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Intrinsic compressive stress in polycrystalline films with negligible grain
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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 lengti®., the grain aspect rajican 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 AIN films. However, more
detailed comparisons will require experiments that are specifically designed to test this model.
© 2003 American Institute of Physic§DOI: 10.1063/1.157591]6

I. INTRODUCTION ratel® The primary difference between this description and
the model developed in Secs. Il and Ill is that grain boundary
Intrinsic compressive stresses occur during the deposdiffusion is now assumed to be negligikilgote that the ada-
tion of many different polycrystalline films.” The Volmer—  tom supersaturation provides the principle thermodynamic
Weber growth mode proceeds by the initial formation of in-driving force for stress generation in both model$he
dividual islands, followed by their coalescence into amodel in the current article also develops a more complete
continuous film. Compressive stresses prior to coalescendénetic description of time-dependent stress evolutiather
have been attributed to the Laplace pressure associated withan just steady stagt@and we also consider modifications to
surface energy effecfsThe subsequent tensile stresses obthe thermodynamic driving force based on grain size effects
served during and after island coalescence are usually attriltue to weighted mean curvature.
uted to grain boundary formatiéf®'? or to grain A key advantage of studying systems where grain
growth31*The compressive stresses that occur after the forboundary diffusion can be ignored is that detailed compari-
mation of a continuous film are currently the subject of moresons with experiments are accomplished more readily be-
uncertainty, and are the subject of this article. cause the grain boundary diffusion kinetics do not have to be
We recently proposed that intrinsic compressive stressedeconvoluted from the data. To demonstrate this, the model
in continuous polycrystalline films are driven by the excessdeveloped here is compared with existing data on AIN films.
chemical potential of surface adatoms produced by thén comparing the model with other work, note that signifi-
growth flux!® In theory, this driving force could create in- cant compressive stresses have generally been associated
trinsic stress by incorporating additional atoms into the bulkwith high surface mobilities during film growth®® The
growth surface, away from the grain boundaries., as in- model developed in Secs. Il and Il does not consider the
terstitials or by creating additional lattice sites at disloca-surface mobility directly. Instead, it describes the evolution
tions). However, atom insertion at grain boundaries is ex-of intrinsic compressive stress by considering the competi-
pected to have a lower activation barrier than the formatioriion between atom insertion at grain boundaries and the film
of these other defects. This is consistent with experimentgrowth rate. Possible connections between stress and the sur-
showing that the intrinsic compressive stresses observed fiace mobility are discussed briefly in Sec. IV.
polycrystalline Pd films are not present in monocrystalline
Pd deposited under the same conditithdhe previous
steady-state formulation of Chasehal. assumes that grain
boundary diffusion is fast, and that the extra atoms associA. Thermodynamic considerations
ated with compressive strain are incorporated at a constant The model is based on the film geometry in Fig. 1. Both

islands and substrate are idealized as linear elastic solids
dElectronic mail: brian_sheldon@brown.edu with infinite out-of-plane thickness, such that deformation

Il. MODEL FORMULATION
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V4 Thus, the actual grain aspect ratio at any particular point has
Film % a wmc driving force that acts to move the grains toward their
X Y equilibrium shape. In the absence of grain growth, this wmc
’x I ] [ 1 lQ driving force should move material into the grain boundaries
if H/L exceeds the equilibrium aspect ratio, and vice versa if
L the H/L value is less than the equilibrium aspect ratio.
The chemical potential of an atom along the grain

Substrate boundary is given by
FIG. 1. Schematic of the film geometry. Q(ystn)
wg=pC+ ST—QU, 2

occurs in plane strain. This conception is the basis for avhere the second term is again a wmc contribution, and
relatively simple model that focuses on the kinetic competi-and y, are the energy of the top facet and the substrate/film
tion between the growth rate and the incorporation of excesiiterface, respectively. The final term in H) describes the
atoms at grain boundaries. The two key length scales are th@ntribution from stress in the film, wheteis the stress due
grain size,L, and the film thicknesg{ (the substrate is as- to excess atoms incorporated into the filine., relative to an
sumed to be much thicker than the fjlnwith the planar unstressed crystal

geometry in Fig. 1, the in-plane strain is treated as a constant The driving force for inserting atoms into the grain
average value, such that the strain varies only with verticaboundary,A ., is obtained by taking the difference between
position, Z. Egs.(1) and(2) to give

The chemical potential of the growth surface is given by n
Y (ysty)

L H
where o(H) is the stress at the top of the grain boundary.
whereu? is the chemical potential of an atom in the bulk, The net wmc contribution in Eq3) accounts for the differ-
is the atomic volume, and,, is the grain boundary free ence between the actual and equilibrium aspect ratio of the
energy. The final term in Eq1) is the excess chemical po- grains(i.e., the net wmc contribution is zero when the grains
tential of surface adatoms due to the growth flux, which de-exhibit their equilibrium aspect ratioAdding or removing
pends on the relative rates of various processes that occur @toms from the grain boundary may altgy, and hence\ u,
the growth surface. The excess chemical potential of the véhowever, the average contributions from these variations are
por, uAPOR— ;,© "is an upper bound oAug. If the attach- assumed to be negligible for the current treatment.
ment rate at atomic steps is fast relative to other surface
processes, then the value 6iig near these steps will be
much smaller than the vapor supersaturafios., Sug can
approach zero in some caseBor the purposes of our cur-
rent analysis, surface processes are not considered in any The model constructed here assumes that the growth
detail, and the value ofu¢ is assumed to be constant during process can add atoms to the film in two ways. Most material
growth, with a value & sug<(u‘A"°R—u°). Possible re- is added on the top surface by traditional crystal growth
lationships betweedu g and surface mobility are discussed mechanisms, where each layer of atoms is templated onto the
briefly in Sec. IV. underlying crystalline lattice. This causes the new layer to
The form of Eq.(1) follows our recent work®> except mimic the stress state of the previous layer, as long as there
that the second term on the right-hand side of Bg.has are no relaxation mechanisms operatiagy., dislocation for-
been added to account for interfacial energy effects assocmation, etc.
ated with small grains. With the faceted grains in Fig. 1,  The second mechanism is the introduction of excess at-
these effects are described by the weighted-mean curvatucens at the grain boundaries, driven Ay in Eq. (3). A net
(wmc), a concept pioneered by TayfdrTo understand the positive flux of atoms into the grain boundary will increase
wmc in two dimensions, it is instructive to first consider the in-plane compressive strain of the top layer. It is assumed
isolated particles with fourfold symmetry, where the only that the average strain of the top layer of atoms can be di-
energetically allowable surfaces af@1) facets with equal vided into two components, witlaSfac& ntinsic. ¢ - The
surface free energies. In this illustrative example there is noerm ™S accounts for the surface structuiiee., the in-
strain and the conventional Wulff construction describes arherent surface tensi@gnThe value ofe is associated with
equilibrium shape which is a square, such that there is @henomena which cause the number of atoms in the top layer
thermodynamic driving force to move nonsquare grains toto deviate fromN,, the number of atoms in an atomic layer
wards their equilibrium shape. Applying this concept to theof an unstressed bulk crystal. For the present analysis, we
constrained film in Fig. 1 means that the relative surface andssume that'™""s is isotropic and independent af and
interface free energies will define an equilibrium aspect raticdhat surface stress effects do not cause any significant alter-
for the grains. The general microstructure created by filmations in the surface free energy in the wmc terms in(Bp.
growth will not adopt this aspect rati@xcept possibly for In cases where these assumptions are not valid, the treatment
one particular point in time during the growth progess employed here must be extended.

Au=Sug+Q o(H) |, ()

Yo{2
ps= O+ ——+duc, (1)

B. Film growth and adatom incorporation at grain
boundaries
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The number of extra atoms in a lay@tg, is directly The derivation leading to Ed8) is similar to the plane
proportional to the strain: strain calculations that have been used elsewhere to evaluate
N aN intrinsic stress mechanisns!? Most experiments with thin
__E__ E, (4) films measure biaxial stress, which corresponds more closely

No aBL to a square lattice of XL square grains. This plane stress
wherea is the height of an unstrained layd, s the grain  CaSe can also be described by E), by modifying the wmc
boundary length in the direction, andL is the grain size terms to agcqunt for three-dimensional grains and by taking
(see Fig. 1 The net flow of atoms into the grain boundary M as the biaxial modulusz/(1—v).
can be described by the following rate equation:

€=

% _2aBrjC,—CPl, (5 Il RESULTS

A. Strain profiles
wherel’; is the jump rate for inserting atoms at the top of the
boundary,C, is the average concentration of adatoms on th% on

growth surface(adjacent to the boundayand C; is the a variety of different materials. Thus, the results in Secs.

;/r?lue Ofct:ﬁ n efqumbrlunjl_\t/)th the t?hp tohf thte boﬁnt?]awf . Il A and Il B are presented with general values for the key
€ growth surface equilibrates wi € lop ot the gralnparameter:s, rather than choosing values for specific materi-

_cB ; ;
?hourtl)daryathert_?;— ?a ?nd :,hgr.e lsEnosnet flux of r;toms "N als. A more specific discussion of data for AIN is presented
e boundary The factor of 2 in Eq(5) appears because in Sec. Il C. It is also important to note that the excess

atoms can be inserted from both sides of the boundary. chemical potential on the growth surfafiee., sug in Eq

In the kinetic formulation in Eq(5), the chemical poten- (1)]is not always independent af primarily because of the

E‘T’}_:E driving E‘)ortce in Etﬂ(S) |stexlpres(,jsed alﬁg . Ca ('('je't’ the potentially complex interactions between the kinetic pro-
merence between he actual and equilibrium adatom Congegqeg occurring on the growth surface. In light of this com-

c%ntrattrl}ons ?tt.thel bqund;)ryTo evalzate thlsddlreqttl)y,dcgn- plexity, Sug is treated as a constant that is independert of
sider the relatively simple case whef®, is described by for the calculated results that are presented here.

. . : . _ .0
solution  thermadynamics = according  10: ps=pu It is convenient to replace the time with the film thick-

+kT In[C,/C°], where C° is the adatom concentration in - ;
ness by dividing both sides of E(B) by a constant growth
equilibrium with an unstrained single crystal surfdodich rate. u 3:0 Igvétl g I ®) by grow

is also in equilibrium with the surrounding atmosphere when
there is no growth flux Combining this relationship be- de ZaQFCCO(S exr{ Qys  QOMe
— =T s -

The proposed mechanism for compressive strain evolu-
is described by Ed8). This formulation is applicable to

an(kT) kT
wheren=H/a is the film thickness in atom layers. Since our
: (6) treatment assumes that grain boundary diffusion is absent,

) ) ) the strain in each layer is effectively locked in because atoms
Using the same approach to evalug with Eq. (2) gives  cannot move in response to the chemical potential gradient

tweenug andC, with Eq. (1) gives dn Lu

| o

Co—coexg |2 s
a= & XL T T oke

1(Q(ys+y) associated with the strain gradient through the film. Thus,
C§=C° exg=|—————Qoyl |, (7) Eqg. (10) describes the strain profile that is created by the
kT H . . ; . )
insertion mechanism described in Sec. II.
where oy, the stress aZ=H, is equal toM €. The plane The initial condition for Eq.(10) depends on stresses
strain film modulus isM =E/(1—v?), whereE is Young’s  that occur prior to and during the coalescence of isolated
modulus and is Poisson’s ratio. grains to produce a continuous film. With this in mind, a
Combining Eqs(4)—(7) then gives relatively simple initial condition o&= ¢, atn=n, was used
to solve Eq.(10). This gives
de_ 20 CO( %Q('ys—l—y,) OMey, ) " ve Eq.10). This giv
R — S.—ex , 1 2 An 2
dt A H(kT) kT e=—In| efo+ ﬁch' ex Vs + P é)df}
1 0 ’ NSs Jo E+ng A
Se= exp{ﬁ( Sug+ YbT =sg exp{yb , 9 20,
i An (12)

where ¢,=Q y,/a(kT). The surface supersaturation ratio,

s¢=C,/C°, reflects the excess chemical potential at thewhere w.=I'cC°sQ/u, An=n-n,, \=L/a, B
growth surfaceus— u®. The value ofs?=exp@ug/kT) is ~ =QM/KT, andys=Qys/a(kT). According to Eq(11), the
the surface supersaturation due to only the growth flux. Wittstrain increases as the film grows, until it eventually ap-
the simplified grain structure in Fig. (Le., constant), the ~ proaches a steady-state limiting value given by

wmc contribution in Eq(9) is fixed ands; is constant for a In(sq)

given set of growth conditions. In real filmg, often in- €=~ ———.
creases as the film thickness increases. However, a constant B
value of L also approximates a columnar microstructureAt e, the rate at which atoms are inserted at the boundary is
where the value oE changes very slowly. exactly equal to the rate at which excess boundary atoms can

(12
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move back to the surface. This means that there is no ne  0.0004
change in stress as deposition proceeds beyond this point. (d)
Physically, 2o, /A in Eq. (11) ratios the number of extra

atoms inserted at the grain boundary to the number of atom:
that are added to the growth surface, under conditions whert
€=0 and there are no wmc contributions. The definition of ¢ .0.0004 -
w can be simplified by noting that=T"4C°s,Q)/ »s, where

I’y is the jump frequency for incorporating an adatom at a

step, andys is the average number of atomic spacings be- -0.0008 + (b)
tween stepsi.e., the average distance between steps is equa
to »sa). This leads to 0.0012 (@)

0 200 400 600 800 1000
. 13
; (13 An
To better understangs, consider the plane strain case thatFriG. 2. Strain(e) vs change in film thickness\(n), based on Eq(14), for
corresponds to Fig. 1, and assume that all surface steps afe500, A=500, €,=0.0002, andess=—0.001; and(a) w.=1, (b) o,

straight and parallel to the grain boundariesylfis uniform ~ =0:01,(¢) @c=0.001, andd) w.=10"".
over the surface of the grain, then it will be equalnali-

vided by th_e average number of steps that are on the surfagfi-kness. The fourth case in Figid2 corresponds to a neg-
of one grain. Howevery; is actually the local value at the ligible compressive stress, due to a very low valuewgf

grain boundary, and certain phenomena can cayde dif- (i.e., atom insertion occurs very slowly
fer from the average value for the entire grain surface. An ll'he three cases in Figs(@-2(c) can be distinguished

example of this is a grain boundary groove, where steps arg,m gne another by considering the film thickness where the
closer together such tha is smaller than the average value gy ain reaches its steady-state value. Rigorously, this occurs

for the grain. On an atomic scalgs will also vary as steps 55 An approaches infinity. However, the strain attains most
move towards the grain boundary during growth. However, i steady state value dte=0.01A€,, which leads to

75 In EQ. (13) can still be approximated as a constant, if it is

a time-averaged quantitfthis is discussed further in Sec. A exp(BAe,)—1

IV). On a surface that is extremely rough on an atomic scale, Anss= 2Bw, In exp(0.018A€,)— 1| (19

ns Might approach 1. At the other extremgg>\ corre- . N
sponds to a step density less than 1 per grain, which Ca\r{alues ofAngs according to Eq(15) are plotted in Fig. 3, as

. S ) e . a function of the kinetic ratiaw.. For a given value oty
occur if step creation is particularly difficult. This suggests _, _. ; . : .
: Y . strain gradients occur when the film thickness is less than
that there is no upper limit omyg, although a particularly

. Ang. Th havior in Fig. where the strain reach
large value would result in extremely slow growth. In gen- - s ' "€ behavio g. @), where the strain reaches,

o . in several atom layers or less, only occurs whenis rela-
eral,I'./T"y should be significantly less than 1, since attach- y y faen

ing an adatom at a surface growth site is easier than insertiniéi’ely large. The difference between Fig(b2 where the
an adatom into the surface lay@ven at the grain bound- rain reaches steady state and Fig) @/here gradients exist

ary). Thus, based on the physics associated wjthand across the entire film thickness is determined by whether or
Y. ' phy N not the film thickness exceeds the steady-state valug,.

0.0000

c)

[ens
r

W=

I /Ty, it appears thatr. can take on a wide range of val-
ues,
While wmc effects are potentially interesting, it is first 107
instructive to consider conditions where wmc variations can .
be ignored. This occurs in films that are thick enough to 10° 1
make theys wmc contribution negligible. In this case, evalu- 105 -
ating the integral in Eq(11) leads to
104 4
1 2Bw An
AezE In 1+(ex;{BAeo]—1)ex;{— 'Ei CAn) , 103 -
(14 102
where Ae=e— €5 and Ae,=€,— €. Replacingsg with 101 |
exp(—Besy according to Eq(12) is convenient here, since
€ss can be obtained directly from experiments. Using Eq. 10° —— — S —
(14), four examples ofAe vs An profiles are plotted in Fig. 10°10%10710° 10510410 10210 10° 10!
2. In Fig. 2a), e is reached almost instantaneousiye.,
within several atomic layeysand the strain gradient is es- O¢

sentially nonexistent. In Fig.(B), a strain gradient evolves ) ) . )
over part of the film thickness, followed by a constant "~ 3: AN according to Eq(14) with Ae=10 * andAnssaccording to

. v ; . Eqg. (15. All calculations were performed witl8B=500, A=500, ande,
steady-state strain @ for the remainder of the film thick-  —0.0002. The solid and dashed lines correspondegs=—0.001 and
ness. In Fig. &), a strain profile exists over the entire film e=—0.01, respectively.
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An An
FIG. 4. Strain(e) vs change in film thicknessA(n) with 8=500, w. FIG. 5. Strain(e) vs change in film thicknessAn) with B8=500, w.
=0.001, In=0.5, €,=0.0002, andys/n,~0: (@) yp=1, A=500, (b) =0.001, Ing=0.5, €,=0.0002, and,=s=10: (8) n,=500, (b) n,
#,=10, A=500, (c) ¥p,=1, A=50, and(d) =10, A\=50. =50, and(c) n,=5.

The case of negligible compressive strgsg., Fig. 2d)] is /N, determines whether this contribution will be signifi-
defined here as a film wheree<10 °. This condition was cant. The value of}, is typically between 1 and 1@.g.,a
used with Eq.(14) to calculate the values afny,y that =0.2 nm, T=1000 K, and y,=0.35 J/nt give =1,
define the lower boundaries in Fig. 3. Thus, significant strainT=290 K, andy,=1.0 J/nf give y,,=10). In Fig. 4a) the
gradients occur in the middle region of Fig. 3. Steady-state), wmc effect is small, such that the strain profile is almost
strain is reached above and to the right of this region, anddentical to Fig. Zc) [i.e., the steady-state strain is only
negligible strain occurs below and to the left of this region. shifted by, /8N =4(10)"®, as indicated by Eq16)]. With
Variations inegs and €, have only a moderate effect on A=500, increasing/y, from 1 to 10 produces only a small
Fig. 3. For example, the dashed lines correspond to a signifshift from profile(a) to profile (b) (i.e., the wmc contribution
cantly larger value ok~ —0.01 (i.e., an increase isg of s still relatively smal). Decreasing the grain size 20=50
almost two orders of magnitugleThis produces only a mod- has two primary consequences. First, the increase figm
est change in the diagram. Thus, for a film with a given grain=1 to ¢»,= 10 leads to a more substantial wmc contribution
size, the kinetic ratiaw. is the dominant factor that deter- which in turn produces a significant difference between the

mines the strain profile. steady-state strains in profilés) and (d) [note that profiles

(b) and (c) evolve to the same steady-state strain value be-
B. Grain size, film thickness, and weighted-mean cause the magnitude of thi, wmc contributions are iden-
curvature tical]. The other effect of decreasingto 50 is that profiles

. . - . . (c) and (d) both reach steady state at a much faster rate
Variations in the grain dimensiosandH (i.e., A andn) because of the. dependent exponential term in EG.4).

can affect strain evolut|oq in several ways. Itis first '.nStr.uc'PhysicaIIy, this occurs because a film with smaller grains has
tive to compare the magnitudes of the two wmc contributions

. . A .~ “proportionally more grain boundary sites for atom insertion.
by setting the time derivative in E¢L0) to zero to obtain: To examine how thes, wmc term affects strain evolu-

L S Yy s B s tion, Eqg. (11) was integrated numerically to optain _Figs. 5
€ad™ — B - ﬂ_?\ + ﬁ— €sst ﬁ (16) and 6. These results depend on the absolute film thickmess

) o ) o o . in contrast to those in Fig. 4, which depend only &n. In
This quantity is the strain that is in equilibrium wit@,,

accounting for both the supersaturation associated with the
growth flux (sg) and the wmc contributions. For the geom-
etry in Fig. 1, they,, wmc contribution is constant, but the
wmc contribution causes,q to vary as the film grows, ap-
proachingess asymptotically as increases enough to make <
the last term negligible. 2 o5 (a)
Several different comparisons are used to illustrate the >£ (b)

relationships between grain size and stress evolution in Figs. 4.0 | X

4—-6. All of these examples shoewvs An, which are strain

profiles that evolve from the initial conditioe=¢, at n 15

=n,. Cases wheres; wmc effects are negligible are first ) 10 160 10'00 10000

considered in Fig. 4, based on Ed4). In this expression,
the grain size\ affects stress evolution through the second An

eXponentlal term anfdss depends oYy /_)\ [Vla_ Eqs.(9) a_nd FIG. 6. Strain(e) vs change in film thicknessA(n) with 3=500, A=500,
(12)]. Both of these influences are evident in the strain pro-, -1, 4 =10, n,=50, In°=0.05, ande,= — 0.00015:(a) w,=0.01, (b)
files plotted in Fig. 4. As seen in E¢L6), the magnitude of w.=0.003,(c) w,=0.001, andd) w,=0.0003.
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FIG. 7. Stress evolution regimes as a function of the length seakesd FIG. 8. Stress evolution regimes withdf=0.5, €,=0.0, andi/n,=0: (a)

An, with €,=0.0, Ing2=0.5, and¢,=x=0. The dotted line shows the c¢=1, (b) c=100, (c) c=10 000 (wherec= yy,/Bw., as noted in the tekt

thickness where the film strain reaches 50%Qf The dashed line shows the comparalple=0 result from Fig. 7 for com-
parison(relative to Fig. 7, changes in the lower boundary are too small to be

noticeable in this diagram

Fig. 5, the effect of varying, is examined for cases where

the steady state is relatively large. Even with a relativelysteady-state whedn reaches the upper boundary. An ex-
large value ofyss= 10, profile Fig. %a) is almost identical to  ample of this is shown by the dashed vertical line, which is
Figs. 4a) and 4b), where contributions associated wifh  based on the AIN film in Sec. Ill C. It is also possible to use
were ignored. Decreasing, produces relatively small this type of diagram to obtain insight into films where the
changes in this profile, although in Figich #s/n, is large  grain size increases as deposition proceeds. For example,
enough to cause an initial strain increment in the tensile dIWIth a columnar microstructure where the grain size in-
rection. Physically, this occurs because the aspect ratio of th@eases gradually during film growth, the vertical line would
grains(relatively smallH and largel) creates a driving force pe replaced by a line with a positive slope. The dotted line in
to move material out of the grain boundary. This effect isFig. 7 shows the film thickness where the strain reaches 50%
more pronounced for the examples in Fig. 6, where variaof its steady-state value. Contours for other strain levels can
tions in w. are considered for cases where the steady-staigso be added, so that this type of diagram can incorporate
strain is relatively small. These profiles were obtained for aadditional quantitative information about strain profiles.
relatively large value offs=10 and a more moderate value Figure 7 provides a convenient representation of the film
of Y =1, a difference that promotes initial tensile stress. Tothickness regimes where negligible stress, significant gradi-
see this, note that tensile strain requires a positive value aints, and steady-state stress will occur. Figures 8 and 9 illus-
€qq IN EQ. (16). Rearranging this expression shows that ten+rate how the wmc contributions can alter this representation.
sile values occur when the grain aspect ratity, is less  First, consider films that are thick enough to neglggt(as
than (s—n In &)/ . In general, the wmc effects associated already discussed in conjunction with Fig. Zhe remaining
with s are only significant with relatively small stresses. wmc contribution associated withy, then causes only mod-
This is evident in comparing Fig. 5 with the more prominentest changes in going from Fig. 7 to 8. Casas (b), and(c)
tensile behavior in Fig. 6. For a material with=200 GPa, in Fig. 8 show the effect of varying the grain sizgwith all

the two supersaturation levels in Figs. 5 and.6., Ins] of

0.5 and 0.05 correspond to steady-state stresses—-@00

and —20 MPa, respectively. 10°
Figures 7—9 use boundaries similar to those in Fig. 3, to
show the general behavior of strain profiles as a function of 104 Steady State
the two key length scaled, andAn. In these diagrams the
value of\ is normalized byBy. [from Egs.(11) and (13), 10% 1
recall thatg reflects elastic and thermal energies, ands a An
kinetic ratio of the atom insertion and growth rate$his 10?1
scaling makes it possible to represent a wider range of pos- 10" - o
sibilities in a single figure. With the geometry in Fig. 1, a Negligible Stress
particular material and a specific set of growth conditions 100 L. m _ i
correspond to a fixed value of/ Bw.. The boundaries in 10? 102 10° 104 108
Fig. 7 are based on the limiting case where the wmc contri-
butions are negligibldi.e., ¢,~0 and ¢s~0). As the film Stress Becomes AP (Dc)
grows beyond the coalescence poififj increases and the More Tensile

growth process corresponds to a vertical line if the grain size[IIG 9. Stress evolution regimes with 0.5, ¢,=0.0002 (500()"2

H - . By - - . . 2y €o . ,
A, is fixed. Significant strain develops by the tinden —  _\/10, 5=500, w,=0.001, andys,= y,=10. The dashed, vertical line
reaches the lower boundary, and the strain is essentially @brresponds to the conditions in Figh%
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other parameters fixed. For each of these, the lumped con- In comparing Figs. 7 and 9, there are several differences.
stantc= ¢,/ Bw. was assigned a fixed val@ehich is some- First, the steady-state strain boundary is shifted at smaller
what more general than assigning values for each of thesgrain sizes. This is caused by wmc contributions that are
quantities separatelyNow recall that Eq(14) contains two  more substantial at smaller length scales, as described earlier.
terms that depend on the grain sizéBw. and,,/\. Thus, A second difference is the small region in the lower left of
increasing\/ Bw. along the horizontal axis by varying only Fig. 9 where stress initially moves in the tensile direction,
\, means thatj,, /N must undergo a corresponding decreasesimilar to Figs. %¢) and 6. The boundary that defines this
The given, fixed value of imposes an effective lower limit region is the maximum in thevs An profiles. This is found
as follows: (/Bwc) B=\"8/(Bw.) B=(\"B/y®)c. Here, by taking the derivative of Eq(11), settingde/d(An)=0,
the superscripts LB and UB refer to lower and upper boundsand rearranging to give
The minimum practical value of“® is taken to be~10. (A
slightly lower value might be reasonable for extremely small
grains, but\"® must be greater than)1As noted above, an . s
. UB . An*=— no+ y

approximate value ofy, ~~ 10 is reasonable for many mate- Uy « o
rials. This leads toX/Bw.)'B~c. Thus, boundarie&), (b), T+IB(E — €9
and(c) in Fig. 8 are terminated according to this limit, with
the understanding that this cutoff is approximate. These wmc
effects on the upper boundary in Fig. 8 are more pronounceglhereAn* ande* are the film thickness and strain values at
for smaller grain sizes. The lower boundary #e=10""  the maximum. In this expressior* must be determined
also shifts, but this change is so small that it cannot be diswith Eq. (11), so theAn* values in Fig. 9 were obtained by
cerned in Fig. 8. evaluating Eqs(11) and (17) numerically. A stress profile

Including s wmc contributions leads to more complex that begins in the tensile region of Fig. 9 will reach a maxi-
diagrams that are more sensitive to changes in certain pararmum tensile value at a film thickness &h* . After this, the
eters(i.e., other than/Bw.). An example of this is shown in  stress will move in the compressive direction, and then even-
Fig. 9. Here, the initial aspect ratia/n,, is constant. Note tually reach a steady-state compressive value if and wiren
that this ratio varies for the plots in Fig. 5 and is fixed for theexceedsAn,{Ang is discussed in connection with Fig).3
plots in Fig. 6(it is not relevant for Figs. 4, 7, and).8For In Fig. 9, the lower boundary associated with negligible
Fig. 9, a fixed initial aspect ratio provides a better basis forstress is terminated at/ 8w.=258.3. This corresponds to
comparison than a fixed initial film thickness, primarily be- the largest grain size where an initial rise in tensile stress can
cause the film thickness at coalescence increases as the graiccur[i.e., this value was obtained by solving E47) for
size increases. To understand this, consider the growth &fn* =0 ande* = ¢,]. At grain sizes larger than this limiting
isolated grains prior to impingement. With a periodic array ofvalue, the negligible strain boundary in Fig. 9 is similar to
grains,\ is equivalent to the initial island spacing. The film Fig. 7. Below this limit, the stress increment initially occurs
thickness at impingement is then determined by the relativén the tensile direction, such that a compressive shifi ef
growth rates of the two facet®.g., a value ofA/n,=10 =10 ° does not necessarily imply minimal strain. Thus, the
indicates that the lateral growth rate of each of the two sidaegligible strain boundary in Fig. 9 terminates »tBw,.
facets is five times faster than the normal growth rate of the=258.3.
top facej. Thus, for a given set of deposition conditions, one  In summary, Fig. 7 is convenient because it represents
expects fixed facet growth rates, and hence, a fixed value aftrain profiles for a variety of different films where grain
N n,. In this case, different values on the horizontal axis inboundary diffusion and wmc effects are negligible. The ef-
Fig. 9 correspond to different grain sizes for a fixed set offects of ¢, wmc contributions are incorporated into Fig. 8,
growth conditiond(i.e., Bw, is also fixed. such that boundarie&), (b), and (c) correspond to fixed

To construct self-consistent diagrams in FigeQyaria-  values ofB, w., andyy, where only\ varies. They, wmc
tions as a function of grain size are incorporated into thecontributions lead to some loss in generality, because the
analysis. In Sec. |, it was noted that the initial, intrinsic ratio A/ B¢ can no longer strictly be used to consider inde-
strain, e, has been associated with at least two different phependent variations in\, B, or w.. The diagram in Fig. 9
nomena: compressive strain due to the Laplace pressure atcounts for both types of wmc contributions, and is less
isolated islands and tensile strain due to grain boundary forgeneral than Fig. 8. Here, the boundaries undergo more sig-
mation during island coalescence. To illustrate these possiificant variations for different values o, s2, and other
bilities, the examples in Figs. 4—6 were created with bothparameters(particularly in films where effects associated
tensile and compressive values fg. In recent years, sev- with ¢ are more pronounced because of relatively low
eral relationships of the forra,=ANB have been proposed strains and relatively large values ¢t/n). Thus, the dia-
for intrinsic tensile strains, wher& andB are constants de- gram in Fig. 9 is no different from a plot akn vs A, al-
termined by the mechanistic detafl5'8In Fig. 9, the fol-  though then/ Bw, scaling is still used here to facilitate direct
lowing relationship was used,=0.0002(50k)*2. The ex- comparison with Fig. 7. In Fig. 9 the observation tegtand
ponent here corresponds to the Nix and Clemens anali’ysis,sg can have a significant influence on strain evolution differs
and the other values were chosen to be consistent with thieom the conclusion that was drawn from Fig. 3. This occurs
profile in Fig. §b) [i.e., so that the dashed line in Fig. 9 primarily because of the combined effects of smaller strains
corresponds exactly to the profile in Figby]. and relatively large values of\/ ,n).

17
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C. Comparison with experiments (a)

Most of the data in the literature do not permit direct
comparisons with the calculated results in Secs. Il A and 0.4
[l B. One impediment is that intrinsic stresses in most films
are produced by more than one mechanism. The mechanisi
described in Sec. Il is best studied under conditions where &

only compressive stress is observed and where grain bounc=
(4

ary diffusion is negligible. These requirements can be metw 0.0
approximately during the later stages of AIN growth by mo- %
lecular beam epitaxy{MBE), where compressive stress is 02

dominant after rouglyl 2 h of growth® The stress in these

films does not change during postdeposition annealing,
which suggests that grain boundary diffusion is negligible.  -0.4 . : .
This differs from many metal films where annealing relieves 0 100 200 300 400

stress when grain boundary diffusion is fast enough to move Growth Time (min)
atoms out of a compressively strained film, to the external
surface(e.qg., Ag films19). (b)
Stress profiles in AIN were obtained froim situ curva- Film Thickness, n
ture measurements. The data in Fig.(@0show average 700 800 900 1000 1100
stresses obtained from the standard Stoney’s equation anal 0.4 I L ' ! :
sis of curvature data®With fixed grain size and negligible
grain boundary diffusion, the slope of the data in Fig(al0 0.3
were converted to the stress profile, part of which is shownin __ g9 + o a:t: .
Fig. 10b).® In comparison to the average film stresses in Fig. § ° A
10(a), the stresses in Fig. 1) correspond to the incremental €. 0.4 1 .-
material that is added during growth at a particular point in % 0.0 - TN
time. Thus, Fig. 1) shows the strain gradient in this por- g ) \
tion of the film. To fit Eq.(14) to the results in Fig. 1®), ? 0.1 |
values ofn, and e, must be inferred from the data. In the S - AT S
derivation in Sec. lll, this initial condition corresponds to the -0.2 4
point where all of the islands simultaneously impinge on one g3 : , . — : : :
another to create a continuous film. The real islands do no 100 110 120 130 140 150 160 170
have a uniform spacing and size, so coalescence occurs mol Growth Time (min)

gradually. The data can still be analyzed with Et4) by
recognizing that the initial conditioa= ¢, at n, can be in-  FIG. 10. Growth stress in MBE grown AIN, determined inysitu curvature
voked for any value of after the film has completely coa- measurements. Films were deposited(dhil) Si, at 700 °C. Additional ex-

. . . imental detail ted in Ref. (@ A film st time,
lesced. Since the experiments show an initial regime wherBs 2 = e o R ross o (@ Average film stress vs time

; - ) ased on Stoney’s equatiafiy) stress profile obtained from the slope of the
tensile stress dominates, only data where the instantaneousa in Fig. 1¢a) (Ref. 7. The top axis in Fig. 1®) is n, based on the
stress is compressive were considered. This corresponds gwth time, the measured growth rate of 100 nm/h, an@.249 nm(0002
setting €, to zero, which occurs at roughly,=690. The  Sacing for AIN.

eventual steady-state value @f= —0.17 was also obtained

from the experimental results in Fig. @). Note that the The fit in Fig. 1@b) demonstrates the basic procedure
data show a nearly constant value &g, which implies that that can be used to analyze experimental results with the
wmc variations with increasing are small enough to be model obtained in Sec. Il. One potential problem with this
ignored here. With these values &f, n,, ande, fitting the = example is that the tensile stress mechanism may still have
model then gives a value of the only unknown lumped quansome influence even after the incremental stress becomes
tity in Eqg. (11), Bw./\=0.0123. Values of@=551 and compressive. Assessing the competition between the tensile
A=259 obtained from the experimental conditions andand compressive mechanisms is beyond the scope of this
known physical constants then leadag=0.0058. The pre- article, however, a significant contribution from this mecha-
dicted stress profile associated with this fit is shown as th&ism would imply a value ol that is somewhat larger than
solid line in Fig. 1@b), and is also plotted in Fig. 7. Moder- 0.0058. Additional experiments with AIN will allow us to
ate variations in the choice af, andn, produce relatively ~deconvolute these effects. The type of data required to more
small changes in the, value obtained from this fit. With fully test the model in section Il is currently not available for
larger variations ire, andn,, fitting the data to Eq(14) is ~ any system.

not appropriatgi.e., at smallen, Eqg. (14) does not properl
accoSrl?t fgr the tensile portior(; o? the stress pro?ilefaan)é atV- DISCUSSION

larger values of, the initial strain is too close to the steady- As noted in Sec. |, significant compressive stresses are
state valug often associated with high surface mobilities. However, the
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surface mobility is not considered directly in Sec. Il, thus its (a)
relationship to the intrinsic stress is not immediately appar-
ent. Based on Eq%9) and(12), the steady-state strain for a
material where wmc effects are small and the grain size is <
fixed depends only on the thermodynamic driving fofges > <
(the excess chemical potential of surface adatoms due to th
growth fluxy. As noted in Sec. Il B,dug is perhaps best
conceptualized in terms of the adatom concentration on the
surface,C, where C=C®° corresponds t&Sug=0. To see Substrate
possible relationships between the surface mobility énd
or C, one must go beyond the thermodynamic treatment in
Sec. Il and consider the interrelated effects of various kinetic C“ (a)
mechanisms, including adsorption, surface diffusion, and the ce®
nucleation of two-dimensional islands on the growth surface. a
These processes have been studied extengiVelyr present
purposes, we are interested in a simple discussion of the >
relationships between surface processes and the valdg.of distance
Recall that the insertion mechanism responsible for com-
pressive stress is related@q , which is the value o€ in the =) -
vicinity of the grain boundarnjfsee Eq.(5)]. A relatively (b)
simple example is described here to show hBwcan be
affected by surface diffusion. The schematics in Fig. 11 de-

atomic steps

pict the motion of atomic steps near the grain boundary. Dur- Substrate
ing growth the terrace width adjacent to the grain boundary
varies because of step motion, such thain Eqg. (13) is an —1 —

average terrace width, as already noted. This temporal avel (C) ! !
aging also applies to the value 6f,. To illustrate this, con- ' ;
i
[}
1
1

sider the simplest case whetg is relatively independent of
Sug (an oversimplificatiofy and the atom insertion rate into Substrate
the grain boundary is always slow relative to the surface
mobility. This leads to the schematte, profiles in Fig. 11, :
which are dictated by the kinetic tradeoff between surface c(bﬂ
diffusion and the rate at which adatoms are attached to the y
moving step. The limiting case of fast surface diffusion cor-
responds to the flat adatom concentration in Fig(agl »
whereas Figs. 1b) and 11c) show profiles with a surface distance

diffusivity that is slow enough to create a depletion zone in

the vicinity of the growing step. Since the steps move to-FIG. 11. Schematice showing hypothetical adatom concentrations along the
wards the grain boundary during film growth, the terracegrowth surface(a) Surface diffusion is fast, such th&t is uniform. (b)

. . : wer surface diffusion creates a depletion zone near the growth steps. In
width adjacem to the grain boundary decreases as the st e C vs distance profile for this case, the depletion zone is shaggd.

moves (until the step reaches the boundary, whexewill Similar to (b), except that additional growth has caused the lowest step to
then be determined by the subsequent [ay&ith the slower  move towards the grain boundary. In this case, the entire profile falls in the
surface mobility scenario in Figs. ) and 11c), the value depletion zondthe depletion zone is not shaded here, to avoid confusion

of C, decreases when the terrace width is smaller than th\éwth profile (b)]. For the three different profiles shown here, the adatom

depletion zone. This is shown schematically hereCéS concentrations at the grain boundaries are labelg@@s C®, andC{®.
<C® . Thus, Figs. 1) and 11c) provide a conceptual

description of howC, can decrease as the step moves to-of two-dimensional clusters on the growth surface and in-
wards the grain boundary. Based on this behawigris best  crease the density of surface steps. A detailed treatment of
understood as an average value over the relatively short tenthese processes is beyond our current scope, however, higher
poral fluctuations associated with step moti@imilar to  surface mobilities should correspond to higlsgifor many

7s). Since the value o€, is represented by the value 8f  cases.

(and hencey in many of the expressions in Secs. Il and 111, In addition to affecting the steady-state strain, the sur-
it follows that sy should also be understood as an averagdace mobility can also influence the strain evolution kinetics.
value. Therefore, based on the possible fluctuation€.pf As described in Sec. Ill, the kinetics are primarily described
depicted in Fig. 11, a lower surface mobility can decrease they w., however, the surface mobility does not appear explic-
value ofsg and thus decreasg,in accordance with Eq12). itly in w.. With w. given by Eq.(13), note thatn, depends

As noted above, a more realistic description must includen a variety of surface-related kinetic mechanisms, as dis-
other surface processes in addition to those in Fig. 11. Fatussed in the previous paragraph. This suggestsithaand
example, higher supersaturations will increase the nucleationencew., will vary with changes in the surface diffusivity.

(b)

czc) ofooeee

e il ETEEE SRR
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The jump frequencies that appear in Etg), I'c andl'y, are A somewhat more general diagram showing the regimes in
distinctly different than the jump frequency associated withFig. 3 was also presented in Fig. 7, in terms of the two key
surface migration. While one might expect a material withlength scales\ and n. This thinking was also extended to
high surface mobilities to also exhibit relatively high valuesinclude wmc effects. Although these are often negligible,
of I'c andI'y (at least in some casgshe ratiol’. /T’y that  they can become noticeable with larger surface and interface
appears in the expression far, [Eq. (13)] will not neces- free energies, and at smaller grain sizes and film thickness.
sarily scale with the surface mobility. Perhaps the most interesting wmc effect is the possibility that

The thermodynamic and kinetic considerations discussethe initial stress can move in the tensile direction, although
above indicate that; and w. can be affected by the surface this only occurs under a limited range of conditions.
mobility, even though these relationships are not given ex- The types of diagrams in Figs. 7—9 provide relatively
plicitly in the model formulation. There are several othergeneral descriptions of postcoalescence growth stress in
factors that are not incorporated into the current model. Irpolycrystalline films. Detailed experiments on different sys-
particular, note that grain size effects only enter the currentems are needed to verify and refine these calculated results.
model through the wmc contributions and in one term of theA key reason that real films are likely to deviate from these
governing rate expressigfeq. (10)]. Surface roughness and model predictions is that real microstructures will differ con-
grain boundary grooving will introduce additional length siderably from the model geometry in Fig.(this picture is
scale issues that should be incorporated into a more detailgm@tobably most appropriate for columnar microstructures
model. For example, surface roughness effects will createvherelL is relatively constant Also, the model developed
more complex strain distributiods®?! Grain boundary here describes only intrinsic compressive stresses created by
grooving can contribute to these roughness effects, althougimserting excess atoms at grain boundaries. To accurately de-
if the grooves are small compared lto then they will only  scribe the complete stress profile in most materials, this must
cause small deviations from the geometry in Fig. 1. Localbe combined with models for other mechanisms. Future
effects such as the strain fields associated with grain boundnodel development will also incorporate grain boundary dif-
ary dislocations are also ignored hére., they are averaged fusion and more detailed descriptions of kinetic processes at
over the length of the boundaryand variations iny, due to  the growth surface.
the insertion of excess atoms are also ignored for simplicity.
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