A Continuum Theory That Couples
Creep and Self-Diffusion

In a single-component material, a chemical potential gradient or a wind force drives
self-diffusion. If the self-diffusion flux has a divergence, the material deforms. We formu-
late a continuum theory to be consistent with this kinematic constraint. When the diffusion
flux is divergence-free, the theory decouples into Stokes's theory for creep and Herring's
theory for self-diffusion. A length emerges from the coupled theory to characterize the
relative rate of self-diffusion and creep. For a flow in a film driven by a stress gradient,
creep dominates in thick films, and self-diffusion dominates in thin films. Depending on
the film thickness, either stress-driven creep or stress-driven diffusion prevails to coun-
terbalance electromigration. The transition occurs when the film thickness is comparable
to the characteristic length of the materidDOI: 10.1115/1.1781176
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1 Introduction self-diffusion. Sections 2—4 describe the kinematics, energetics,
a?n_d kinetics of the theory. Section 5 gives the coupled partial

. . " T : lifferential equations for the velocity field and the chemical po-
g;‘s g‘égrr‘fp‘r’gg’soijg'zg'e for e(;‘r?g“gfs’s?bfg'%2'$:§?rﬁtmistg%‘;egmia| field, and identifies the characteristic length in the theory.
the injection of atoms into the filnfi1]. Impinging atoms may not ections 6 discusses examples of flows driven by stress gradient,

have enough time to find equilibrium positions on the film surwInd force, and atomic injection or emission. Stress gradient-

face, and may diffuse into the film. Oxidation leads to analogo%\;ven channel flow is dominated by creep in thick channels, and

Self-diffusion can generate stress in a single-component m

. : o self-diffusion in thin channels. Section 7 discusses an aniso-
phenomena. For some materials, during oxidation, atoms m,

. - X S ropic rule to place diffusion flux divergence as strain rates in
emit from the materials, causing tension in the mater{&k,For various directions.

other materials, notably silicon, atoms may inject into the materi- That creep and self-diffusion in some materials result from the

I in mpression in the materi Electromigration S .
as, causing compressio e materigl, Electromigratio same atomistic process has been known for a long time. In a

provides yet another compelling example. The conduction el%?dﬁjid, self-diffusion and creep are different macroscopic manifes-

trons motivate atoms to diffuse, generating tension upstream qtlons of the same microscopic fact: Molecules change neighbors

Co?hpreismn downsttredafm%h terial d d the def eadily in the liquid. Einsteifi12] related the Brownian movement
e stress generated In the matérial depends on the detormaypi macroscopic particle in a liquid to the viscosity of the liquid.

mechanism of the material. Only elastic property enters the COffe Stokes-Einstein formula, derived by Einstein using Stokes'’s

sideration _|f_|nelast|c deformatiofi.e., creepis elthe_r so slow as continuum solution, has since been applied to diffusion of mol-
to be negligible, or so fast as to relax the stress field locally oA les in liquids, including self-diffusion

hydrostatic state. For electromigration along a thin line, encapS”'Nabarro[ls] and Herring[8] related creep in a polycrystal to

lated in a stiff dielectric, it was thought that local stress relaxes {Q,¢_gitfusion mediated by the motion of vacancies. By itself, the
a hydrostatic state Iong_before diffusion along the line reache%tion of vacancies does not change the crystal shape, b,ut the
steady state},5,6]. Experiments, however, have shown large deseation and annihilation of vacancies at the grain boundaries do.
viatoric  stresses, [7]. Indeed, the initial discovery of congequently, creep in the polycrystal is fast when the self-
electromigration-induced stress was made in a wide aluminyg,sivity is high and the grains are small. When the grain size
film, which could only sustain in-plane stresspg, approaches the molecular dimension, the Nabarro-Herring for-
Th|s_ paper formulates a theo_ry to couple self-dlffu_slon anHmuIa for polycrystals reduces to the Stokes-Einstein formula for
creep in single-component materials. The new theory will Comaﬂi‘guids, except for a numerical factor. Similar comments apply to
Stokes’s creep and Herring's diffusion as special cases. Stokggs cople creep[14], mediated by atoms diffusing on grain
creep, as formulated in fluid mechanics, describes a velocity figld ;ndaries.
and a pressure f.ield.; it. neglects self-diﬁusipn. Herring’s theory, Needleman and RiceL5] formulated a theory for polycrystals,
(8], for self-diffusion is in terms of the chemical potential, a scayhere atoms diffuse on grain boundaries and creep in grains. Here
lar; it makes no attempt to equilibrate stress tensor field. _creep can result from the motion of dislocations. The two pro-
Our theory parallels that of nonreciprocal diffusion in multi-cesses, self-diffusion and creep, occur in different places, but
component solid solutionsi.e., the Kirkendall effegt due to  coyple through a kinematic constraint. For two grains meeting at a
Darken[9] and Stephensofil0], and extends our previous one-grain boundary, the creep in the two grains accommodates the
dimensional theory[11]. The theory rests on a kinematic con-divergence of the diffusion flux on the grain boundary.
Stl’aint: the diVergence in the Self'diﬁusion ﬂUX must be accom- Our theory neg|ects the microstructure. Regard'ess of the spe_
modated by deformation. The remainder of this section recallsqgic microstructure, when a wind force motivates atoms to dif-
few historic highlights of the mechanistic picture of creep anf;se, the material must deform to accommodate the divergence of
- the self-diffusion flux. The main advantage of the theory is that
MECHANIGAL ENGINEER&Tor publication n the ASME GURNAL oF AppLiEDME.  SITPIE and enlightening solutions may be obtained for coupled
CHANICS. Manuscript receiveg by the ASME Applied Mechanics Division, FebruarPrOblems' The main dra\_NbaCk is that the_theory may lead to
4, 2004; final revision, March 17, 2004. Associate Editor: R. M. McMeeking. Diswrong predictions at the size scale approaching or smaller than the
cussion on the paper should be addressed to the Editor, Prof. Robert M. McMeekimticrostructural feature size. The new theory can be applied, with

Journal of Applied Mechanics, Department of Mechanical and Environmental Engj; ; i ;
neering, University of California—Santa Barbara, Santa Barbara, CA 93106-50 d’rtues and vices of a continuum theory, to complex materials, and

and will be accepted until four months after final publication of the paper itself in thi® Crystalline materials when atoms also diffuse in grains, among
ASME JOURNAL OF APPLIED MECHANICS. other situations for which the Needleman-Rice theory is not in-
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Fig.1 The marker velocity v defines the conve«_:tion flux, v/Q. Fig. 2 The material is subject to three types of load: the wind
We can also independently measure the net atomic flux ~ N. The  force F, in the volume, the traction ¢, on the surface, and the
atomic flux in excess of the convection flux defines the diffu- chemical potential on the surface

sion flux J.

tended. In particular, we will use the new theory to analyzggr?:? :;?réz(?z?'th]gecngfr;lgéh;g'efguzlﬁg Qlejl);dlfflﬂsjstroli kinematic
electromigration-induced creep in Newtonian liquids. Markers at different locations may move at different velocities.
] ) When two markers move away from each other, atoms have to be
2 Kinematics inserted in the space between them. When two markers move

When the two rate processes occur in separate places, creefPfard each other, atoms have to be removed from the space
grains and diffusion on grain boundaries, there is no ambigui tween them. The gradient of the marker velocity field defines
about their distinct contributions to mass transport. When diffl€ strain-rate tensor:

sion and creep occur in the same continuum space, how can their d.= 3(0- o) 3)
contributions be distinguished? We must give operational defini- _ LR

tions of creep and self-diffusion without referring to the microlf m; is the unit vector pointing from one marker to the other, then
structure. Following Darkefg], we imagine that markers are dis-M;dijm; /() is the number of atoms inserted or removed per unit
persed throughout the materiéFig. 1). The markers in the time, per unit area normal to and per unit distance along the di-
material are analogous to leaves on a river. The flow of wategctionm; . The strain rate is the sum of that due to difoSidﬁ,,
carries the leaves, but is unaffected by their presence. The motiid that due to creepl,—cj :

of the markers defines convection. The atomic flux in excess of c D

convection defines diffusion. The markers should be small com- dij=dij +dj . 4)

pared to the size scale in the flow of interest, but large comparedas suggested by Eq2), the divergence in the diffusion flux,
to the atomic dimension so that the markers themselves diffuge | causes the divergence in the marker velocity. We assume that

negligibly. , _the divergence in the diffusion flux causes an equal strain rate in
We adopt the Eulerian approach. Let (X,,X3) be the coordi- )| three directions:

nates of a fixed space. The field(x;,X,,X3,t) is the velocity
vector of the marker at positiorx{,x,,x3) at timet. LetQ) be the
volume per atom in the body. Imagine a plane fixed in space and 3
perpendicular to the axig; . The convection fluxp; /), is the . S

number of atoms moving with the marker across the plane, péperedi;=1 wheni=j, and ;=0 wheni#]. _ )
unit area per unit time. The net atomic flux; , is the number of A combination of Eqs(2)—(5) gives the creep strain rates in
atoms across the plane, per unit area and per unit time. We dgFmS of the marker velocity field:

independently measure the marker velocity and the net atomic =10 40 )= Lpi.s 6
flux. The difference between the two fluxes defines the self- 7= 23050~ 30k - ©)
diffusion flux J;, namely, The creep strain-rate tensor is symmetric and traceless.

Ni:‘]i+vi/Q' (1)

The net flux is the sum of the diffusion flux and the convectios ENergetics
flux. Figure 2 illustrates three types of load on the material. We
To demonstrate the new features of the theory with minimuidentify them by the ways they supply power to the material. The
complication, we neglect elasticity. Following Balluffié], we wind forceF; supplies power F;J;dV, with the integral over the
also neglect strains due to the space occupied by point defeatfume of the material. The tractiai supplies powerftjv;dS,
such as vacancies or free volumes; enough dislocations climbwth the integral over the material surface where the traction is
other defects move to maintain the point defects close to equiliprescribed. The chemical potentjalis the free energy difference
rium concentrations, which are typically small. Consequently, Between an atom on the material surface and an atom in a refer-
fixed volume contains a constant number of atoms at all time. Teace body(a bulk under no stregsThe chemical potential is a
volume per atom,(}, is constant. The net atomic flux isscalar field defined on the material surface, in the same spirit as
divergence-freeN, (=0, so that the traction is a vector field defined on the surface. We assume
BEN— @) local equilibrium: The chemical potential of atoms in the material
kk Kk immediately beneath the surface equals that of atoms on the sur-
A repeated subscript implies summation over 1, 2, and 3;face. Let the unit vecton; be normal to the surface and point to
comma before a subscript indicates partial differentiation. Equtre outside of the material, ad¢h; be the flux at which the atoms
tion (2) has a clear interpretation. Imagine a volume fixed idiffuse out the material. The chemical potential acts on atoms in
space. When, , >0, atoms diffuse out the volume; for the vol-the same way as the voltage acts on electrons. When atoms diffuse
ume to maintain a constant number of atoms, convection mumit of the material and join the reference bddg., when atoms
carry atoms into the volume, so that the markers converge. Timve across the chemical potenkigdhe chemical potential sup-
opposite is true whed, ,<0. In this theory, the material is in- plies power— [uJ;n;dS, with the integral over the material sur-
compressible, but the marker velocity has a divergence to coface where the chemical potential is prescribed.

Q
diDj:_ = kb » (5)
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We next identify driving forces for the two rate processes, fol- Df;
lowing an approach often used in constructing continuum theories Ji = OKT’ (13)
of multiple rate processes and thermodynamic forces, @],
We state the principle of virtual power in the form of the balancehereD is the self-diffusion coefficienk Boltzmann’s constant,
between power dissipation and power supply: andT the temperature. The creep strain rate relates to the devia-
toric stresses as
f (S,]dﬁ-i-fl.],)dV—O—f )\(vk,k+Q‘Jk,k)dV si'
di=5".
7
:f FiJidV+f tivids_f wdindS. Q) where 7 is the viscosity. For linear creep, is constant. For non-
. ) linear creep, a standard approach is to assumertiga function
o e B e n o afonesgh e he efecive sieso,~ (35,5, /2)1 ot he ffecive
. - ’ i C_ cqC 1/2 H C
cotas o odefpoerdisspaton. Ecuetotnes he o S (GASCH)"S Tt o )
creep driving forces;; , as the power-conjugate of the creep Stra"l}ite measured a/nder g simole stress state
rate. Becausdﬁ is a symmetric and traceless tensor, without loss P ’
of generality, we require thag; be a symmetric and traceless ) ) o
tensor. Eq.(7) defines the diffusion driving forcef;, as the 5 Governing Equations and Characteristic Length
pOWer'COnjUgate of the diffusion flux. The second integl’al en- |nserting the creep |a\(\z|_4) and creep strain-rate express(@)]
forces the kinematic constraint, E(®), with A as the Lagrange into the force balance Eq9), we obtain that
multiplier.
Becauses;; is a symmetric and traceless tensor, atﬁdrelates [7(vij+vji— %vk,kaii)]ﬁa,i:o. (15)

to the markfer velocn_y field by Eq(6), we confirm thatsiid%q Inserting the diffusion law13) and diffusion driving force expres-
=sjv;,;. Using the divergence theorem, we can express(Bq.

as sion (11) into the kinematic constrain®), we obtain

(14)

(16)

D
_f (S|J+)\5|J)’]U|dv+j ((S|]+)\5|])n]_t|)l)|ds Uk'k__{k_-r(':k—kna'k) K

When the diffusion flux divergence vanishes, the marker velocity
+f (fi—Fi—Q)\,i)JidV+f (ON+p)Jdin;dS=0. (8) divergence also vanishes, =0; Eq. (15) reduces to Stokes’s
equation for creep, and E¢L6) reduces to Herring’s equation for
This equation holds for arbitrary marker velocity and diffusiorself-diffusion. In generaly, # 0, and Eqs(15) and(16) are four
flux field, with no constraint. Consequently, the power baland®upled partial differential equations that govern the marker ve-
requires that locity v; and the mean stress Each point on the material surface
) requires four boundary conditions: three conditions of either ve-
(sijtA &) =0, in volume (9 locities or tractions, one condition of either chemical potential or
the diffusion flux component normal to the surface.

(ST A3j)n=t, on surface (10) The theory has a characteristic length. Wierand » are con-
fi=F;+Q\N;, in volume (11) stant, Egs.(15) and (16) are linear. Leto, be a representative
stress scale in a boundary problem, @nlde the length scale to be
n=—Q\, on surface. (12) determined. Scale the stressesdyy, the velocities byA oy /7,

Equation(9) and(10) recover force balance equations. In familiathe wind forces by{doy/A, and the spatial coordinates by.

terms, the creep driving forcg; is the deviatoric stress tensor, theEquations(15) and(16) become dimensionless and parameter-free

Lagrange multiplien is the mean stress, and the combination Provided

oii=s;;+od;; is the Cauchy stress tensor. Equatiqid) and N T

(112) re]cover]Herring’s equations for the diffusion driving force, A=VDQ/kT. (17)

[4,8]. The quantity— Qo is the free energy change associated@he length characterizes the relative rate of diffusion and creep,

with transferring an atom in the stress-free reference body toaad is independent of the scale of the stress.

point inside the material under the mean strest short,— Qo For polycrystals, when creep is facilitated by diffusion, either

is the chemical potential inside the material. Its gradient, togethiarough grains or along grain boundaries, the viscosity scales with

with the wind forceF;, drives diffusion. To maintain local equi- the grain sizedy as n=de§/42DQ, [20], so that the character-

librium, the chemical potential in the material just beneath thtic length scales with the grain sizd,=d,/\42. For simple

surface matches the prescribed value on the surface. liquids, the self-diffusivity is estimated by the Stokes-Einstein for-
Following the established usage in mechanics, we intend theula,[12], D=kT/6wa», wherea is atomic radius, so that the

phrase “virtual power” to mean that Eq7) holds true provided characteristic length scales with the atomic sike; ({d/67a. It

all the kinematic relations are satisfied, and that no constitutiv@important to determine this length for more complex materials,

relations are assumed between the kinematic quantities and $aeh as amorphous metals and polymer melts.

force-like quantities. We could have as well followed an equiva- If the creep data under the uniaxial tensile stress state fit the

lent approach by invoking stress potential and strain rate potentighwer law,d =Bc?,, whereB andn are constants, the function
. ; . ; ar ) )
[18]. This paper considers isothermal phenomena. Were we inter

ested in phenomena with nonuniform temperature fields, V\ﬂals given by

would follow the practice of the nonequilibrium thermodynamics, 1 c

working with the entropy productiori19]. 0oe)= ggw1, Of 7(dg)= 3BTA(d0) T T (18)
e e

o For power-law creep, with a constant diffusividy, the solution to
4 Kinetics Egs.(15) and(16) has a remarkable scaling structure. bgtbe a
Familiar isotropic kinetic laws are prescribed for diffusion andepresentative stress scale in a boundary problrsBar ,
creep. The diffusion flux is proportional to the diffusion driving7, = 7(o,), andA, be a length scale. Scale the stress field by
force: o, , the strain-rate field by® , the velocity field bydSA, , the
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Fig. 3 A conductor film, sandwiched between dielectrics, is Fig. 4 A thin conductor subject to a through-thickness wind
subject to an electron wind force and a stress gradient. The force. The diffision flux is in the same direction as the wind
stress gradient can cause both a self-diffusion flux and a creep force, and the marker velocity is in the opposite direction. Ten-
flow. sion is generated near one face of the film, and compression

the other.

wind force field byQ o, /A, , and the spatial coordinates By, .
In terms of the dimensionless fields, the governing EBS—(17)  dominates in thin films. Recall that scales with the grain size for
have only one parameter, the power inagexprovided we identify polycrystals, and with the atomic size for liquids.

the lengthA , with Eq. (17), and replacey with 7, in the expres- In the presence of both the wind force and the stress gradient,
sion. For a power-law creep material, the length depends on th@ combined flow due to creep and diffusion vanishes when
stress levebr, . For polycrystals this length relates to a lengjth

2
identified by Needleman and Ri¢&5], A, = \L%/3d,. These au- F+|1+ H_Z)QVO-ZO. (20)
thors also tabulated the experimental data for the lehgtior 12A
several metals. The contribution of creep in countering electromigration depends
on the film thickness. This effect is small in the exiting technol-
6 Examples ogy. To enhance the creep effect, we have to accelerate creep

relative to diffusion, so that the length becomes much smaller

6.1 Flow in a Film Driven by Stress Gradient and Electron than the film thickness. For exampld, approaches the atomic
Wind. In an interconnect line encapsulated in a dielectric, whefimension for a liquid metal. The effect of creep can probably be
the electron wind drives atoms to diffuse toward the anode, comlemonstrated in laboratories, but there is no clear way to imple-
pression develops near the anode, and tension develops neamibet the effect in the electronic industry. Such an implementation
cathode. The stress gradient drives atoms to flow toward the caffould call for a material with both a large creep rate and a high
ode, in the direction opposite to the electron wind. It was discoelectric conductivity.
ered that the stress gradient could counter the electron wind, so
that net mass flow vanishefdt]. This discovery has since become 6.2 Stress Generated by Electromigration Through Film
an effective means to avert electromigration failure; see recefttickness. Figure 4 illustrates a metal film sandwiched between
reviews,[21,22. In their original papef4], Blech and Herring two other conductors, with electric current through the film thick-
asserted that mass flow stops when the driving force for diffusioress. The two outside conductors do not suffer electromigration,
vanishes, namelyf-+QVo=0, whereF is the electron wind but the film does. This setup idealizes a contact. The electron wind
force, andVe the stress gradient. This assertion neglects a dailyrce, F, now in the x5-direction, causes atoms of the film to
experience: The stress gradient also drives creep flow in a chandi€use from one side to the other. Consequently, a state of stress
(e.g., in pumping water through a pipeGiven that the stress is generated, tensile on one side and compressive on the other. The
gradient can drive both a creep flow and a diffusion flow, wilktress state is biaxiad;;;= o,; all other stress components van-
creep flow be also significant enough to counter electromigratioish. The mean stress componentois- 2014/3. The stress is the

To answer this question, consider a conductor film, thicknefisnction of the depthg;(X3), and is to be determined.
H, sandwiched between two dielectri¢sg. 3). Let the axisxz be The diffusion flux is a long thexs-direction, given by
normal to the film, and the two faces of the film coincide with the
planesx;= *=H/2. We will first analyze a steady flow subject to a J :i( F Q aLll) (21)
constant electron wind fordeé and a constant stress gradiéft. 3T 0kT 3 dxz)’

For simplicity, we assume that both diffusivity and viscosity a'Because the net atomic flux vanishes, the markers move in the

constant. e : e oV
In the steady flow, the only nonzero component of the mark@irection opposite to the dlfus"’” fluxg=—J5. The diffusion
velocity is in the flux direction, and varies in the thickness dire lux induces a strain rately; = _(9/3)‘9‘]3/‘”3'. The de_zwatonc
tion: that is,v,=v3=0 andv; =uv,(xs). Consequently, the veloc- STESS component is;;= /3. Tge creep strain rate Is propor-
ity field has no divergence, and convection and diffusion déional to the deviatoric stresslj,=o,,/67. The film is con-
couple. Of the pair of the governing equations, ) is satisfied strained by the refractory metals, so that the strain rates vanish in
automatically, and Eq(15) reduces tonazvl/ax§+Vo—=O. This the two lateral (_jlrec_tlona:ln: d,,=0. The strain rate is the sum
is an ordinary differential equation for the velocity profilg(xs). of that due to diffusion, and that due to creep. The sum vanishes:

The gradient in the hydrostatic stress can induce a shear stress. 2DQ oy op

Assuming the no-slip boundary condition at the conductor/ KT ol + ™ =0. (22)
dielectric interface, we obtain the familiar parabolic velocity pro- 3 7
file: v,=((H/2)2—x3)Vol27. This is a second-order differential equation of;(Xs).

The flow in the film has two contributions: the creep flQY Atoms do not diffuse in or out the refractory conductors, so that

= [T12),dxs=H3V /127, and the diffusion flowQP=HJ, the diffusion flux vanishes at the two faces of the film. Subject to

—H(D/QKT)(F+QV). First consider flow under the stresgthese the boundary conditions, the solution to the differential
gradient alone, in the absence of the wind foFceThe ratio of €duation is

creep flow to diffusion flow is 3FI sinh(xa/1)
QC/QP=H?%12A2, (19) on(Xs) =~ 55 coshH/2l)" (23)
whereA is the length defined by E@L7). For a flow driven by the The characteristic length is= 4D 7Q73kT, which differs from

stress gradient, creep dominates in thick films, and diffusidhe length identified in Section 5 by a numerical factor. The stress
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surplus adatoms, p >0 doe " ) sinh(H/2l) 08

— <+« 1\ 49Q] (H/21)coshH/2l) —sinh(H/2l) * (28)

compression Injection If atoms emit or inject preferentially at one of the film surfaces,
flux the film will bend. The above analysis can be extended to calcu-

late the rate at which the bending curvature increases.

6.6 Effect of Nonlinear Creep. Again consider the stress
generated in a semi-infinite material by atomic injection or emis-
) ) . sion at the surface. Under the biaxial stress stater o5,, the
Fig. 5 An excess of the chemical potential on the surface ivalent st S The lateral trai t d§
drives atoms to inject into the material, leading to compressive equivaien iress ige=|oryl. . ela era creep s ra|n.rae. 1
stress =B/2|014" 'o11. The combined strain rate due to diffusion and
creep vanishes:

ZDQ {920'11 B n—1
vanishes at the middle of the film, tensile on one side, and com- T KT ol + §|011| 011=0. (29)
pressive on the other. When the diffusivity or viscosity is large, s
electromigration is rapid, and the material creeps slowly, so thahe solution of the boundary value problem is

the magnitude of the stress is large. — 2Un-1)

X , (30)

L

3up
6.3 The Effect of Elasticity. When the electric current just T11(Xg) =~ 50,
starts, atoms have yet migrated much, and the stress in the film is
negligible. This time-dependence is absent in the above solutid¥th
The problem arises because we have neglected elasticity. In this
. : . o 2 2(n+1)QD
case, the geometric change is small, and we can include elasticity I, = — ) (31)
easily. The biaxial stress causes an elastic strain d%lte[(l n—1 V9[3u/20[""BkT
—v)/E]do,1/dt. The combined strain rate due to diffusion, creefrhis length differs from the length identified in Section 5 by a

and elasticity vanishes: numerical factor. Compared to the linear creep, the power-law
DO o o 1-v do creep modifies both the decay length and the decay function. For
oot ru tu - U g (24) @ large value ofh the stress is substantial over a depth several
9kT ox5 67 E 4t timesl, .

The problem now has a time scate 6 (1— v) »/E. The stress no
longer changes instantaneously, but builds up gradually. The stress A .: ;
distribution given by(23) is the steady state, reached over the timz Anisotropic Placement Rule
scaler. Equation(5) has been called the isotropic placement r{d4].
We caution that this rule must be modified if atoms can be re-

6.4 Stress Generated by Atomic Injection or Emission moved and inserted preferentially on some planes. For example,
The chemicalpotentigl on the surface can be varied in severafFig. 6 illustrates a polycrystalline aluminum film, of columnar
ways, by applying a stress normal to the surface, by creating eiain structure in the direction of the film thickness, and the native
cess number of adatoms with an impinging flux, or by creatingxide covering the film surfaces. Aluminum diffusion is fast along
excess number of vacancies by oxidation. A surplus or deficit the grain boundaries, and negligible on the film surfaces. Conse-
the chemical potential will motivate atoms to diffuse in or out thguently the divergence in the self-diffusion flux will place atoms.
material, leading to biaxial compression or tensi@ig. 5. Let We now extend the theory on the basis of an anisotropic place-
the bulk of the material occupies the half-spagec0. The stress ment rule.
is prescribed by the chemical potential;= o5,= —3u/2Q), on Recall that, according to EqR), the divergence in the diffusion
the surface, and vanishesags— — . Equation(22) governs the flux causes the divergence of the marker velocity field. The issue

stress as a function of the depth, giving is how to proportion this divergence in various directions. Our
3 anisotropic placement rule stipulates that
§7
0'11()(3):_ EquX:i/l) (25) dﬁ):_BI]Q‘Jk,k (32)

The chemical potential of the surface atoms sets the magnitudd 1€ the coefficient;; weigh the placement in different direc-
the stress field. The stress decays exponentially over the Iéngthions: We require the tensg; to be symmetric with a unit trace,
Bii = 1. Consistent with this placement rule, the creep strain-rate
6.5 Lateral Expansion or Contraction of a Free-Standing (€nSor relates to the marker velocity field as
Film. Next consider a free-standing thin film. When the film dﬁ:%(vi 050~ Btk (33)
thickness is on the order of the lendththe lateral constraint is _ A ’
partially relieved, and the film will expand or contract. The lateralhe creep strain-rate tensor is symmetric and traceless.
strain rated,, is independent of positiors. The strain rate is the ~ The statement of power balance still takes the form of &5.
sum of that due to diffusion, and that due to creep: However, the creep dissipation rate now becomgﬂgcjzsijviyj
2DO 2o - — BijSijvkk- This will modify Eqg. (8) by replacings;; +X 6;; in
= — 211 —u (26) the two places byg;; + (A — B¢Spq) 8 ; the rest of Eq(8) remains
9kT dx3 67 unchanged. We now identif\(~ B,4Sp) as the mean stress so
Force balance requires that the resultant force vanisht N=0+ BpaSpq=Bpqopg. It 1s the chemical potential
H dx.=0 Th lution to the ordi diff tial = B,q0pq that enters Herring’s equations of diffusion driving
f.—H‘.Tll(X3) X3=U. The solution to the ordinary difierentia equa'l‘orce, Eqgs.(11) and (12). We may also wish to introduce anisot-
tion Is ropy into the kinetic laws, Eqg€13) and (14), which we will not
(%) ( 3,u) (H/2I)coshxz/l)—sinh(H/2I) @7 pursue here. | — Hux d aced
011(X3)=| — 5+ — . As an example, when diffusion flux divergence is place
20] (H/2l)cosh(H/2l) = sinh(H/2l) equally in thex; andx,-directions, but not irx;-direction, we let
The lateral strain rate is B11=B2»=1/2, and all other components vanish. Consequently,
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