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Evolution of surface waviness in thin films via volume and surface diffusion
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Deformation mechanisms involving mass transport by stress driven diffusion influence a large
number of technological problems. We study the formation of undulations on surfaces of stressed
films at high temperature by exploring the deformation kinetics governed by volume and surface
diffusion. A governing equation is derived that gives the amplitude change of such surfaces as a
function of time. A parametric study is then carried out using a range of practically important input
values of the film material properties. The results show that at the dominant instability wavelength,
under high average stressggga pascal rangeonly surface diffusion contributes to film surface
morphology evolution whereas under low stress and high-temperature conditions, both surface
diffusion and volume diffusion contribute to film surface morphology evolution. Furthermore, the
contribution of volume diffusion depends on the sign of the film stress, with compressive stress
promoting surface roughening and tensile stress promoting surface smoothZ@)5cAmerican
Institute of Physics[DOI: 10.1063/1.1827920

I. INTRODUCTION surfaces, capillarity-induced volume fluxes, along with sur-
face diffusion, have been used to predict the decay of surface
Surface morphological instabilities driven by stressescorrugations by Blakely and co-workefs2° Gjostein and
have attracted considerable attention in the last two decad@onzel?! and Liau and Zeigezrz. Recently, McCartyet al?
due to their importance in technology. The stability of a solidhave demonstrated that the smoothing of NiAl surfaces is
surface under stress was first addressed by Tiller andontrolled by the exchange of bulk vacancies with the sur-
co-worker$? while analyzing the role of surface diffusion face. The relative importance of volume fluxes varies with
and surface dissolution and condensation through an adjoithe temperature and the level of stress.
ing liquid in stress-corrosion cracking. The chemical- A simple analysis of the evolution of stressed sinusoidal
potential gradient driving the mass transport processes waairfaces of small amplitude is presented in this paper that
assumed to have arisen from the stress variation along thekes into accoun) surface diffusion driven by gradients in
surface and the surface curvature. In their analysis, howevethemical potential along the solid surface &iid volume
volume diffusion by a vacancy mechanism was neglectedliffusion driven by stress variation along the sinusoidal sur-
since it was believed to be slow at typical temperatures enface and by capillarity. The governing equations are ob-
countered for stress-corrosion cracking. Similar stabilitytained, followed by a parametric study to reveal the relative
analysis was done independently by Grinfedd SrolovitZ?  importance of the surface and volume diffusion terms. Al-
The problem of a stressed solid surfa@e surface-vapor though this analysis is general, we will compare the model
interface becoming unstable at high temperatures was latepredictions with the waviness formation observed in metallic
observed during thin-film growth and annealfi§. The films of thermal barrier systenfé.
analysis of such instabilities was based on surface diffusion
driven by gradients in surface chemical potentiaf,an ap-  Il. ANALYSIS
proach that was the same as that of Tiller and co-workers,

. 3 A
Grinfeld,” and Srolovitz. as shown in Fig. 1. The system is assumed to be infinitely

Although surface diffusion is an important Kinetic pro- ey in thez direction so that a plain strain condition exists
cess, other kinetic processes could affect the evolution of

stressed surfaces. One possibility at high temperatures is the

Consider a sinusoidal surface of a film over a substrate,

y
diffusion of atoms through the bulk. The chemical-potential hxt) A=2mm |
gradient driving this volume diffusion would arise due to I‘—’| z x
capillarity*® and stress variations in the bulk produced by the

sinusoidal surface morphology. Note that for unstressed solid o.
dAuthor to whom correspondence should be addressed; current address: | |

Intel Corporation, Assembly Technology Development, CH5-159, Chan-
dler, AZ 85226; FAX: 1217) 244 5707; electronic mail: kihsia@uiuc.edu FIG. 1. Sinusoidal perturbations of the free surface of the stressed solid.
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throughout. The perturbation on the film surfgbenceforth Dinecion canvary) Strss diven vohume

referred to as the solid surfgcis assumed to take the form ~.

h(x,t) = a(t)cog wx), (1) . \_/ -—

wherea is the perturbation amplitude and=27x/\ is the
frequency with\ being the perturbation wavelength. An ar- N ]

. . . . Capillarity-driven volume diffusion of atoms
bitrary solid surface profile can be represented by a Fourier —s] —
series of such sinusoidal perturbations. The perturbation am-
plitude of the film surface is assumed to be small compared_lG- 2 A portion on the film surface between two troughs showing various
to its thickness, so that the film can be taken to be infinitely?ffusion processes.
thick while computing the fluxes near the free surface. The
slope of the film surface is also assumed to be small, implyandT is the absolute temperature. In writing E§), we have
ing dh(x,t)/ 9x<1 andd/ 9s= 9l 9x, wheres is the coordinate takenx to be #h(x,t)/ x>
along the film surface. For a film under mechanical equilibrium, the pressure

A remote stress.,. is applied to the film parallel to the  (hydrostatic streggust below the film surface varies accord-

axis. This stress can arise as a result of differential expanng to two independent “loading” parameters: capillarity
sion (or contraction of the film with the substrate due to (surface tensionand the applied remote stress, as explained
thermal-expansion mismatch, phase transformations, diffeiin the Appendix. Fractional vacancy concentration as a result
ential diffusion of different elements, or defects during of the pressure variation just below the surface is given by
deposition™ 2 We denoteo., positive if compressive. The Eq.(A3). This vacancy concentratiof(x,y=0), is different
stress along the solid surface is altered compared to the bufkom that far below the surface, which is the equilibrium
of the film as a result of the surface perturbation and is givertoncentratiorC, at a given temperaturgé and average stress

— -— O

ag #2930 o... We take the vacancy concentration variation in the film
5
oy (x,y=0) = 0., - 20..aw cOJ wX). (2) to bé
C,Q
The second term on the right-hand sigdRHS) of Eqg. (2) Cx,y)=C, + IzT

represents thehangein the stress at the solid surface due to
the sinusoidal surface geometry. The chemical potential 5 2 oy
along the surface of the wavy solid"# X| —aw’y+ 2(1+1)o.a0 |cofwx)e™.  (6)
x=U-xyQ, ©) It can be shown that the vacancy concentration given by Eq.
(6) satisfies the Laplace equatioi?C=0 everywhere in the
body. Therefore, sources and sinks of vacancies need only
exist along the surface of the film.

The concentration gradient in the vacancies in -
rection will result in a vacancy flux at the film surface

wherek is the solid surface curvatur€) is the atomic vol-
ume, U is the elastic strain energy per unit volume on the
solid surface, and is the solid surface energy per unit area,
assumed to be isotropic.

The strain energy density at the surfatkis given by

(Fig. 2),
(1-v)o?
U0xt) ===, =1~ 4aw cogwx)], (4) 3= _p 2lCxyia]
v v ay y:O
whereG is the shear modulus. In writing E@), the higher- DC 2(1 +v)
order terms ofiw are neglected as a result of the small slope = ;T”[ - 3 (waz} acogwx), (7)

assumption. If the film in Fig. 1 was not attached to the

substrate and free to move, the wavelenjtiwould be a  whereD, is the vacancy self-diffusivity. Note that for most
function of time. For a film attached to the substrate, how-metals, the productp,C,, is equal to the volume self-
ever, it is reasonable to assume that planes remain as p|an§iﬁusivity of the solid, D;. We replaceD,C, by D; in the

in the film during surface evolutioff. In such a case, cyrrent analysis. While writing Eq(7), the gradient of va-
h(x,t)=a(t)codwx), i.e., the fluctuation amplitude alone var- cancy concentration normal to the surface is approximated as
ies with time. The chemical-potential change along the surg[C(x,y)/Q]/dy and computed at=0 due to the small slope
face drives atom diffusion, giving rise to a flux along the assumptiort® The first term in Eq(7) implies that a net flux

surface(Fig. 2, also see Asaro and Tilfgr of atoms flows from the crests to the trougliég. 2) as a
DC.d x result of a net flux of vacancies from the troughs to the
Jo=-— kLS— crests. Thus, the vacancy flux due to the first term in(&y.
T 9x tends to flatten the surface profile. For a compressive remote
D.CL sin(wx) | (1 - v)o? stress, the second term of E@) will cause the troughs to
= Zaw’ - yaw® (5) i i itivaxi
KT G W=y ' experience a flux of vacancies along the positivaxis and
vice versa. Such a flux would roughen the film surface.
whereDy is the surface self-diffusivityC is the number of The surface and volume diffusion described above are

diffusing atoms per unit are&, is the Boltzmann constant, assumed to take place in the region close to the surface and
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Va temperatured>~*°In other thin-film roughening experiments,
this stress could be in the giga pascal rahy&?®
7, Js + (3] Jox) dx Few q; values for Ni-based bond coat alloys used in
thermal barrier systems and related materials have been re-
ported in literature. For NiAl, the activation energy for inter-
diffusion, g;, of 2.71-3.25 eMRef. 35 has been reported.
Jv The g, for Ni is about 2.89 eV/° For surface diffusion, the
reportedqg values for Ni vary considerably, from 0.82 eV
(Ref. 27) to 1.54-1.85 eV? This variation is due to surface

conditions and surface orientation. To the authors’ knowl-

hence the volume flux at the surface can be used to compulgyqe g for metal film surfaces in thermal barrier systems
the velocity of the surface, as shown in Fig. 3. Conservation,as not been experimentally determined. The ratio of

_of mass at a surface elemégfig. 3) gives the normal veloc- D,/(D.Cy) can thus vary over a few orders of magnitude

FIG. 3. Diffusion along an element of the surface.

ity depending upon conditions such as crystal orientation, tem-
ah(x,t) dJs perature, and surface cleanliness. For Ni, the @{it(DCy)
Vn=—r— =02+ (=) (8)  was reported to be about 2510725 m? at 1273 K and 1.8

X 1024 m? at 1473 K by some researchéfs® and was re-
The rate of change of fluctuation amplitude can then be comported to vary from 2.5% 10°2° to 1024 m? at 1273 K and

puted from the definition of(x,t), along with Egs(5), (7),  1.3x 107 to 3.7x10%*m? at 1473 K by other$®*® For

and(@) as Cu, D,;/(DLC,) has been reported to be K30 ?*m? at
1 da(t) DgCqp? (1-v)o? 1273 K®3"while for a-Fe, this ratio is about I8 m? at all
% dt - Sok'T'O e T G “’ - yo! temperatureiéf

The surface energy of the film is typically of the order
D10 _o it 2(1+v) ) 3 of 1J/n?. The isothermal(annealing temperature for
+We S R b M ) roughening experiments in thermal barrier systems is be-
tween 1373 and 1473 K:3"*'Note that the effect of the
Here,DCs and D, are replaced bYD4,Cy exp(—0s/kT) and  jsothermal temperature on our results is incorporated through
Dioexp(-gy/KT), with gs and g; being the corresponding the ratioD,/(D<Cy).
activation energies. The first term in E§) tends to roughen To gain an insight on the film surface roughening
the surface, irrespective of the sign of remote stress, whilghrough combined surface and volume diffusion, we find the
the third term roughens the surface only for compressiveymplitude change of surface perturbations with time as a
remote stress. The” (or 1/A?) dependence of the third term function of wavelength from Eq9) for a set of input param-
in Eq. (9) is similar to the 1(grain size? dependence of the gters given below. Fo6=100 GPa,»=1/3, 0,,.=25 MPa,
strain rat& during creep of a polycrystalline material. Note D,/(DCy=102m?, y=1J/n?, and 0=4.29x 102 m3

that the rate of the amplitude increase per unit amplitudgBjakely and Mykurgz for Ni), Eq. (9) gives
[(1/a)(da/dt)] in the present problem is thus analogous to

the creep strain rate. | { at) }
The second and the fourth terms in E8) represent the ag

tendency of the sinusoidal surface to flatten. In the absence

of remote stresses, we go back to the case described by (10

Mullins® where the surfacalwaysflattens through diffusion where P, Q, R, and S are parameters equal to &2CF,
at high temperatures. The decay constant during corrugatiog) g 10%, 1.3x 10°, and 2.3< 10° N/m?, respectively, for
smoothing®**is now replaced by a “decay” or an “amplif- the chosen set of material parametérsZwai/(wyG) is the

cation” constant dependmg upon the surface gndulaﬂon fredimensionless wavelength(tais the fluctuation amplitude
quency. The terms in Eq9) that have the most influence on at timet, while a, is the initial amplitude

e et v, e Pomalzed ampitude change of n e,
for the variables in Eq(9) from thé literature a function of waveleng_tm from Eq. (10) is p!otted in Fig.
‘ ' 4(a). The plot reveals different rates of amplitude change for
perturbations of different wavelengths. For surface undula-
IIl. RESULTS AND DISCUSSION tions with Wa\{elengths less than a'critical .valmg, [Fig.
4(a)], the amplitude decreases with time. This value is about
We start by analyzing Eq9) for constant temperature as 28 um in the present case. It can be seen that in this region
applied in various experimental studies of surface evolutio\ <\.,), the logarithm of the amplitude ratio is negative,
of stressei** and unstressed surfacs®° First, a brief lit-  i.e., the amplitude decreases rapidly as the wavelength of
erature survey of the typical values of the relevant paramwaviness decreases. On the other hand, undulations with
eters in Eq.(9) is presented, especially those pertaining towavelength greater thax, increase in amplitude at varying
the thermal barrier systems. The remote stries9 in the relative rates with time. The result also shows that the maxi-
films can vary widely. In films of thermal barrier systems, mum amplitude change occurs at a wavelength, [Fig.
this stress is in tens of mega pascals at high(a)] of about 38um in the present case. The components

8m°DLCN%05t ~ - -
=—— 2 N¥P-Q\T+RA-9),
y kTy*G? P-Q )
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FIG. 4. Ratio of amplitude change of a film as a function of wavelength for isothermal temperature (@tGonsidering both surface and volume diffusion,
(b) considering surface diffusion alorjirst two terms on RHS of Eq9)], and(c) considering volume diffusion alorj¢éast two terms on RHS of Eq9)].

with wavelengths close to this peak point grow faster tharD,/(DsCy)]. Figure %a) also shows that the values Bf,.x

the components of other wavelengths. The evolution of thelecrease with increasing stress at a given relative diffusional
film described by Fig. &) is qualitatively similar to that if rate, D;/(DsCs). This is due to the fact that the,, pre-

we consider surface diffusion alone, as shown in Figp) 4 dicted by surface diffusion alone in E(P) decreases faster
(also see Asaro and Tilteand Freuntf) or volume diffusion  with stress(proportional tog?) compared to that predicted
alone, as shown in Fig.(d). However, the critical and the by volume diffusion alonéproportional too..).

maximum wavelengths are significantly larger when consid-  Results similar to Fig. @) are plotted in Fig. ) for
ering surface diffusion alon@bout 1510 and 201pm, re-  low stress levels. Figure(b) shows that the inclusion of
spectively or considerably smaller when considering vol- volume diffusion terms has a considerable effect on the value
ume diffusion alongabout 0.28 and 0.42m, respectively.

Thus, for the set of parameters used to plot Fig. 4, neither of 200

the two diffusion paths alone can explain the waviness for-

mation seen in thermal barrier systéﬁmvhere the wave- 1601 =15 MPa

length of waviness is seen to be tens of micrometers. _ 120 6. =25MPa
Figure 4 suggests that given enough time to evolve, the g

film surface wavelengths should be relatively independent of } 801 o= 50 MPa

the initial surface features and be dominated by wavelengths 40]

close to\ . FOr the material parameters used to obtain Fig. === 100 WP

4, the contribution to roughening by the first term and the T TeieT e T To T

contribution to smoothing by the fourth term in E®) are D,/(D,C,) (m?)

negligible compared to those by the third term and the sec- OO et ettt

ond term af\ .. At A\ ax fOr the material parameters consid- ) Sut:ellfstgﬂ;si:g_g,lo:‘g

s\s) =

ered, the only destabilizing mechanism for the surface per-
turbations is volume diffusion, while the only stabilizing
mechanism is surface diffusion. Under these conditions,

E
- 30 D.C 1/2 T
Nmax= V2N = 277{#5—5] ) (12) D1/(DsCs) = 102 m
V)0 1

/(DsCe) =108 m

/(DsCs)=10""m
The value of\,, as a function oD,/(DCy and stress %0 %0 30 40 %0 60 70 50 %0 100
0., is shown in Fig. 5. Other parameters used to plot Fig. 5 o.. (MPa)

are the same as Fhoge use.d for FI@')AT.he domlnant sur- FIG. 5. Thek,a0f a film as(a) a function ofD,/(D,C¢)[=D,C,/(DC4)] at
face W?-Ve|_en9th In Fig.(® Increases W]th. decreasing _VOl' several compressive stress levels andas function of stress for several
ume diffusion relative to surface diffusigi.e., decreasing values ofD;/(DLCy).
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FIG. 8. Theka Of @ film as a function of tensile and compressive remote

FIG. 6. Ratio of amplitude change of a film as a function of wavelengthStresses for differerd,/(D.C,) values.

under compressive+25 MPg and tensile(—25 MPg stresses. Note that
the surface roughens under compressive stress but smoothens under tensile

stress. face roughens at a high rate and vice versa. For a given
volume to surface diffusivity ratio, there exists a critical
of Amax (Y @xis has a logarithmic scaleshen the film remote  stress magnitude below which no roughening occurs. The
stress is low. At high stress levels in giga pascal rangetress-sign dependence of the surface-roughening behavior is
though, the effect of volume diffusion would be insignificant a direct consequence of the vacancy concentration variation
(see Fig. 8 in line with previous analysest®'***3The  induced by pressure variation along a wavy surface. While a
effect of temperature o, can be qualitatively assessed remote compressive stress will increase the pressure at val-
from Fig. 5. As the annealing temperature decreases, the réeys and decrease it at crests of a wavy surface, as shown in
tio D,/(DC,) decreases sinag is smaller tharg;. Hence, a  Fig. 2, a remote tensile stress will give rise to the opposite.
decreasing temperature is equivalent to a decreasing The difference ink,,, under compressive and tensile
D,/(DCy in Fig. 5. The rate of this decrease depends orremote stresses can be more clearly seen in Fig. 8. Figure 8
(q1—05)- shows that, with surface diffusion alone, the dependence of
One significant feature of the current analysis is that\max ON stress levels is symmetric, i.e\,, depends only
unlike that predicted by considering surface diffusionupon the magnitude of the remote stress. However, inclusion
alone!®*°1012-14ne film roughening is sensitive to the sign of volume diffusion lowers the values f, under com-
of the remote stress. Under remote compressive stfeégs.  pressive remote stress and increases the valuggQlinder
4 and 5, volume diffusion driven by the remote stress tendstensile remote stress. Further, the current analysis indicates
to roughen the film surface while that due to surface tensiothat under tensile remote stress with volume diffusion,
(i.e., v) tends to smoothen the film surface. Their competi-roughening will not occur when the stress magnitude is be-
tion gives rise to surface rougheningat,, Under remote low a critical value, indicated by the terminating points in
tensile stress, however, both volume diffusion and surfac&ig. 8. This is not the case under a compressive remote
tension tend to smoothen the surface perturbatjses Eq. stress. This asymmetric surface-roughening behavior under
(9)]. At low tensile stresses, volume diffusion, and hence thigensile and compressive remote stresses has not been pre-
effect, is dominant, as illustrated in Fig. 6, which shows thatdicted previously. It may be partly responsible for the experi-
compressive stress causes the surface to roughen while temental observations of different behaviors in isothermal test-
sile stress does not. As the tensile stress increases, rougheng done below and above the processing temperature in the
ing due to surface diffusion increasingly dominates over flatfilms of thermal barrier systenis:*® Similar asymmetric be-
tening due to volume diffusion. Figure 7 shows thehavior has been predicted by a linear stability analysis of
normalized surface-roughening ratexat,, as a function of  viscous fingering of the interface between two linearly creep-
remote tensile stress, which demonstrates that, when theg fluids of different viscosity* Figure 8 also shows that, as
magnitude of the remote tensile stress is large, the film suithe magnitude of the remote stress increases, the influence of
volume diffusion diminishes regardless of the sign of the
remote stress.

= 1x10t . L
...... =102 m2 .. . “ .
el DD,y = 107"} The prerequisite for the current analysis to be valid is the
8 ot SR St 2 D,/(D,Cy) = 1028 m? . . . s
g ome{ T~ e ok existence of a sustainable average stress in the thin film dur-
= ~ D/(D,C,) = 1027 m ) - o L
T o'y \\ I ing surface morphology evolution. In epitaxial thin films,
< S . . .
.g. 1x10° ™ ' such stress is maintained because of lack of sources and
-1 . . . . . s
o "“°_2‘ W J sinks for point defects so that stress relaxation is difficult to
g o Y 4 occur. In the coatings of thermal barrier systsins., bond-
‘g 1x102 4 W r . .
g 3 coa), the maintenance of a relatively low stress level at el-
1x10°44 i 3 .
£ 10 ' ' B S evated temperatures may be attributed to the fact that the
-1500 -1250 -1000 -750 500 -250 © characteristic relaxation time due to volume diffusion is

FIG. 7. Normalized surface-roughening rate as a function of remote tensil€volution. Paret a

. (MPa)

stress at the wavelengiy,,,.

much longer than the time required for surface morphology
13> showed that, in free-standing bondcoat
tested at high temperatures, the stresses relaxed immediately
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after straining, likely due to dislocation creep. After the ini- y

tial drop, the stresses settled to a long period of nearly con- Solid surface with |

stant level. Such sustained stress over a sufficiently long pe- curvature K z x
riod would be able to provide the driving force for surface )_\
roughening in these coatings. Moreover, in thermal barrier A 4 t

systems, continued interdiffusion between bondcoat and sub- S N f A%
strate may also induce stresses in the bondcoat, similar to the Y Pressure =k "

mechanism analyzed by Sat al?’

It is also important to know whether the current analysis FIG. 9. Curved solid surface.
is capable of confirming the profound amplitude increases
during surface roughening of thin filnfi€¢* Some estimates APPENDIX
can be made for the amplitude change predicted by the cur- Consider a curved solid surface of curvaturen the
rent model. For conditions used to plot Fig. 5, when thex-y plane, as shown in Fig. 9. Simple mechanical equilibrium
remote stress is 25 MPa\n., is about 20um [i.e., shows that a pressure differencee., hydrostatic streys
D;/(DCy=3.9x102°m?] and Dgexd—qs/(kT)] is 5 equal toxy will develop in the solid just below the surface,
X 10°° m?/s, we get Ifa/a)=3.62x107°t (t in seconds  wherey is the solid surface energpssumed to be isotropic
Thus the exponential growth time of the instability is ap-and same as surface tensidnFor a crest on the solid sur-
proximately 8 h, small compared to the 25-h isothermal heatface, the pressure is compressive and vice versa. The frac-
ing in the experiments of Panat al?*and Panat and Hsfd.  tional concentration of vacancies just below the surface due

to this pressure is given by

C,vQ
kT

IV. CONCLUSIONS C'=C,+ K, (A1)

_In this paper we present an analysis describing the evQjhere C, is the concentration of vacancies in equilibrium
lution of sinusoidal surfaces of stressed films by consideringith 4 flat solid surface.

the diffusion of atoms through the film volume and along the |, the case of the surface of a film under a remote stress

film surface. Volume diffusion is shown to be influential at (Fig. 1), an additional hydrostatic stress is superimposed
the relatively low stress levelgens of mega pascal$ypi-  qyer that due to capillarity. Since the surface of the solid is

cally encountered in films in thermal barrier systems while.;,ed. this stress can vary along thaxis. Let us consider
not important at high stress levelgiga pascal rangeThe 5 fiim with its surface morphology given by E¢l) and
relative importance of volume diffusion is also controlled by \,qer a remote stress,, as shown in Fig. 1. The hydrostatic

the ratio of thg vqlgme ;elf-diffusivity to the product of the pressure due to the remote stress can be evaluatet 8s
surface self-diffusivity with the surface defect concentration. (. 4 oy toy) at y=0. Using Eq.(2) and assuming a

The inclusion of volume diffusion terms in the stability hjane strain condition, the difference between the hydrostatic
analysis implies a different behavior of the film surfaces un-

; | : ’ pressure at the sinusoidal surface of the film in Fig. 1 and
der a tensile and a compressive stress. This effect is, NOWr 4t of 5 flat surface is

ever, shown to affect the stability only at low stress levels.
The current study shows that, at the dominant instability
wavelength and under low stress and high-temperature con-

ditions, the only important destabilizing mechanism is vol- ) . ]
ume diffusion, while the only important stabilizing mecha- This pressure difference between the film surface and film

nism is surface diffusion. interior, which varies along, serves the same role in affect-
ing the vacancy concentration as the pressure variation due
to capillarity.

By finding a steady-state solution of the volume diffu-
sion problem for vacancies, the concentration of vacancies
just below the surfaceC, due to the combined effect of

AP= _?2(1 +v)o.aw COJwX). (A2)
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