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Discrete dislocation analysis of size effects in thin films
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Alan Needleman
Division of Engineering, Brown University, Providence, Rhode Island 02912

(Received 24 April 2002; accepted 4 February 2003

A discrete dislocation plasticity analysis of plastic deformation in metal thin films caused by thermal
stress is carried out. The calculations use a two-dimensional plane-strain formulation with only edge
dislocations. Single crystal films with a specified set of slip systems are considered. The
film-substrate system is subjected to a prescribed temperature history and a boundary value problem
is formulated and solved for the evolution of the stress field and for the evolution of the dislocations
structure in the film. A hard boundary layer forms at the interface between the film and the substrate,
which does not scale with the film thickness and thus gives rise to a size effect. It is found that a
reduction in the rate of dislocation nucleation can occur abruptly, which gives rise to a two-stage
hardening behavior. €003 American Institute of Physic§DOI: 10.1063/1.1566471

I. INTRODUCTION tion nucleation and motion. In addition to arguments that
make reference to well-known concepts such as the Hall—
Metallic coatings, often composed of zinc or nickel, arePetch relatiori, single dislocation models have been pro-
used as protective coatings for corrosion-sensitive materialposed for thin films. Freurtd and Nix?' have proposed a
There is also a rapidly growing interest in thin metallic films model based on the confined motion of a threading disloca-
because of their use in microelectronic devices and magnettion in a single crystal film, which suggests that the yield
multilayers. While protective coatings typically have thick- strength scales with the film thickne$sas h™*. Similar
nesses of the order of 1Q@m, the films in microelectronic single dislocation arguments have been used for polycrystal-
devices and magnetic multilayers have thicknesses down tolme films in Refs. 14 and 15. Hartmaiet al® have dis-
fraction of a micrometer. The stress level in these thin filmscussed the role of thickness on the possibility of generation
exhibits a size effect, with thinner films generally having of new dislocations.
higher stress levelesee Ref. 1 for a review Although single dislocation models may capture impor-
An important source of stress in thin films arises fromtant aspects of the phenomenon, they ignore the stress evo-
the thermal mismatch between the film and the substratdution associated with interactions between multiple disloca-
Experiments that reveal this, typically involve cooling, heat-tions. Nix'? conjectured that an array of misfit dislocations
ing or an alternating sequence of cooling and heating, witlgenerated near the film/substrate interface could provide ob-
the average stress in the film recorded by wafer curvaturstacles to the motion of additional, differently oriented, misfit
measurements or by x-ray diffraction*® On cooling a  dislocations, see also Ref. 5. A simple analysis of this mecha-
film from an almost stress-free state at a relatively high temnism gave very high strain hardening rates, substantially
perature, the deformation is initially elastic, but as coolingoverestimating observed hardening rdfe this article, we
proceeds plastic deformation eventually occurs. When thearry out a dislocation dynamics simulation of the evolution
film is reheated, the stress level in the film at first reduges of plastic deformation in metal thin films subject to thermal
absolute valugelastically, with reverse plastic deformation loading. The analyses are carried out within a two-
subsequently occurring for a sufficiently large temperaturedimensional discrete dislocation plasticity framework, with
change. Reverse plastic deformation occurs earlier and streg$ dislocation lines being parallel to each other. The elastic
levels increase more rapidly for thinner films. These effectdnteractions between multiple dislocations, dislocation nucle-
have been observed for fine-grained as well as coarsétion, glide and annihilation, as well as the roles of the
grained films and also in passivated filmi$. stress-free surface and of the film-substrate interface are ac-
This size effect is not captured by conventional con-counted for.
tinuum plasticity theories because they lack an internal
length scale. Nonlocal phenomenological continuum plastic-
ity theories have been proposed, e.g., Refs. 610, that ca{h PROBLEM FORMULATION
capture size effects within a phenomenological theory of We consider a single-crystalline film, of thickneks
plasticity. There have also been studies aimed at explainingerfectly bonded to an elastic half plane, as illustrated in Fig.
the thin film size effect based on considerations of dislocai. A two-dimensional, plane-strain studyst=0) is carried
out. The two-dimensional nature of the model is motivated

aAuthor to whom correspondence should be addressed; electronic maiPy the'cons'iderati.on that it is the long straight Edge_ part of
giessen@phys.rug.nl threading dislocations that provides most of the plastic relax-
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sion of the film and substrate as if they have the same ther-
mal expansion coefficienty;= 5. The solution to this prob-
lem is

ell=(1+v)aATs;, off=0 (i,j=12) 3

for both film and substraté¢the factor 4 v is due to the
plane strain constraint in the; direction. Since the stresses
vanish everywhere, this part of the solution does not interact
(a) with the dislocations.

The other part of the solution, which is denoted by ()
and pertains to the problem sketched in Fith)ldescribes
the stress which builds up in the film due to the thermal
mismatch between the film and the substrate, and accounts
for the presence of the dislocations. This problem pertains to
a film with a thermal expansion coefficieat= a;— ag 0n a
substrate that does not undergo thermal expansion. The so-
lution to the full problem is

th th th
(b) Ui:ui +ui,, Sijzsij+8ilj’ U|]:UIJ+O—I,] (4)

FIG. 1. () Geometry of the film-substrate problem studied in this artidde. With plasticity arising from the collective motion of dis-

Decomposition of the unit-cell problem into a thermoelastic problem and acrete dislocations, the ( )solution is not independent o .

plastic relaxation problem. The solution of the latter part uses another deAS shown in Fig la) a unit cell is introduced in order to

composition, following Ref. 18. AN . . .
reduce the computation to one over a finite region. The film-
substrate system is taken to be periodic in xhedirection
with period w. The boundary conditions on the unit cell

ation. Three-dimensional effects such as line tension and theonsist of the stress-free surface conditions

interaction beMeep dislocation Im_es not parallel_to existing ¢/ (x;,h) =05y (x;,h)=0 (5)

misfit dislocation lines along the interface, as discussed in o -

Ref. 12, are not accounted for. The substrate remains elastig"d the periodicity conditions

while the film can relax by dislocation activity on a set of Ui (0,%5)=u{ (W, X5), (6)

discrete slip systems defined by the angf& relative to the

interf Fig.(d4). The disl ions are all of har- . '

terface, see Fig.(&). The dislocations are all of edge cha the cell boundariex,=0 andx,=w. The () fields are

acter with a Burgers vector in thg —Xx, plane of lengthb. . . .
Individual dislocations are modeled as singularities in an iso_governed by Eqsgl) and (.2) with the appropriate su.b stitu
tropic thermo-elastic continuum, tions for @ according to Fig. (b). In the absence of disloca-

The boundary value problem is governed by the equilib-tlons’ the solution is

while traction continuity implies continuity of;, andoy, at

rium and compatibility equations e =0, o= — (as—ag EAT
=0 onT gy
0, ;=0, &j=3(u;+u;), (1) ) _ (
oj;=0 otherwise (i,j=1,2) 7

where gj; denotes the stresses;; the strains andy; the
displacements; (; denotes partial differentiation with re-
spect tox; .

The constitutive relation is specified by

for the film andef;=0;,=0 everywhere in the substrate.
The solution(7) can be interpreted as resulting from the film
freely expanding by 4(5“ =(1+v)(as— ag AT and subse-
quently being compressed by a stress to remove the ex-
pansion so that the film fits on the undeformed substrate.

In the presence of dislocations, the governing equations,
subject to Eqgs(5) and (6), are solved by decomposing the
Here, AT is the temperature change from the undeformed )’ field quantities into two additive parts, as described in
state. The linear thermal expansion coefficierfor the film  Ref. 18, so that the stress, strain and displacement fields in
is denoted bya; and that for the substrate hys; Young’s  the film are given by
modulust and Poisson’s ratie are taken to be identical for
the film and the substrate. In Ref. 17 it was found that elastic
property differences did not qualitatively affect the predic-Here, the () fields are the superpositions of the fields of
tions; quantitatively: even a factor of 2 difference B  individual dislocations in infinite space, e.g.,
changed predictions by only a few percent. The values of "

E=70 GPa andv=0.33 used in the calculations are repre- Tij :2| Tij
sentative of aluminum.

To implement the boundary conditions, the problem is(the superscriptl( denotes theth dislocation, and are sin-
decomposed in two linearly additive parts as illustrated ingular at the positions of the dislocations. Thg fields in Eq.
Fig. 1(b). One part treats the unconstrained thermal expan(8) are image fields that are superimposed on the individual

1+v
E

v
1+v

sij: O'i]'_ 5ij0-kk +C¥AT5”‘. (2)

;_~ ~ )~ ~ )~ ~
Ui:Ui"r‘Ui, Sijzsij+8ij! Uij:Uij+Uij' (8)
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dislocation fields so that the boundary conditions on the uniwith w=E/2/(1+ v) the shear modulus. A distribution of
cell are satisfied. These fields are smooth and their solution igoint obstacles, which are intended to mimic small precipi-
obtained by a finite element method. The infinite spaceates or forest dislocations, is also introduced. Dislocations
(~) fields are constructed in such a way that they reflect thget pinned at such obstacles and are released once the
periodicity in the problem, i.e., the field corresponding to Peach—Koehler force attains the obstacle strebgtls.

each dislocation in the cell is the field, with periodicity,

due to this dislocation and all its replicas in the other cells

making up the film. The closed-form expressions for thesd!l- RESULTS

fields are given in Ref. 19. The use of periodic discrete dis-  The objective of the simulations is to gain insight into

location fields avoids the possibility of artificial dislocation the thickness-dependent response of thin films. We consider

patterning that may be induced when using a cutoffrepresentative values of the material parameters. The Burgers

distance?’ vector of the film material is taken to He=0.25 nm. The
Special attention is needed for dislocations that gllde OUﬁnear coefficient of thermal expansion is taken to be repre-

of the film. They leave the film, but they cannot be removedsentative of silicon for the substrated=4.2x 10~5/K) and

from the set of dislocations in the calculation because thewf aluminum for the film @;=23.2< 10 %/K). Results are

contribute to a slip displacement and to the resulting step giresented for values of the film thickness, ranging from

the free surface. This is accounted for by virtually extendingo.25 to 1um. In all calculations, the width of the periodic

the slip planes above the film and positioning a dislocation agell is taken to bew=2 um. The potentially active slip

a distanceh above the free surface, i.e.,xa=2h, once it  planes for each slip system are spacedatlO(, so that

leaves the film. This virtual dislocation produces stre3s@s  there aren= (w/d)sin ¢ slip planes with orientatio inside

and @y, on the stress-free surfa¢even though it is outside the cell.

the film). These stresses are corrected by thefields. The In all the simulations the density of Frank—Read sources

virtual dislocations ak,=2h are sufficiently far away from randomly distributed on the slip planes jg, = 60/unm?.

the surface that the finite element solution can accuratelfhis implies that there are 120 sources per micrometer of

describe the necessary correction. film thickness in the cell, which means that not all slip planes
Initially, the film-substrate system is at a high tempera-are necessarily active. On the other hand, for the thickest

ture and stress free. At each step of the simulation a temperéitms considered,h=1 um, there are as many as four

ture incrementAT=TAt is prescribed and the boundary sources per slip plane. The strength of the sources is taken

value problem is solved for all field quantities in the cell. Forrandomly from a Gaussian distribution with mean strength

each time step, the dislocation structure is updated and thefnuc= 25 MPa and standard deviation of 5 MPa. With the

the updated solution for all field quantities is obtained aschosen material properties, the mean nucleation distance

described above. As suggested by Kubtral,? the follow-  from Eq.(9) is L,c=0.0625um, which is 1/4 of the small-

ing dislocation mechanisms are accounted for through corest film thicknes$1=0.25 um, and, more importantly, only

stitutive rules:(i) dislocation glide;(ii) dislocation genera- 1/8 of the shortest slip plane lengt'sin60°. However,

tion and (i) annihilation; (iv) pinning at obstacles. All of since the strengths are taken from a Gaussian distribution,

these are governed by the Peach—Koehler force, which i¢alues ofL . can deviate significantly from the average. In

computed as the distributions used in the calculations here, the smallest
value of 7, is 10 MPa, which corresponds tb,,
f('):ni(l) (}ij+2 Ui(jJ) b}') =0.156 um. All sources are displaced by at least the dis-
J# tanceL,,.Sin ¢ from the top or bottom of the film, in order

that both dislocations in a nucleated dipole are contained in
the film. Whenever obstacles are considered, their density is
taken to be the same as the source density and their strength

taking advantage of the fact thaﬂ‘=0 according to Eq(3).
Dislocation glide is taken to be drag controlled so that
the velocity of dislocation is directly proportional to the | .
Peach—Koehler forcef=Buv("), with B the drag coeffi- 'S specified ag55=150 MPa. _ .
cient, which is taken to have the val@e=10"* Pas. Anni- In order to limit the computational time, the cooling rate
hilation of two dislocations with opposite Burgers vector oc-iS Specified a¥ =40x 10° K/s and the total temperature de-
curs when they approach each other within an annihilatiors'éase is 200 K, which is smaller than usual in experiments.
distancel .= 6b. Generation of new dislocations is incorpo- A small time step is required to accurately resolve the dislo-
rated through a distribution of Frank—Read sources. In twéation dynamics. Numerical experimentation showed that
dimensions, these are point sources which generate a dipoféth the parameters used here, a time si¢mo larger than
when the Peach—Koehler force on the source exceeds a crifl-05 ns is needed mainly to capture the formation of dislo-
cal valuer,,b during a time spa,,.= 10 ns. The sign of cation junctiongdipoles near the intersection of slip planes.
the dipole is determined by the direction of the force. The ~ The finite element mesh used to solve for the () fields
distance between the two dislocations,,, is set so that depends on the thickness of the film. In all cases, four-node

they will not immediately collapse and annihilate under aneléments are used which are nearly square in the film and

applied shear stress,., i.e., which gradually el_ongate ?nside the_substrate with increasing
depth. For the thinnest films considerdds=0.25um, we

— M i (9) have used ten elements through the film thickness. Numeri-

M 2m(1=v) Toye cal tests have shown that this gives sufficient resolution over

Downloaded 01 Sep 2006 to 129.125.25.39. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



J. Appl. Phys., Vol. 93, No. 10, 15 May 2003 Nicola, Van der Giessen, and Needleman 5923

the top surface to satisfy the stress-free condition with suffi- . | .
1" *n s

cient accuracy. _ _ _ _ 0.00 007 014 021 0.29 036 043 0.50
Each simulation starts with a dislocation-free film, so

that when cooling begins, the response is initially elastic. As
the temperature decreases, a uniform tensile stress builds L
in the film. When the resolved shear stress on a slip systen
reaches the critical strength of the weakest point source, th
source generates a dislocation dipole. One of the dipole dis
locations glides in the direction of the free surface and the
other glides toward the interface where it gets pinned. It is
this movement which provides the mechanism of plastic re-
laxation of the thermal stress. As cooling proceeds, many
other dislocations are nucleated. Because of the stress fielc
associated with the individual dislocations in the film, the
Peach—Koehler force at a source can become large enough-
induce a nucleation event, even if the average stress in thi
film is not high enough to activate the source.

A. Size effect

We first present results for three cases that differ in the
film thickness onlyh=1, 0.5, and 0.25wm. The film mate-
rial contains three slip systems, with slip plane orientations:
dM=0°; p@=60°; ¢3=120°. The three slip systems
mimic in two dimensions the redundancy of the 12 available
slip systems in fcc crystals.

Figure 2 shows the distribution of the dislocations and
the in-plane stress 4 at the end of the cooling process. The
stress is normalized by the elastic stress

(a;— ag EAT
o (1-y

which would be present in the film if plastic relaxation had
not occurred, see Ed7). With the parameter values here,
0,=397 MPa. For each film thickness, a single unit cell of
the film as well as the top of the substrate is shown. For the
chosen thermal expansion coefficients and wth<0, the
film is in a state of tensiong,,>0. The compressive stress in
the substrate is very low on average, because of its large
thickness, except in a thin layer directly below the interface 0 0.5 1 1.5 2
which is affected by the dislocations in the film near the ()
interface. Indeed, a relatively large number of dislocations
are piled up in the film against the interface because theg 2 (colon Distribution of o, normalized by, defined in Eq(10),
interface is modeled as being impenetrable. Due to this localnd the dislocation distribution after cooling by 200 K for three values of
high dislocation density, a boundary layer forms with a muchfilm thicknessi(a) h=0.25um, (b) h=0.5 um and(c) h=1 um. The films
higher in-plane stress than in the rest of the film. h?;/)e three slip s(g)stems with slip plane orientations specifiegp®=0°,

A boundary layer is also seen in the dislocation densityq5 =607, andg™=120% (see Fig. 1
profilesp(x,) across the film, shown in Fig. 3. The disloca-

tion density plotted is the average dislocation density in a ) ) o )
Strip of hEIth}\, averaged in thai-direction. Maklng use of 10Mb. The dislocation denSIty in the rest of the film, where

periodicity, this quantity is computed as the tensile stress has been relax€iy. 2), is at least a factor
’ 4 lower and also appears to be about the same for the three

1

X,)= — — O} cases.
pixe) bwi Z o Examining the near-interface dislocations shown in Fig.
2 reveals that they are either positive dislocations on the
¢?=60° slip planes or negative dislocations on #e’
Using a strip height oh =0.025um, the profiles in Fig. 3 =120° slip planes. In both cases the horizontal component
show that there is a distinct peak in the bottom strip which isof the Burgers vector is in the positivg direction. Neglect-
roughly the same for all three thicknesses. The thickness dhg the low density of dislocations in the rest of the film, the
the highly stressed boundary layer is less than 0085 classical idealized picture emerges of a film that is relaxed by

(10

on=

- film
|

-

substrate

VI such thatx,—A2<x$)<x,+\/2. (11)
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0 250 500 750 1000 FIG. 4. (a) Profiles(oi1)(x,) of the in-plane stress in the films in Fig. 2
P (um'z) averaged in the;, direction. The vertical lines show the total film averages,
(©) (o19)1 - (b) Average film stress vs film thickness The straight lines are fits

] ) ] ] ] ) ~_ to a power law of the forr{o1,);ch™P, giving p~1 for the thinnest two
FIG. 3. Dislocation density profile across the film thickness for the films in jjmg andp~1/2 for the thicker ones.

Fig. 2. (@) h=0.25um, (b) h=0.5 um and(c) h=1 um.

Xp+ N2

1 w
(o1)(X2)= mj fo o11(X1,22)dx;dz;. (13

a distribution along the interface of misfit dislocations with Xp— N/
Burgers vectob|cosd)| in thex, direction. Full relaxation of

the film would require that the thermal strairmi});=(1
+v)(a;—adAT is entirely accommodated by such misfit _ 5167,,m was found to give well-converged results of

dislocations. '_I'h_e di_slocation density in a strip of height (011 (X2). Also shown in Fig. 4a) are the average stresses in
needed for this is given by the film: (o47);=50, 70, and 130 MPa fon=1, 0.5, and
0.25 um, respectively(with { ); denoting the film average of
p= (1+v)(as— O‘S)AT_ (12 @ quantity. The profiles clearly show the presence of highly
Ab cosé stressed boundary layers and also illustate the variation in
boundary layer thickness with film thickness. For the two
For A=0.025um, this expression gives a densipy=1.6 thickest films, the boundary layer thicknesses are nearly the
x10* um~2. The dislocation density in the bottom strip  same, but the boundary layer in the thinnest film is signifi-
of Fig. 3 is around 80Qum™ 2. This is significantly less than cantly thinner. It is also of importance to note that the stress
the necessary dislocation density for a completely stress-frdevel in the core of thdn=0.25 um film is higher than for
film. Thus we expect that there is a significant stress compothe other two films. It is primarily this lack of relaxation in

The integral is evaluated using<b trapezoidal quadrature
in each strip with heighk of a finite element. A value of

nentoq4 left in the film. the core that causes the=0.25 um film to have such a high
Figure 2 gives insight into the nature of this stress stateaverage stress.
An additional perspective is given by thg-averagedo; Average stresg,011), versus film thicknesh is shown

profiles in Fig. 4a) for the three film thicknesses consideredin Fig. 4(b) to illustrate the scaling with film thickness. The
at AT=200 K. The x;-averaged stresse$p;,)(x,), are thicker two films suggest a Hall-Petch-like ¥ scaling.
computed in a strip-wise fashion as in Edl), i.e., The data for the thinnest two films are consistent with the
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0.0018 ening rate averaged over a temperature drop B 185 K
- from the onset of yieldA(o,)¢/e}) is 18, 39, and 97 GPa
000145_ fc_Jr_ h 1, 0.5, end 0.25um, respectlve_ly To check the sen-
’ i sitivity of the yield stress and hardening rate to the value of
5 5 Thue,» the calculations were repeated with the same source
2 o001 - distributions but with the value of,,,; at each source multi-
v - plied by a factor of 2. The values of the yield stress for each
3 of the three films doubled, while the values of the hardening
0.0006 | rate remained essentially unchanged.
3 Calculations were repeated with all parameters fixed ex-
- cept that a random array of point obstacles was added with a
0000215 density of 604m?. Figure 6 shows that the dislocation den-
60‘0' 'sgol — '5(')0' — '4%0' — '4(')0 sity in the core region is hlgher_W|th ob_stacl_es than without
TIK] obstacles(especially for the thickest filjn since the ob-

stacles tend to prevent dislocations from leaving the film at
FIG. 5. Curves of(s},); vs imposed temperature for three values of fim the free surface. In fact, numerous dislocation dipoles form
thicknessh=0.25um, h=0.5 um andh=1 um (see Figs. 2 and)3 at slip plane intersections, leading to a harder core region
than without obstacles which gives rise to the increased hard-
ening rate seen in Fig. 7 compared with that in Fig. 5.
h~*! scaling found by Freurld and Nixt? on the basis of
energy considerations. Although data from three points is not
conclusive, we believe that the dichotomy in scaling is due td> Efféct of slip plane orientation
a change in hardening mechanism for the thinnest film, as In order to investigate the influence of slip plane orien-
will be discussed in detail in Sec. IIIC. We note that thetation, the simulations presented in the previous section have
average film stresses are not sensitive to the source distribrepeated with the crystal rotated by30°, so that¢™)
tion; other realizations give results that only differ by a few =30°; ¢(?=90°:; #®=150° The source density is the
percent. same as before, but the source positions and strengths are
While we have focused until now on the stress states aflifferent; there are no obstacles. Slip systems 2 and 3 are the
the end of the cooling process, the full history is shown inmost active ones, because the resolved shear stress
Fig. 5. Rather than stress, however, Fig. 5 shows the evolur= — o,/2 sin 24, caused by a nominal tensile stresg, is
tion of (£1,)¢ as a function of the temperature reduction. Thelargest in absolute value. In fact, the Schmid fa¢sim 2| is
value of(e1,) represents the average lattice strain in the filmthe same as for the: 60° slip systems in the original orien-
due to the thermal mismatch with the substrate. Addiﬁ?g tation. This explains that the onset of yi€kig. 8) is roughly
to it, Eq. (3), gives the quantity which is usually measuredthe same as for the original crystal orientatidig. 5).
experimentally by x-ray diffractiof?> From (&;,); and the The hardening in the film is reduced however, i.e., the
correspondinge,)¢, the average stressriy)s can be di-  stress is more relaxed in the rotated orientation for all film
rectly computed from Hooke’s law, E@), with «=0. Since  thicknesses, cf. Fig. 8 with Fig. 5. One explanation for this is
=0, Eq.(3), this immediately gives the total average film that fewer dislocations are needed to relax the film in the
stress(an}f, cf. Eq. (4). Thus, plots of the evolution of rotated orientation: according to Ecq12) with =™
(e1,)s give insight into the average stress development in the=30°, a dislocation density=900 um~? is needed in the
film. height A =0.025um for complete relaxation. The disloca-
The curves in Fig. 5 exhibit a distinct size effect on thetion density found near the interface is around @02 for
hardening, with thinner films being harder. The yield point,all three thicknesses. This is a higher perceni®&j€o than
which corresponds to a yield stress of about 30 MPa, doefor the previous orientatio60%), which is consistent with
not exhibit a size effect, as the initiation of plastic deforma-the film being more relaxed.
tion is controlled by the statistical distribution of source The dislocation distribution along with the boundary
strengths. Prior to the first nucleation event, the stress in thiayer that forms in the thinnest film with orientatiop(*
film is uniform, so that the first occurrence is determined by=30° is seen in Fig. @. Profiles ofx,-averaged stresses for
the weakest source. Since the source strengths are chosalhthree thicknesses reveal that the boundary layers have the
randomly from a Gaussian distribution around a certainsame thickness, which is slightly smaller than that seen in
value, and since the specific values of source strength aieg. 4@ for the original orientation. A second difference is
different for different films, plastic deformation starts first in that the core region of the films is less stressed. The two
the film that contains the weakest source. For the casesffects explain the lower hardening in Fig. 8.
shown in Fig. 5 this happened to be the thinnest film, where  To investigate the orientation dependence further, simu-
the minimum nucleation strength, out of the average,gf  lations were carried out in single slip with slip plane orien-
=25 MPa, is7,,=10 MPa. tations of p=15°, 30°, 60°, and 75°. In single slip, dislo-
Hardening, on the other hand, is a collective effect of thecations do not form junctions, so that the time step can be
nucleation, glide and annihilation of a large number of dis-increased by an order of magnitude without losing accuracy.
locations. Statistical effects are therefore smaller. The hard-igure 10 shows that the hardening rate increases with in-
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FIG. 7. Curves of(e;,); vs imposed temperature for three values of film
thicknessh=0.25 um, h=0.5 um andh=1 um for the calculation in Fig.
6 with a prescribed distribution of dislocation obstacles.

nounced kink in the average slope after the onset of plasticity
as exemplified in Fig. 5. These kinks reflect a change in the
hardening rate in the plastic regime. For the smallest thick-
ness,h=0.25 um, the kink is most clearly visible; also for
the thickest film,h=1 um, a kink can be observed but it
occurs at a later stage. Moreover, we observe that the hard-
ening in the second part of the curve increases with the slip
plane angle, as seen by comparing Figs. 5 and 8. A signifi-
cant increase in hardening has been noted experimentally by
Leunget al? in various types of films, and can also be seen
in the experimental results in Ref. 4. The strongest effect is
always seen, as here, for very thin films. The effect is not
found by Leunget al? for passivated films, which has led
them to suggest that the effect is due to additional relaxation
by surface diffusion at higher temperature. However, the ex-
perimental results in Ref. 4 also show a two-stage hardening
effect for very thin §=0.3 um) passivated films. In our
calculations there is no diffusion, and therefore it is interest-
ing to explore the origin of the kink in the simulations.

One possible cause is a sudden increase in dislocation
density, leading to an increase in the number of dislocation
junctions and therefore to an increase in hardening. How-
ever, since the kink is present in multiple slip as well as in
single slip(no junctions, Fig. 10 and Fig. 5, this is excluded.
(c) Another possible cause is an abrupt reduction of the rate of
dislocations nucleated. This is what happens in our calcula-

FIG. 6. (Color) Distribution of o1;, normalized byo,, defined in Eq(10),
and the dislocation distribution after cooling by 200 K for three values of
film thickness:(a) h=0.25um, (b) h=0.5um and(c) h=1um with a
prescribed distribution of dislocation obstacles. The slip plane orientation is 0.001
the same as in Fig. 2. -

creasinge¢. This is mainly due to a combination of the ori- \A; 0.0006
entation dependence of the Schmid factor and of the slip v i
plane lengthh/sin¢. Also, we see that plastic flow occurs ;
earlier for slip plane orientations of 30° and 60° than for 0.0002F/

: /
those of 15° and 75°, because the resolved shear stigss 6070‘ — o
larger for the 30° and 60° orientations. K]
C. Origin of hardening FIG. 8. Curves of(e1,); vs imposed temperature for three values of film

. . . .thicknessh=0.25 um, h=0.5 um andh=1 um. The films contain three
Examlnatlon Of the average Straln'temperature curves |@||p Systems with S||p p|ane orientatioms(l): 30°‘ ¢(2): 90°’ and ¢(3)

Figs. 5 and 8 indicates that there is a more or less pro=150°.
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FIG. 11. (Colon Distribution of resolved shear stress on the slip plane
$@=60°, 74, and the dislocation distribution at final temperature for the

Il film in Fig. 2(a). The point sources on this slip system are shown as circles.
0.8F
- tions, with the reduction in nucleation rate arising from the
back stress generated by the dislocations in the boundary
-~ 0.6F layer adjacent to the interface. For each source, nucleation
E_ 3 first occurs when the resolved shear stress reachgsThe
= | stress field of the dipole generated by this source shields the
oo .

041 source from further nucleation. The back stress at the source
reduces as the dipole spreads, with the least effect occurring
when one of the dislocations has left the film through the free

0.2F surface and the other is blocked near the interface. In very

[ thin films the back stress in this configuration is still high
(e v enough to have a significant effect at the source. During the

ol dn . -, i s S first stage of the cooling process, other sources in the film
0 50 100 150 200 250

will be activated before the back stress at previously acti-
{Uu} (MPa) vated sources has been overcome by the applied stress. This

(b) gives rise to the initial hardening rate. At some stage of the
FIG. 9. (Color) Internal stress states for the films in Fig. 8 after cooling by def(?rmatlon h'Story' all sources have been activated and _COI'
200 K. (a) Contours ofcy;, normalized by, defined in Eq(10), and the  lectively they have produced back stress throughout the film.
dislocation distribution foth=0.25 um. (b) Profiles(o1)(x,) of the in-  Subsequently, the only way in which sources can be acti-
plane stress in all films with this orientation. The vertical lines show the totalygte( is by overcoming the back stress through further strain-
film averages(cy);- ing of the film. Thus, nucleation is delayed, which gives rise
to additional hardening in thés1,);— AT curves.

To support this explanation, Fig. 11 shows the distribu-
tion of the resolved shear stressfor the film with h
=0.25um on slip systemp(®>=60° at the same time as in
Fig. 2(a). Also shown are all sources that are present on these

3 A slip planes to demonstrate that they are all in regions with
0.0022 F .
g relatively low stress due to the back stresses caused by the
i dislocations piled up against the interface. As the thickness
0.0018 F S
3 of the film increases, the back stress at a source caused by
i the dislocation pileups at the film-substrate interface will, on
0.0014 F :
A g average, be lower because of the larger distance between the
Y 0.001E pileup and the source. Hence, for thicker films, the kink in
L hardening is delayed and is less intense. This is confirmed by
i the results in Figs. 5 and 8.
0.0006 . .
g 4 The presence of the back stress is expected to give an
E / important contribution to the response when the temperature
0.0002 F/ . o L . X
AT change is reversed. This is verified for the thinnest film, by
600 550 500 450 400 reheating from the final temperature =400 K reached
TIK] previously. As seen in Fig. 12, reverse plasticity occurs al-
FIG. 10. Curves ofe1,); vs imposed temperature for films with a single slip most Immedl_ately after temperature reversal for
system having the slip planes orientedddt)=15°, $?=30°. ¢(3=60° =0.25um. Without the presence of the long-range back
and ¢M=75°. All films have thickness=0.25 xm. stresses, elastic unloading would occur over a larger interval.
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0.0018 (i) The boundary layer width depends on the orientation of

h=0.25um the slip systems in the film.

(iv) Below a certain film thickness, an additional contribu-
tion to hardening arises from a reduction in dislocation
nucleation caused by the back stress associated with the
dislocation pileups at the film-substrate interface. This
reduction in the rate of dislocation nucleation can occur
abruptly and lead to a two-stage hardening behavior as
seen experimentally.

(v) In very thin films all the available dislocation sources are
affected by the back stress early in the stress relaxation
0y — process. Further nucleation is suppressed until the back
h=0.51m stress at the sources is overcome by additional straining
of the film. The absence of dislocations that can elimi-
A BRI SR SRR nate the long-range back stress is related to the limited
600 550 500 450 400 availability of sources.
T[K]
FIG. 12. Curves of e1,); Vs imposed temperature for a thermal cycle be-
tween 600 and 400 K for films of thicknefs=0.25 xm andh=0.5 m.
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