather than as large bursts in displacement.

the same Jum thickness was also simulated with yield stress

of 300 MPa for both t_he film _and the /Zm—wide Iin_e. The  D. Results of 2D MD simulation

P—h response of the line begins to deviate at an indentation

load of 300uN, regardless of tip radius. That is, the penetra- ~ Two-dimensional crystals were constructed from a por-
tion depth at a given load is not a strong functiorRdbr the  tion of a {111} plane, and indentation was performed along

lines. the (112) direction. The maximum indentation depth was
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TABLE I. Conditions of molecular dynamics simulation for 2D crystals. 6000 T
Continuous films

5000 ——t=185r; [F2R1]

Code w2 # No. of atoms R? PBC° —s—t= 7815 [FaR1] ‘ﬁ%
FIR1 414 234 108,000 29 on > ——t=234 1, [FIR1] ff 7 A
F2R1 324 156 72,000 29 on &) Fj’q ]
F3R1 324 78 36,000 29 on g 4000F , (VI
g ]
L1R1 324 156 72,000 29 Off _:' 3000 L h
L2R1 234 156 52,000 29 off 2 ]
L3R1 171 156 38,000 29 Off b=
S 2000f ]
F2R2 324 156 72,000 87 Oon £
L1R2 324 156 72,000 87 off
L2R2 234 156 52,000 87 Off 1000 |- b
aw=linewidth, t=film/line thickness, an®R=indenter tip radius are given in (a) ]
reduced units ofr]. 0 0 ‘ é — 16 T s
bPBC=periodic boundary condition.
6000

t=185r;, R=29r,
] ) ) ) s000f %> 1857 [F2] Fim
less than 10% of the film thicknetsThe motion of atoms in ——w = 324r [L1]]
the bottom layer was fixed, implementing the rigid film/ WD e W lines
substrate interface boundary condition. The interface was
parallel to the(110) direction. In-plane periodic boundary
conditions (PBC9, perpendicular to the indentation direc-
tion, were imposed for nanoindentation of films, and were
deactivated for nanoindentation of lines to allow the free
motion of atoms on the surface of the line sidewall. A
vacuum environment surrounded the simulation cell, and the 1000 -
temperature was 0 K, as maintained via a Berendsen
thermostat’ The interatomic potential employed was a 0 ‘ ‘
short-range, smooth cutoff analytic function chosen for its 0 5 10 15
mathematical simplicity® and does not reflect the inter- 10000 w
atomic potential of Al. The simulation setup and boundary —e—w>> 185 r; [F2]

... . . ——w = 324 r; [L1]
conditions are summarized in Table I. 8000 | ——w = 234 ¢ [L2]

Figure 8a) shows the change in far-field indentation
load as a function of the simulation cell thickness, which
represents the film thickness. The cutoff distamgeand
maximum binding energywell-depth e of the interatomic
potential are used as the primary length and energy thits.
The equilibrium interatomic distancg,=0.9[r.]. The in-
denter is cylindrical with a radiuR=29[r.]. For both of ! 1
the thicker films simulatedt& 185[r.] and 234r.]), the 2000 - > ]
initial elastic responses are almost identical up to the second R = 29r, ]
dislocation burst. The critical indentation load for the first (c)
homogeneous defect nucleation event is J%30.] at an % 5 0 5
applied depth of 5.7R.]. The corresponding maximum Applied displacement (r,,)
shear stress underneath the cylindrical indenter g g g MD simulatedP—h responses. All units are in reduced units, with
45 4] e/rﬁ], which is 13% of the calculated shear mod@fus load as[e/r.] and depth asr]. (a) Effect of film thicknessR=29[r ]
(4=2.3/(1-10)*=346 4Lelr]), and s close fo the est- (0 efectof newidh & 281 anclo efect of s v, Toe i
mated theoretical shear strength of this model material, ( 87[rc].
=,u/(27-r)=55.1[e/r§]). Note that the units of stress are
[e/rg] because this is a 2D system. It is verified that each
load relaxation in Fig. & corresponds to a sequence of separates. One dislocation moves to the surface, making a
dislocation dipole nucleation through the visualization of thesurface step, and the other quickly moves into the material.
atomic coordination number. The deviation of the thinnestOnce a dislocation nucleates and moves away, the local
film case ¢=78[r.]) from the predicted elastic response stresgi.e., the stress in the region near the position of dipole
arises from a strong substrate effect: the stress field imposetlicleation decreases by a certain amount, which relates to
by the indenter approaches the film/substrate interface evahe relaxation in the far-field external load. The force balance
prior to the first observed discontinuity. determines the equilibrium position of the dislocation. The

After the first load relaxation, which corresponds to sub-force imposed on the dislocation includes the repulsive stress
surface dislocation dipole nucleation, the dislocation dipoldfield imposed by the indenter and the repulsive stress field
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due to the elastic mismatch at the film/substrate interfaceand thus compliance decreases with increa&inghis con-
Due to the fixed position of the bottom layer, the imaginarytrast points to the interaction between the boundary condi-
substrate has an infinitely large elastic modulus, which repelgons and the indentation stress field: As the plastic zone of
the dislocation from the interface. In order to nucleate subindentation approaches the dimensions of the line, the side-
sequent dislocations homogeneously, the local stress mustalls facilitate stress relaxation and the line deforms more
increase again to the GPa level. As the contact width infeadily than film or bulk counterparts.

creases(i.e., as indentation depth increagethe load re-

quired to reach this stress level increases. In addition, since

the previously nucleated dislocation exerts a stress field of- Results of 3D MD simulations

the region of maximum shear stress beneath the indenter, the - Ajthough 2D molecular dynamics simulations can afford

external loading to create another dislocation is altered ansight into the initial stages of nanoindentation and the ef-
the back stress of this preexisting dislocation. Thereforefacts of various constraints, these computations cannot be
thinner films sustain larger external loads subsequent to tr@ompared directly to experimentally observed nanoindenta-
first dislocation nucleation event because of greater backon behavior becausgl) dislocation structure is limited to
stress: Increased proximity of thieepulsive substrate inter- [one-dimensiona(1D)] edge dislocations(2) the restricted
face causes previously generated dislocations to remaifimensionality of these dislocations confers artificially high
closer to the indenter tip. The overall load—displacement '®mobility; and (3) the P—h response does not convergje.,
lation becomes less compliant when the film thickness dejt js dependent on the size of the samplRrevious 3D MD
creases, as the film effectively hardens more readily. simulation$! have shown that dislocations and defects inter-
The effect of linewidth on the MD simulateB—h re-  sect to form complex structures beneath the indenter tip, in-
sponse is illustrated in Fig.(B). As expected, soon after the cluding the formation of sessile locks due to the concurrent
first deviation from the elastic behavior occurs, the indentanuycleation of dislocations on adjacent slip planes in Al sub-
tion responses show increasing compliance with decreasingct to spherical nanoindentation. These sessile locks can
linewidth. Unlike the effect of film thickness, the elastic re- serve as heterogeneous nucleation sites for defects in the
sponses prior to the first deviation are the same for all thregubsequent stage of nanoindentation. Thus, to extend 2D
linewidths because the initial stress field does not approacsimulations, 3D MD simulations of spherical indentations
either the substrate interface or the free surface of the lin@ave been performed for a spherical indentation of Cu com-
sidewall. The effect of linewidth is evident in subsequentprising 90 000 atoms. We chose to model Cu rather than Al
P—h responses after several dislocations have been gendsecause the accuracy of the Mishin Cu embedded atomic
ated and have moved away from the indenter tip. As argue':jotentiaff8 at large strains has been confirmed
above, the back stress from the previously generated dislandependently’ However, it should be noted that the stack-
cations alters the far-field external loading, and, in the casing fault energy and elastic anisotropy of Al and Cu differ
of lines, the free surface of the line sidewall decreases theubstantially. A sphere of 4 nm radius was used to indent
effective back stress from dislocations to the indenter tip. Imormal to the{111} plane of the defect-free Cu single crystal
these lines, dislocations move to the free surface to relievin displacement control. The simulation size was &8539
the external loading stresses, rather than to the substrate in12.78 nm inx, y, andz directions, respectively. The dis-
terface where they contribute to back stresses that woulglacement rate of the indenter was 12 m/s along the negative
increase the external loading required for further deformay direction. The bottom of thg=0 plane was fixed to simu-
tion. late a rigid substrate. The periodic boundary conditions along
The MD simulatedP—h responses of films and lines of thex direction were deactivated to simulate the patterned line
two distinct widths are illustrated for the indenter tip radii of structure of the same dimension.
R=29[r.] andR=87[r.] in Fig. 8c). The maximum shear Figure 9 shows th®—h response of the system with and
stresses at the first dislocation nucleation events areithout PBCs along the direction, which represent a con-
45.7] s/rg] and 36.'/[e/r§] for R=29[r.] and R=87[r], tinuous film and a patterned line on a substrate, respectively.
respectively, which are 13% and 11% of the shear modulugn all simulations, the initiation of dislocation activity was
u=346.4 e/rg]. Note that compliance increases with de- concurrent with far-field indentation load relaxation, and the
creasing linewidth, in agreement with our experiments. Thatlislocation structure comprised dislocation glide loops on
is, as the linewidth decreases, so does the overall resistan{El1} slip planes. As expected, the indentation response is
of the yielding structure to further plastic deformation, re-identical for both cases, up to the first load relaxatipe.,
sulting in an inverse relationship between penetration depthithin the elastic regime After the first deviation from the
and line width for a given load. This result is not predictedelastic response, dislocations nucleate inside the material
for a continuous film or bulk material, and appears to be duamear the top surface and generate loops in {ttEl} slip
to the reduction in dislocation back stress afforded by moveplanes. Further load relaxation is mediated by expansion of
ment of dislocations to the free sidewalls of the line. Notethese glide loops in the slip planes. The expanding glide
further that the compliance increases more rapidly with detoops intersect the surface, and genetaid) slip steps. The
creasing line width wheRis larger, as is consistent with our subsequenP-h response indicates clear differences in the
experimental observations. In continuous films and bulkbehavior of the film and line cases. The defect structure un-
samples analyzed via continuum mechanics, increaBing derneath the indenter is shown for both cases in Fig. 10 at a
correlates with decreasing stress for a given indentation loadpad of 0.3uN, corresponding to points A and B in Fig. 9.
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0.5 - - - - - ] ing during indentation loading. In contrast, the volume of the
1 defect structure for the line case is lardgee., lower defect

oal 1 density, and some dislocations escape from the free surface
s of the line sidewall and form severél10 slip steps. Note
£ that the presence of these sidewall slip steps correlates with
§ 03k A B ] the decreased density of dislocations beneath the contact
= zone and on the top surface of the li@@mpared to the film
% case, facilitating a relative increase in the penetration depth
S 02 8 sustained by the line structure. The anisotropy of such slip
e step formation may be related to the elastic anisotropy of the

o1 b ——Film (with PBC) 1 Cu crystal.

—=— Line (without PBC)
0 . . . . . IV. DISCUSSION
0 5 10 15 20 25 30

Both theoretical and experimental studies for thin metal
FIG. 9. MD simulated load—disol R4h) £3D C films on a substrate, chiefly via curvature and x-ray diffrac-
. 9. simulated load—aisplaceme responses o u crys- . . . . .
tal comprising 90 000 atoms. A sphere of 0.4 nm radius indents normal tc;lon methods, have shown that a thinner film is plastlcally

the {111} plane of the defect-free crystal of Cu. The simulation size is 8.85Stronger(less compliantthan a thicker oné.In this case, a
nmx9.39 nmx12.78 nm. The displacement rate of the indenter is 12 m/s. homogenous state of equibiaxial stress exists in the thin film

(except near the free edgefn contrast, the stress field near

the indenter tip is highly localized and inhomogeneous. Sev-
Atoms having the perfect bulk coordination number, 12, aresral studies have investigated the influence of substrates on
not shown for ease of visualization. For the film case, thosghe nanoindentation responses of thin fitth&%—32The chief
dislocations generated by the contact are entangled beneaiBncerns of these investigations have been estimation of the
the contact area. The density of defects is higher than that ¢fardness and modulus of films independent of the substrate.
the line case, which results in a higher rate of strain hardenas these studies employed continuum analysis and focused
on the unloading response required to calculate these mate-
rial parameters, such findings cannot be extended directly to
our experimental observations which are dominated by dis-
crete load—displacement events. In addition, the indentation
depths considered in the present study were about 12% of
film thickness. Ohmurat al® experimentally verified that
the critical depth, beyond which the substrate contributes to
theP—h response, can be extended 20% of film thickness for
several fcc metal thin films on sapphire single crystal. Recent
finite element modeling showed that the limits can be ex-
tended to greater depth for softer films on harder substfates.
Therefore, it is likely that the change of indentation compli-
ance with film thickness, especially in the thicker films used
in the present experiments<0.7 and 1.Qum), is not attrib-
utable to an increasing yield stress with decreasing film
thickness. Moreover, the present experimental observation of
nanoindentation on patterned lines showed that narrower
lines deform more readily under nanoscale contact. Although
the properties of patterned lines are much less explored, this
observation suggests that the effective yield stress may de-
crease with decreasing linewidth. FEM-simulatée-h re-
sponses of patterned lines with the same yield stress as the
continuous film have failed to explain such a large increase
in compliance under indentatidifrig. 7). However, the sig-
nificant number of discontinuities in the very early stages of
indentation responses, which relate to the discrete motion of
dislocations, prevents straightforward interpretation of the
increase in compliance of lines with decreasing

The simulation results from the previous section indicate

that the continuum approach via FEM has a limited use in
FIG. 10. (Color) Defect structures underneath indenters(&rhe film case rational_izing _nar?(_)indentation _experiments in which the dis-
and for(b) line case at a load of 08N (denoted as points A and B in Fig. Crete discontinuities are dominant. Although FEM can con-
9). In both casesx=(112), y=(111), andz=(110). sider more realistic dimensions, and the quasistatic nature of

Applied displacement (A)

b

(b)

e
R o i
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nanoindentation loading, the simulated indentation responsesdewall surfaces in patterned lines reduces this repulsive
are insufficient to reproduce the overall experimental trendstress field. Under these reduced constraints, dislocations re-
at the nanoscale, whereas MD simulations of 2D perfeclieve stress due to external loading by terminating at the
crystals clearly exhibit the general trends observed experisidewall surfaces, resulting in greater penetration depth of
mentally. However, the mobility of dislocations in 2D crys- indentation and an apparent increase in plastic compliance.
tals is artifactually high due to the lack of out-of-plane con-
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