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Intrinsic compressive stress in polycrystalline films with negligible grain
boundary diffusion
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The model developed here describes compressive stress evolution during the growth of continuous,
polycrystalline films ~i.e., beyond the point where individual islands have coalesced into a
continuous film!. These stresses are attributed to the insertion of excess adatoms at grain boundaries.
Steady state occurs when the strain energy at the top of the film is balanced by the local excess
chemical potential of surface adatmos. Strain gradients associated with this compressive stress
mechanism depend on the kinetics of the process. In the absence of grain boundary diffusion, these
strain profiles are determined by the ratio of the atom insertion and growth rates. The steady-state
strain and the strain evolution kinetics also depend on the two key length scales, the grain size, and
the film thickness. The ratio of these two lengths~i.e., the grain aspect ratio! can also have a
significant influence on the thermodynamic driving force for strain evolution if the grain sizes are
sufficiently small. The model is fit to existing data for the growth of AlN films. However, more
detailed comparisons will require experiments that are specifically designed to test this model.
© 2003 American Institute of Physics.@DOI: 10.1063/1.1575916#
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I. INTRODUCTION

Intrinsic compressive stresses occur during the dep
tion of many different polycrystalline films.1–7 The Volmer–
Weber growth mode proceeds by the initial formation of
dividual islands, followed by their coalescence into
continuous film. Compressive stresses prior to coalesce
have been attributed to the Laplace pressure associated
surface energy effects.8 The subsequent tensile stresses
served during and after island coalescence are usually a
uted to grain boundary formation2,6,9–12 or to grain
growth.13,14The compressive stresses that occur after the
mation of a continuous film are currently the subject of mo
uncertainty, and are the subject of this article.

We recently proposed that intrinsic compressive stres
in continuous polycrystalline films are driven by the exce
chemical potential of surface adatoms produced by
growth flux.15 In theory, this driving force could create in
trinsic stress by incorporating additional atoms into the b
growth surface, away from the grain boundaries~i.e., as in-
terstitials or by creating additional lattice sites at disloc
tions!. However, atom insertion at grain boundaries is e
pected to have a lower activation barrier than the format
of these other defects. This is consistent with experime
showing that the intrinsic compressive stresses observe
polycrystalline Pd films are not present in monocrystall
Pd deposited under the same conditions.16 The previous
steady-state formulation of Chasonet al. assumes that grain
boundary diffusion is fast, and that the extra atoms ass
ated with compressive strain are incorporated at a cons

a!Electronic mail: brian_sheldon@brown.edu
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rate.15 The primary difference between this description a
the model developed in Secs. II and III is that grain bound
diffusion is now assumed to be negligible~note that the ada-
tom supersaturation provides the principle thermodyna
driving force for stress generation in both models!. The
model in the current article also develops a more comp
kinetic description of time-dependent stress evolution~rather
than just steady state! and we also consider modifications
the thermodynamic driving force based on grain size effe
due to weighted mean curvature.

A key advantage of studying systems where gr
boundary diffusion can be ignored is that detailed comp
sons with experiments are accomplished more readily
cause the grain boundary diffusion kinetics do not have to
deconvoluted from the data. To demonstrate this, the mo
developed here is compared with existing data on AlN film
In comparing the model with other work, note that signi
cant compressive stresses have generally been assoc
with high surface mobilities during film growth.1,3,5 The
model developed in Secs. II and III does not consider
surface mobility directly. Instead, it describes the evoluti
of intrinsic compressive stress by considering the comp
tion between atom insertion at grain boundaries and the
growth rate. Possible connections between stress and the
face mobility are discussed briefly in Sec. IV.

II. MODEL FORMULATION

A. Thermodynamic considerations

The model is based on the film geometry in Fig. 1. Bo
islands and substrate are idealized as linear elastic so
with infinite out-of-plane thickness, such that deformati
© 2003 American Institute of Physics
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occurs in plane strain. This conception is the basis fo
relatively simple model that focuses on the kinetic comp
tion between the growth rate and the incorporation of exc
atoms at grain boundaries. The two key length scales are
grain size,L, and the film thickness,H ~the substrate is as
sumed to be much thicker than the film!. With the planar
geometry in Fig. 1, the in-plane strain is treated as a cons
average value, such that the strain varies only with vert
position,Z.

The chemical potential of the growth surface is given

ms5mO1
gbV

L
1dmG , ~1!

wheremO is the chemical potential of an atom in the bulk,V
is the atomic volume, andgb is the grain boundary free
energy. The final term in Eq.~1! is the excess chemical po
tential of surface adatoms due to the growth flux, which
pends on the relative rates of various processes that occu
the growth surface. The excess chemical potential of the
por, mVAPOR2mO, is an upper bound ondmG . If the attach-
ment rate at atomic steps is fast relative to other surf
processes, then the value ofdmG near these steps will b
much smaller than the vapor supersaturation~i.e., dmG can
approach zero in some cases!. For the purposes of our cur
rent analysis, surface processes are not considered in
detail, and the value ofdmG is assumed to be constant durin
growth, with a value 0,dmG,(mVAPOR2mO). Possible re-
lationships betweendmG and surface mobility are discusse
briefly in Sec. IV.

The form of Eq.~1! follows our recent work,15 except
that the second term on the right-hand side of Eq.~1! has
been added to account for interfacial energy effects ass
ated with small grains. With the faceted grains in Fig.
these effects are described by the weighted-mean curva
~wmc!, a concept pioneered by Taylor.17 To understand the
wmc in two dimensions, it is instructive to first consid
isolated particles with fourfold symmetry, where the on
energetically allowable surfaces are^01& facets with equal
surface free energies. In this illustrative example there is
strain and the conventional Wulff construction describes
equilibrium shape which is a square, such that there
thermodynamic driving force to move nonsquare grains
wards their equilibrium shape. Applying this concept to t
constrained film in Fig. 1 means that the relative surface
interface free energies will define an equilibrium aspect ra
for the grains. The general microstructure created by fi
growth will not adopt this aspect ratio~except possibly for
one particular point in time during the growth proces!.

FIG. 1. Schematic of the film geometry.
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Thus, the actual grain aspect ratio at any particular point
a wmc driving force that acts to move the grains toward th
equilibrium shape. In the absence of grain growth, this w
driving force should move material into the grain boundar
if H/L exceeds the equilibrium aspect ratio, and vice vers
the H/L value is less than the equilibrium aspect ratio.

The chemical potential of an atom along the gra
boundary is given by

mB5mO1
V~gs1g I !

H
2Vs, ~2!

where the second term is again a wmc contribution, andgs

andg I are the energy of the top facet and the substrate/
interface, respectively. The final term in Eq.~2! describes the
contribution from stress in the film, wheres is the stress due
to excess atoms incorporated into the film~i.e., relative to an
unstressed crystal!.

The driving force for inserting atoms into the gra
boundary,Dm, is obtained by taking the difference betwee
Eqs.~1! and ~2! to give

Dm5dmG1VS gb

L
2

~gS1g I !

H
1s~H! D , ~3!

wheres(H) is the stress at the top of the grain bounda
The net wmc contribution in Eq.~3! accounts for the differ-
ence between the actual and equilibrium aspect ratio of
grains~i.e., the net wmc contribution is zero when the grai
exhibit their equilibrium aspect ratio!. Adding or removing
atoms from the grain boundary may altergb , and henceDm,
however, the average contributions from these variations
assumed to be negligible for the current treatment.

B. Film growth and adatom incorporation at grain
boundaries

The model constructed here assumes that the gro
process can add atoms to the film in two ways. Most mate
is added on the top surface by traditional crystal grow
mechanisms, where each layer of atoms is templated onto
underlying crystalline lattice. This causes the new layer
mimic the stress state of the previous layer, as long as th
are no relaxation mechanisms operating~e.g., dislocation for-
mation, etc.!.

The second mechanism is the introduction of excess
oms at the grain boundaries, driven byDm in Eq. ~3!. A net
positive flux of atoms into the grain boundary will increa
the in-plane compressive strain of the top layer. It is assum
that the average strain of the top layer of atoms can be
vided into two components, witheSurface5e Intrinsic1e. The
term e Intrinsic accounts for the surface structure~i.e., the in-
herent surface tension!. The value ofe is associated with
phenomena which cause the number of atoms in the top l
to deviate fromNo , the number of atoms in an atomic laye
of an unstressed bulk crystal. For the present analysis,
assume thate Intrinsic is isotropic and independent ofe, and
that surface stress effects do not cause any significant a
ations in the surface free energy in the wmc terms in Eq.~3!.
In cases where these assumptions are not valid, the treat
employed here must be extended.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp



ry

he
th

in
n
e

on
-

n

e
-

o,
th

it

st
re

luate

sely
ss

ing

olu-

cs.
ey
teri-
ted
ss

ro-
m-
f

-

ur
ent,
ms
ient
us,
the

s
ted
a

p-

y is
can
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The number of extra atoms in a layer,NE , is directly
proportional to the strain:

e52
NE

NO
52

VNE

aBL
, ~4!

wherea is the height of an unstrained layer,B is the grain
boundary length in thex direction, andL is the grain size
~see Fig. 1!. The net flow of atoms into the grain bounda
can be described by the following rate equation:

dNE

dt
52aBGc@Ca2Ca

B#, ~5!

whereGc is the jump rate for inserting atoms at the top of t
boundary,Ca is the average concentration of adatoms on
growth surface~adjacent to the boundary!, and Ca

B is the
value ofCa in equilibrium with the top of the boundary~if
the growth surface equilibrates with the top of the gra
boundary, thenCa5Ca

B and there is no net flux of atoms i
the boundary!. The factor of 2 in Eq.~5! appears becaus
atoms can be inserted from both sides of the boundary.

In the kinetic formulation in Eq.~5!, the chemical poten-
tial driving force in Eq.~3! is expressed asCa2Ca

B ~i.e., the
difference between the actual and equilibrium adatom c
centrations at the boundary!. To evaluate this directly, con
sider the relatively simple case whereCa is described by
solution thermodynamics according to: mS5mO

1kT ln@Ca /Co#, where Co is the adatom concentration i
equilibrium with an unstrained single crystal surface~which
is also in equilibrium with the surrounding atmosphere wh
there is no growth flux!. Combining this relationship be
tweenmS andCa with Eq. ~1! gives

Ca5Co expF 1

kT S Vgb

L
1dmGD G . ~6!

Using the same approach to evaluateCa
B with Eq. ~2! gives

Ca
B5Co expF 1

kT S V~gS1g I !

H
2VsHD G , ~7!

wheresH, the stress atZ5H, is equal toMeH. The plane
strain film modulus isM5E/(12v2), whereE is Young’s
modulus andv is Poisson’s ratio.

Combining Eqs.~4!–~7! then gives

de

dt
52

2V

L
GcC

oS ss2expFV~gS1g I !

H~kT!
2

VMeH

kT G D , ~8!

ss5expF 1

kT S dmG1
gbV

L D G5ss
o expFcb

l G , ~9!

where cb5Vgb/a(kT). The surface supersaturation rati
ss5Ca /Co, reflects the excess chemical potential at
growth surface,mS2mO. The value ofss

o5exp(dmG /kT) is
the surface supersaturation due to only the growth flux. W
the simplified grain structure in Fig. 1~i.e., constantL!, the
wmc contribution in Eq.~9! is fixed andss is constant for a
given set of growth conditions. In real films,L often in-
creases as the film thickness increases. However, a con
value of L also approximates a columnar microstructu
where the value ofL changes very slowly.
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The derivation leading to Eq.~8! is similar to the plane
strain calculations that have been used elsewhere to eva
intrinsic stress mechanisms.11,12 Most experiments with thin
films measure biaxial stress, which corresponds more clo
to a square lattice ofL3L square grains. This plane stre
case can also be described by Eq.~8!, by modifying the wmc
terms to account for three-dimensional grains and by tak
M as the biaxial modulus,E/(12v).

III. RESULTS

A. Strain profiles

The proposed mechanism for compressive strain ev
tion is described by Eq.~8!. This formulation is applicable to
a variety of different materials. Thus, the results in Se
III A and III B are presented with general values for the k
parameters, rather than choosing values for specific ma
als. A more specific discussion of data for AlN is presen
in Sec. III C. It is also important to note that the exce
chemical potential on the growth surface@i.e., dmG in Eq.
~1!# is not always independent ofL, primarily because of the
potentially complex interactions between the kinetic p
cesses occurring on the growth surface. In light of this co
plexity, dmG is treated as a constant that is independent oL
for the calculated results that are presented here.

It is convenient to replace the time with the film thick
ness by dividing both sides of Eq.~8! by a constant growth
rate,u, to get

de

dn
52

2aVGcC
o

Lu S ss2expF Vgs

an~kT!
2

VMe

kT G D , ~10!

wheren5H/a is the film thickness in atom layers. Since o
treatment assumes that grain boundary diffusion is abs
the strain in each layer is effectively locked in because ato
cannot move in response to the chemical potential grad
associated with the strain gradient through the film. Th
Eq. ~10! describes the strain profile that is created by
insertion mechanism described in Sec. II.

The initial condition for Eq.~10! depends on stresse
that occur prior to and during the coalescence of isola
grains to produce a continuous film. With this in mind,
relatively simple initial condition ofe5eo atn5no was used
to solve Eq.~10!. This gives

e5
1

b
lnFebe01

2bvc

lss
E

0

Dn

expS cs

j1no
1

2bvc

l
j DdjG

2
2vc

l
Dn ~11!

where vc5GcC
ossV/u, Dn5n2no , l5L/a, b

5VM /kT, andcs5Vgs /a(kT). According to Eq.~11!, the
strain increases as the film grows, until it eventually a
proaches a steady-state limiting value given by

ess52
ln~ss!

b
. ~12!

At ess the rate at which atoms are inserted at the boundar
exactly equal to the rate at which excess boundary atoms
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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move back to the surface. This means that there is no
change in stress as deposition proceeds beyond this poi

Physically, 2vc /l in Eq. ~11! ratios the number of extra
atoms inserted at the grain boundary to the number of at
that are added to the growth surface, under conditions wh
e50 and there are no wmc contributions. The definition
vc can be simplified by noting thatu5GgCossV/hs , where
Gg is the jump frequency for incorporating an adatom a
step, andhs is the average number of atomic spacings
tween steps~i.e., the average distance between steps is e
to hsa). This leads to

vc5
Gchs

Gg
. ~13!

To better understandhs , consider the plane strain case th
corresponds to Fig. 1, and assume that all surface step
straight and parallel to the grain boundaries. Ifhs is uniform
over the surface of the grain, then it will be equal tol di-
vided by the average number of steps that are on the sur
of one grain. However,hs is actually the local value at th
grain boundary, and certain phenomena can causehs to dif-
fer from the average value for the entire grain surface.
example of this is a grain boundary groove, where steps
closer together such thaths is smaller than the average valu
for the grain. On an atomic scale,hs will also vary as steps
move towards the grain boundary during growth. Howev
hs in Eq. ~13! can still be approximated as a constant, if it
a time-averaged quantity~this is discussed further in Sec
IV !. On a surface that is extremely rough on an atomic sc
hs might approach 1. At the other extreme,hs.l corre-
sponds to a step density less than 1 per grain, which
occur if step creation is particularly difficult. This sugges
that there is no upper limit onhs , although a particularly
large value would result in extremely slow growth. In ge
eral,Gc /Gg should be significantly less than 1, since attac
ing an adatom at a surface growth site is easier than inse
an adatom into the surface layer~even at the grain bound
ary!. Thus, based on the physics associated withhs and
Gc /Gg , it appears thatvc can take on a wide range of va
ues,

While wmc effects are potentially interesting, it is fir
instructive to consider conditions where wmc variations c
be ignored. This occurs in films that are thick enough
make thegs wmc contribution negligible. In this case, eval
ating the integral in Eq.~11! leads to

De5
1

b
lnF11~exp@bDe0#21!expS 2

2bvc

l
DnD G ,

~14!

where De5e2ess and Deo5eo2ess. Replacing ss with
exp(2bess) according to Eq.~12! is convenient here, sinc
ess can be obtained directly from experiments. Using E
~14!, four examples ofDe vs Dn profiles are plotted in Fig.
2. In Fig. 2~a!, ess is reached almost instantaneously~i.e.,
within several atomic layers!, and the strain gradient is es
sentially nonexistent. In Fig. 2~b!, a strain gradient evolve
over part of the film thickness, followed by a consta
steady-state strain ofess for the remainder of the film thick-
ness. In Fig. 2~c!, a strain profile exists over the entire film
Downloaded 28 Sep 2006 to 132.66.40.168. Redistribution subject to AIP
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thickness. The fourth case in Fig. 2~d! corresponds to a neg
ligible compressive stress, due to a very low value ofvc

~i.e., atom insertion occurs very slowly!.
The three cases in Figs. 2~a!–2~c! can be distinguished

from one another by considering the film thickness where
strain reaches its steady-state value. Rigorously, this oc
as Dn approaches infinity. However, the strain attains m
of its steady state value atDe50.01Deo, which leads to

Dnss5
l

2bvc
lnF exp~bDeo!21

exp~0.01bDeo!21G . ~15!

Values ofDnss according to Eq.~15! are plotted in Fig. 3, as
a function of the kinetic ratiovc . For a given value ofvc ,
strain gradients occur when the film thickness is less t
Dnss. The behavior in Fig. 2~a!, where the strain reachesess

in several atom layers or less, only occurs whenvc is rela-
tively large. The difference between Fig. 2~b! where the
strain reaches steady state and Fig. 2~c! where gradients exis
across the entire film thickness is determined by whethe
not the film thickness exceeds the steady-state value,Dnss.

FIG. 2. Strain~e! vs change in film thickness (Dn), based on Eq.~14!, for
b5500, l5500, eo50.0002, andess520.001; and~a! vc51, ~b! vc

50.01, ~c! vc50.001, and~d! vc51027.

FIG. 3. DnMIN according to Eq.~14! with De51025 andDnSS according to
Eq. ~15!. All calculations were performed withb5500, l5500, andeo

50.0002. The solid and dashed lines correspond toess520.001 and
ess520.01, respectively.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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The case of negligible compressive stress@e.g., Fig. 2~d!# is
defined here as a film whereDe,1025. This condition was
used with Eq.~14! to calculate the values ofDnMIN that
define the lower boundaries in Fig. 3. Thus, significant str
gradients occur in the middle region of Fig. 3. Steady-st
strain is reached above and to the right of this region,
negligible strain occurs below and to the left of this regio

Variations iness andeo have only a moderate effect o
Fig. 3. For example, the dashed lines correspond to a sig
cantly larger value ofess520.01 ~i.e., an increase insS of
almost two orders of magnitude!. This produces only a mod
est change in the diagram. Thus, for a film with a given gr
size, the kinetic ratiovc is the dominant factor that dete
mines the strain profile.

B. Grain size, film thickness, and weighted-mean
curvature

Variations in the grain dimensionsL andH ~i.e.,l andn!
can affect strain evolution in several ways. It is first instru
tive to compare the magnitudes of the two wmc contributio
by setting the time derivative in Eq.~10! to zero to obtain:

êad52
ln ss

o

b
2

cb

bl
1

cs

bn
5ess1

cs

bn
. ~16!

This quantity is the strain that is in equilibrium withCa ,
accounting for both the supersaturation associated with
growth flux (ss

o) and the wmc contributions. For the geom
etry in Fig. 1, thecb wmc contribution is constant, but thecs

wmc contribution causesêad to vary as the film grows, ap
proachingess asymptotically asn increases enough to mak
the last term negligible.

Several different comparisons are used to illustrate
relationships between grain size and stress evolution in F
4–6. All of these examples showe vs Dn, which are strain
profiles that evolve from the initial conditione5eo at n
5no. Cases wherecs wmc effects are negligible are firs
considered in Fig. 4, based on Eq.~14!. In this expression,
the grain sizel affects stress evolution through the seco
exponential term andess depends oncb /l @via Eqs.~9! and
~12!#. Both of these influences are evident in the strain p
files plotted in Fig. 4. As seen in Eq.~16!, the magnitude of

FIG. 4. Strain ~e! vs change in film thickness (Dn) with b5500, vc

50.001, lnss
o50.5, eo50.0002, andcs /no;0: ~a! cb51, l5500, ~b!

cb510, l5500, ~c! cb51, l550, and~d! cb510, l550.
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cb /l, determines whether this contribution will be signifi
cant. The value ofcb is typically between 1 and 10~e.g.,a
50.2 nm, T51000 K, and gs50.35 J/m2 give cb51,
T5290 K, andgs51.0 J/m2 give cb510). In Fig. 4~a! the
cb wmc effect is small, such that the strain profile is almo
identical to Fig. 2~c! @i.e., the steady-state strain is on
shifted bycb /bl54(10)26, as indicated by Eq.~16!#. With
l5500, increasingcb from 1 to 10 produces only a sma
shift from profile~a! to profile ~b! ~i.e., the wmc contribution
is still relatively small!. Decreasing the grain size tol550
has two primary consequences. First, the increase fromcb

51 to cb510 leads to a more substantial wmc contributi
which in turn produces a significant difference between
steady-state strains in profiles~c! and ~d! @note that profiles
~b! and ~c! evolve to the same steady-state strain value
cause the magnitude of thecb wmc contributions are iden
tical#. The other effect of decreasingl to 50 is that profiles
~c! and ~d! both reach steady state at a much faster r
because of thel dependent exponential term in Eq.~14!.
Physically, this occurs because a film with smaller grains
proportionally more grain boundary sites for atom insertio

To examine how thecs wmc term affects strain evolu
tion, Eq. ~11! was integrated numerically to obtain Figs.
and 6. These results depend on the absolute film thicknen,
in contrast to those in Fig. 4, which depend only onDn. In

FIG. 5. Strain ~e! vs change in film thickness (Dn) with b5500, vc

50.001, lnss
o50.5, eo50.0002, andcb5cs510: ~a! no5500, ~b! no

550, and~c! no55.

FIG. 6. Strain~e! vs change in film thickness (Dn) with b5500, l5500,
cb51, cs510, no550, lnss

o50.05, andeo520.00015:~a! vc50.01, ~b!
vc50.003, ~c! vc50.001, and~d! vc50.0003.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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Fig. 5, the effect of varyingno is examined for cases wher
the steady state is relatively large. Even with a relativ
large value ofcs510, profile Fig. 5~a! is almost identical to
Figs. 4~a! and 4~b!, where contributions associated withcs

were ignored. Decreasingno produces relatively smal
changes in this profile, although in Fig. 5~c!, cs /no is large
enough to cause an initial strain increment in the tensile
rection. Physically, this occurs because the aspect ratio o
grains~relatively smallH and largeL! creates a driving force
to move material out of the grain boundary. This effect
more pronounced for the examples in Fig. 6, where va
tions in vc are considered for cases where the steady-s
strain is relatively small. These profiles were obtained fo
relatively large value ofcs510 and a more moderate valu
of cb51, a difference that promotes initial tensile stress.
see this, note that tensile strain requires a positive valu
êad in Eq. ~16!. Rearranging this expression shows that te
sile values occur when the grain aspect ratio,n/l, is less
than (cs2n ln ss

o)/cb . In general, the wmc effects associat
with cs are only significant with relatively small stresse
This is evident in comparing Fig. 5 with the more promine
tensile behavior in Fig. 6. For a material withM5200 GPa,
the two supersaturation levels in Figs. 5 and 6~i.e., lnss

o of
0.5 and 0.05! correspond to steady-state stresses of2200
and220 MPa, respectively.

Figures 7–9 use boundaries similar to those in Fig. 3
show the general behavior of strain profiles as a function
the two key length scales,l andDn. In these diagrams the
value of l is normalized bybcc @from Eqs.~11! and ~13!,
recall thatb reflects elastic and thermal energies, andvc is a
kinetic ratio of the atom insertion and growth rates#. This
scaling makes it possible to represent a wider range of p
sibilities in a single figure. With the geometry in Fig. 1,
particular material and a specific set of growth conditio
correspond to a fixed value ofl/bvc . The boundaries in
Fig. 7 are based on the limiting case where the wmc con
butions are negligible~i.e., cb;0 andcs;0). As the film
grows beyond the coalescence point,Dn increases and the
growth process corresponds to a vertical line if the grain s
l, is fixed. Significant strain develops by the timeDn
reaches the lower boundary, and the strain is essential

FIG. 7. Stress evolution regimes as a function of the length scalesl and
Dn, with eo50.0, lnss

o50.5, andcb5cs50. The dotted line shows the
thickness where the film strain reaches 50% ofess.
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steady-state whenDn reaches the upper boundary. An e
ample of this is shown by the dashed vertical line, which
based on the AlN film in Sec. III C. It is also possible to u
this type of diagram to obtain insight into films where th
grain size increases as deposition proceeds. For exam
with a columnar microstructure where the grain size
creases gradually during film growth, the vertical line wou
be replaced by a line with a positive slope. The dotted line
Fig. 7 shows the film thickness where the strain reaches 5
of its steady-state value. Contours for other strain levels
also be added, so that this type of diagram can incorpo
additional quantitative information about strain profiles.

Figure 7 provides a convenient representation of the fi
thickness regimes where negligible stress, significant gr
ents, and steady-state stress will occur. Figures 8 and 9 i
trate how the wmc contributions can alter this representat
First, consider films that are thick enough to neglectcs ~as
already discussed in conjunction with Fig. 4!. The remaining
wmc contribution associated withcb then causes only mod
est changes in going from Fig. 7 to 8. Cases~a!, ~b!, and~c!
in Fig. 8 show the effect of varying the grain sizel, with all

FIG. 8. Stress evolution regimes with lnss
o50.5, eo50.0, andc/no50: ~a!

c51, ~b! c5100, ~c! c510 000~wherec5cb /bvc , as noted in the text!.
The dashed line shows the comparablecb50 result from Fig. 7 for com-
parison~relative to Fig. 7, changes in the lower boundary are too small to
noticeable in this diagram!.

FIG. 9. Stress evolution regimes with lnss
o50.5, eo50.0002 (500/l)1/2,

no5l/10, b5500, vc50.001, andcb5cs510. The dashed, vertical line
corresponds to the conditions in Fig. 5~b!.
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other parameters fixed. For each of these, the lumped
stantc5cb /bvc was assigned a fixed value~which is some-
what more general than assigning values for each of th
quantities separately!. Now recall that Eq.~14! contains two
terms that depend on the grain size,l/bvc andcb /l. Thus,
increasingl/bvc along the horizontal axis by varying onl
l, means thatcb /l must undergo a corresponding decrea
The given, fixed value ofc imposes an effective lower limi
as follows: (l/bvc)

LB5lLB/(bvc)
UB5(lLB/cb

UB)c. Here,
the superscripts LB and UB refer to lower and upper boun
The minimum practical value oflLB is taken to be;10. ~A
slightly lower value might be reasonable for extremely sm
grains, butlLB must be greater than 1.! As noted above, an
approximate value ofcb

UB;10 is reasonable for many mate
rials. This leads to (l/bvc)

LB;c. Thus, boundaries~a!, ~b!,
and ~c! in Fig. 8 are terminated according to this limit, wit
the understanding that this cutoff is approximate. These w
effects on the upper boundary in Fig. 8 are more pronoun
for smaller grain sizes. The lower boundary forDe51025

also shifts, but this change is so small that it cannot be
cerned in Fig. 8.

Including cs wmc contributions leads to more comple
diagrams that are more sensitive to changes in certain pa
eters~i.e., other thanl/bvc). An example of this is shown in
Fig. 9. Here, the initial aspect ratio,l/no, is constant. Note
that this ratio varies for the plots in Fig. 5 and is fixed for t
plots in Fig. 6~it is not relevant for Figs. 4, 7, and 8!. For
Fig. 9, a fixed initial aspect ratio provides a better basis
comparison than a fixed initial film thickness, primarily b
cause the film thickness at coalescence increases as the
size increases. To understand this, consider the growt
isolated grains prior to impingement. With a periodic array
grains,l is equivalent to the initial island spacing. The fil
thickness at impingement is then determined by the rela
growth rates of the two facets~e.g., a value ofl/no510
indicates that the lateral growth rate of each of the two s
facets is five times faster than the normal growth rate of
top facet!. Thus, for a given set of deposition conditions, o
expects fixed facet growth rates, and hence, a fixed valu
l/no. In this case, different values on the horizontal axis
Fig. 9 correspond to different grain sizes for a fixed set
growth conditions~i.e., bvc is also fixed!.

To construct self-consistent diagrams in Fig. 9,eo varia-
tions as a function of grain size are incorporated into
analysis. In Sec. I, it was noted that the initial, intrins
strain,eo has been associated with at least two different p
nomena: compressive strain due to the Laplace pressu
isolated islands and tensile strain due to grain boundary
mation during island coalescence. To illustrate these po
bilities, the examples in Figs. 4–6 were created with b
tensile and compressive values foreo. In recent years, sev
eral relationships of the formeo5AlB have been propose
for intrinsic tensile strains, whereA andB are constants de
termined by the mechanistic details.7,11,18 In Fig. 9, the fol-
lowing relationship was used:eo50.0002(50/l)1/2. The ex-
ponent here corresponds to the Nix and Clemens analys11

and the other values were chosen to be consistent with
profile in Fig. 5~b! @i.e., so that the dashed line in Fig.
corresponds exactly to the profile in Fig. 5~b!#.
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In comparing Figs. 7 and 9, there are several differenc
First, the steady-state strain boundary is shifted at sma
grain sizes. This is caused by wmc contributions that
more substantial at smaller length scales, as described ea
A second difference is the small region in the lower left
Fig. 9 where stress initially moves in the tensile directio
similar to Figs. 5~c! and 6. The boundary that defines th
region is the maximum in thee vs Dn profiles. This is found
by taking the derivative of Eq.~11!, settingde/d(Dn)50,
and rearranging to give

Dn* 52n01
cs

cb

l
1b~e* 2ess

o !

, ~17!

whereDn* ande* are the film thickness and strain values
the maximum. In this expression,e* must be determined
with Eq. ~11!, so theDn* values in Fig. 9 were obtained b
evaluating Eqs.~11! and ~17! numerically. A stress profile
that begins in the tensile region of Fig. 9 will reach a ma
mum tensile value at a film thickness ofDn* . After this, the
stress will move in the compressive direction, and then ev
tually reach a steady-state compressive value if and whenDn
exceedsDnss(Dnss is discussed in connection with Fig. 3!.

In Fig. 9, the lower boundary associated with negligib
stress is terminated atl/bvc5258.3. This corresponds t
the largest grain size where an initial rise in tensile stress
occur @i.e., this value was obtained by solving Eq.~17! for
Dn* 50 ande* 5eo]. At grain sizes larger than this limiting
value, the negligible strain boundary in Fig. 9 is similar
Fig. 7. Below this limit, the stress increment initially occu
in the tensile direction, such that a compressive shift ofDe
51025 does not necessarily imply minimal strain. Thus, t
negligible strain boundary in Fig. 9 terminates atl/bvc

5258.3.
In summary, Fig. 7 is convenient because it represe

strain profiles for a variety of different films where gra
boundary diffusion and wmc effects are negligible. The
fects of cb wmc contributions are incorporated into Fig.
such that boundaries~a!, ~b!, and ~c! correspond to fixed
values ofb, vc , andcb , where onlyl varies. Thecb wmc
contributions lead to some loss in generality, because
ratio l/bcc can no longer strictly be used to consider ind
pendent variations inl, b, or vc. The diagram in Fig. 9
accounts for both types of wmc contributions, and is le
general than Fig. 8. Here, the boundaries undergo more
nificant variations for different values ofeo, ss

o, and other
parameters~particularly in films where effects associate
with cs are more pronounced because of relatively lo
strains and relatively large values ofcs /n). Thus, the dia-
gram in Fig. 9 is no different from a plot ofDn vs l, al-
though thel/bvc scaling is still used here to facilitate direc
comparison with Fig. 7. In Fig. 9 the observation thateo and
ss

o can have a significant influence on strain evolution diffe
from the conclusion that was drawn from Fig. 3. This occu
primarily because of the combined effects of smaller stra
and relatively large values of (csl/cbn).
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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C. Comparison with experiments

Most of the data in the literature do not permit dire
comparisons with the calculated results in Secs. III A a
III B. One impediment is that intrinsic stresses in most film
are produced by more than one mechanism. The mecha
described in Sec. II is best studied under conditions wh
only compressive stress is observed and where grain bo
ary diffusion is negligible. These requirements can be m
approximately during the later stages of AlN growth by m
lecular beam epitaxy~MBE!, where compressive stress
dominant after roughly 2 h of growth.6 The stress in these
films does not change during postdeposition anneal
which suggests that grain boundary diffusion is negligib
This differs from many metal films where annealing reliev
stress when grain boundary diffusion is fast enough to m
atoms out of a compressively strained film, to the exter
surface~e.g., Ag films5,15!.

Stress profiles in AlN were obtained fromin situ curva-
ture measurements. The data in Fig. 10~a! show average
stresses obtained from the standard Stoney’s equation a
sis of curvature data.6,19 With fixed grain size and negligible
grain boundary diffusion, the slope of the data in Fig. 10~a!
were converted to the stress profile, part of which is show
Fig. 10~b!.6 In comparison to the average film stresses in F
10~a!, the stresses in Fig. 10~b! correspond to the incrementa
material that is added during growth at a particular point
time. Thus, Fig. 10~b! shows the strain gradient in this po
tion of the film. To fit Eq.~14! to the results in Fig. 10~b!,
values ofno and eo must be inferred from the data. In th
derivation in Sec. III, this initial condition corresponds to t
point where all of the islands simultaneously impinge on o
another to create a continuous film. The real islands do
have a uniform spacing and size, so coalescence occurs
gradually. The data can still be analyzed with Eq.~14! by
recognizing that the initial conditione5eo at no can be in-
voked for any value ofn after the film has completely coa
lesced. Since the experiments show an initial regime wh
tensile stress dominates, only data where the instantan
stress is compressive were considered. This correspond
setting eo to zero, which occurs at roughlyno5690. The
eventual steady-state value ofess520.17 was also obtained
from the experimental results in Fig. 10~b!. Note that the
data show a nearly constant value foress, which implies that
wmc variations with increasingn are small enough to be
ignored here. With these values ofeo , no, andess, fitting the
model then gives a value of the only unknown lumped qu
tity in Eq. ~11!, bvc /l50.0123. Values ofb5551 and
l5259 obtained from the experimental conditions a
known physical constants then lead tovc50.0058. The pre-
dicted stress profile associated with this fit is shown as
solid line in Fig. 10~b!, and is also plotted in Fig. 7. Moder
ate variations in the choice ofeo and no produce relatively
small changes in thevc value obtained from this fit. With
larger variations ineo andno, fitting the data to Eq.~14! is
not appropriate@i.e., at smallerno Eq. ~14! does not properly
account for the tensile portion of the stress profile, and
larger values ofno the initial strain is too close to the stead
state value#.
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The fit in Fig. 10~b! demonstrates the basic procedu
that can be used to analyze experimental results with
model obtained in Sec. II. One potential problem with th
example is that the tensile stress mechanism may still h
some influence even after the incremental stress beco
compressive. Assessing the competition between the ten
and compressive mechanisms is beyond the scope of
article, however, a significant contribution from this mech
nism would imply a value ofvc that is somewhat larger tha
0.0058. Additional experiments with AlN will allow us to
deconvolute these effects. The type of data required to m
fully test the model in section II is currently not available f
any system.

IV. DISCUSSION

As noted in Sec. I, significant compressive stresses
often associated with high surface mobilities. However,

FIG. 10. Growth stress in MBE grown AlN, determined byin situ curvature
measurements. Films were deposited on~111! Si, at 700 °C. Additional ex-
perimental details are reported in Ref. 7.~a! Average film stress vs time,
based on Stoney’s equation;~b! stress profile obtained from the slope of th
data in Fig. 10~a! ~Ref. 7!. The top axis in Fig. 10~b! is n, based on the
growth time, the measured growth rate of 100 nm/h, anda50.249 nm~0002
spacing for AlN!.
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surface mobility is not considered directly in Sec. II, thus
relationship to the intrinsic stress is not immediately app
ent. Based on Eqs.~9! and ~12!, the steady-state strain for
material where wmc effects are small and the grain siz
fixed depends only on the thermodynamic driving forcedmG

~the excess chemical potential of surface adatoms due to
growth flux!. As noted in Sec. II B,dmG is perhaps bes
conceptualized in terms of the adatom concentration on
surface,C, where C5Co corresponds todmG50. To see
possible relationships between the surface mobility anddmG

or C, one must go beyond the thermodynamic treatmen
Sec. II and consider the interrelated effects of various kin
mechanisms, including adsorption, surface diffusion, and
nucleation of two-dimensional islands on the growth surfa
These processes have been studied extensively.20 For present
purposes, we are interested in a simple discussion of
relationships between surface processes and the value oCa .

Recall that the insertion mechanism responsible for co
pressive stress is related toCa , which is the value ofC in the
vicinity of the grain boundary@see Eq.~5!#. A relatively
simple example is described here to show howCa can be
affected by surface diffusion. The schematics in Fig. 11
pict the motion of atomic steps near the grain boundary. D
ing growth the terrace width adjacent to the grain bound
varies because of step motion, such thaths in Eq. ~13! is an
average terrace width, as already noted. This temporal a
aging also applies to the value ofCa . To illustrate this, con-
sider the simplest case wherehs is relatively independent o
dmG ~an oversimplification!, and the atom insertion rate int
the grain boundary is always slow relative to the surfa
mobility. This leads to the schematicCa profiles in Fig. 11,
which are dictated by the kinetic tradeoff between surfa
diffusion and the rate at which adatoms are attached to
moving step. The limiting case of fast surface diffusion c
responds to the flat adatom concentration in Fig. 11~a!,
whereas Figs. 11~b! and 11~c! show profiles with a surface
diffusivity that is slow enough to create a depletion zone
the vicinity of the growing step. Since the steps move
wards the grain boundary during film growth, the terra
width adjacent to the grain boundary decreases as the
moves~until the step reaches the boundary, wherehs will
then be determined by the subsequent layer!. With the slower
surface mobility scenario in Figs. 11~b! and 11~c!, the value
of Ca decreases when the terrace width is smaller than
depletion zone. This is shown schematically here asCa

(c)

,Ca
(b) . Thus, Figs. 11~b! and 11~c! provide a conceptua

description of howCa can decrease as the step moves
wards the grain boundary. Based on this behavior,Ca is best
understood as an average value over the relatively short
poral fluctuations associated with step motion~similar to
hs). Since the value ofCa is represented by the value ofss

~and henceess) in many of the expressions in Secs. II and I
it follows that ss should also be understood as an avera
value. Therefore, based on the possible fluctuations ofCa

depicted in Fig. 11, a lower surface mobility can decrease
value ofss and thus decreaseess in accordance with Eq.~12!.
As noted above, a more realistic description must inclu
other surface processes in addition to those in Fig. 11.
example, higher supersaturations will increase the nuclea
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of two-dimensional clusters on the growth surface and
crease the density of surface steps. A detailed treatmen
these processes is beyond our current scope, however, h
surface mobilities should correspond to higherss for many
cases.

In addition to affecting the steady-state strain, the s
face mobility can also influence the strain evolution kineti
As described in Sec. III, the kinetics are primarily describ
by vc , however, the surface mobility does not appear exp
itly in vc . With vc given by Eq.~13!, note thaths depends
on a variety of surface-related kinetic mechanisms, as
cussed in the previous paragraph. This suggests thaths , and
hencevc , will vary with changes in the surface diffusivity

FIG. 11. Schematice showing hypothetical adatom concentrations alon
growth surface.~a! Surface diffusion is fast, such thatC is uniform. ~b!
Slower surface diffusion creates a depletion zone near the growth step
the C vs distance profile for this case, the depletion zone is shaded~c!
Similar to ~b!, except that additional growth has caused the lowest ste
move towards the grain boundary. In this case, the entire profile falls in
depletion zone@the depletion zone is not shaded here, to avoid confus
with profile ~b!#. For the three different profiles shown here, the adat
concentrations at the grain boundaries are labeled asCa

(a) , Ca
(b) , andCa

(c) .
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The jump frequencies that appear in Eq.~13!, Gc andGg , are
distinctly different than the jump frequency associated w
surface migration. While one might expect a material w
high surface mobilities to also exhibit relatively high valu
of Gc and Gg ~at least in some cases!, the ratioGc /Gg that
appears in the expression forvc @Eq. ~13!# will not neces-
sarily scale with the surface mobility.

The thermodynamic and kinetic considerations discus
above indicate thatss andvc can be affected by the surfac
mobility, even though these relationships are not given
plicitly in the model formulation. There are several oth
factors that are not incorporated into the current model
particular, note that grain size effects only enter the curr
model through the wmc contributions and in one term of
governing rate expression@Eq. ~10!#. Surface roughness an
grain boundary grooving will introduce additional leng
scale issues that should be incorporated into a more det
model. For example, surface roughness effects will cre
more complex strain distributions.7,18,21 Grain boundary
grooving can contribute to these roughness effects, altho
if the grooves are small compared toL, then they will only
cause small deviations from the geometry in Fig. 1. Lo
effects such as the strain fields associated with grain bou
ary dislocations are also ignored here~i.e., they are average
over the length of the boundary!, and variations ingb due to
the insertion of excess atoms are also ignored for simplic

The initial tensile stress mechanism observed in A
~and in many other systems! will modify Fig. 7, as will grain
size distributions, the evolution of columnar microstructur
and some of the other effects noted in the preceding p
graph. To elucidate these effects, more detailed experim
are required. Grain size effects~i.e., changes inl! are per-
haps the most obvious feature that should be subjecte
experimental tests. Experimentally derived versions of
diagrams in Figs. 7–9 would provide important insight in
possible deviations from the model predictions. The w
effects in Figs. 8 and 9 are relatively subtle, and will thus
more difficult to verify. In films where the steady-sta
strains are sufficiently small, it may be possible to det
wmc effects associated with relative tensile strains if the fi
thickness at coalescence is small enough. However, this
require careful experiments and analysis.A priori informa-
tion about the surface and interfacial energies from eit
experiments or atomistic calculations will also facilitate i
vestigations into wmc effects.

V. CONCLUSIONS

The model developed in Secs. II and III considers co
pressive stress evolution in the absence of grain boun
diffusion. This description provides some relatively basic
sights into the proposed mechanism. First, we propos
model where the surface supersaturation,ss , is the key ther-
modynamic factor that determines the steady-state comp
sive strain. The kinetics associated with stress evolution
also described by a single parameter,vc ~i.e., for a film with
a given values ofl and b!. In the absence of wmc effects
four types of stress profiles were categorized in Figs. 2 an
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A somewhat more general diagram showing the regime
Fig. 3 was also presented in Fig. 7, in terms of the two k
length scalesl and n. This thinking was also extended t
include wmc effects. Although these are often negligib
they can become noticeable with larger surface and inter
free energies, and at smaller grain sizes and film thickn
Perhaps the most interesting wmc effect is the possibility t
the initial stress can move in the tensile direction, althou
this only occurs under a limited range of conditions.

The types of diagrams in Figs. 7–9 provide relative
general descriptions of postcoalescence growth stres
polycrystalline films. Detailed experiments on different sy
tems are needed to verify and refine these calculated res
A key reason that real films are likely to deviate from the
model predictions is that real microstructures will differ co
siderably from the model geometry in Fig. 1~this picture is
probably most appropriate for columnar microstructu
whereL is relatively constant!. Also, the model developed
here describes only intrinsic compressive stresses create
inserting excess atoms at grain boundaries. To accurately
scribe the complete stress profile in most materials, this m
be combined with models for other mechanisms. Fut
model development will also incorporate grain boundary d
fusion and more detailed descriptions of kinetic processe
the growth surface.
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