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Linear growth of thin films under the influence of stress
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Department of Applied Physics, Materials Science Center and Netherlands Institute for Metals Research,
University of Groningen, Nijenborgh 4, 9747 AG Groningen, The Netherlands

(Received 9 January 2001; accepted for publication 23 March)2001

We have studied the growth of thin films in the presence of stress instability that enhances the
roughness and roughening induced by conservative as well as nonconservative noise. It is clearly
illustrated that nonconservative noise effects may enhance stress induced roughness. Nevertheless,
the incorporation of conservative noise appears to also be substantial in growth processes driven by
diffusion. For growth on a rough substrate the dependence of the amplitude of the surface roughness
on the film thickness differs from that of a film growing on a flat substrate. The amplitude shows a
minimum at a particular substrate thickness, which indicates that the growth up to this thickness is
enforced by undulations of the substrate. 2001 American Institute of Physics.

[DOI: 10.1063/1.1372209

In thin film technology the control of roughness inducedlinear Langevin dynamics that allow direct calculation of
by growth is of considerable importance because surface arté¢levant roughness parameters.
interface roughness influences many physical properties, If surface diffusion is the predominant mechanism of
e.g., thermal, electrical and magnefié.In many cases the surface relaxation of the incoming adatoms on the surface,
growth of thin films occurs on substrates with different lat- the growth fronth(r,t) ((h(r,t))=0) for weak roughness
tice parametergheterogrowth, which imposes besides ki- (IVh|<1) evolves according
netic effect§ ! additional constraints on the mode of fim Sh(r.t)
growth due to the development of stré8dn general, the ’
morphology of the film surface will be the result of the com-
petition between noise induced roughening, possibly step- + 7(r,t) +np(r,t). (1)

edge barrier induced roughening, surface relaxation mechar—he term —CyV*h represents surface diffusion due to

nisms, lateral groth nonlinearit.iés,as well as stress the curvature induced chemical potential gradief.
development at the film/substrate interface. - =D¢Q28/kgT, with Dy the surface diffusion coefficient,

A lattice mismatch of 1% can easily lead, without plastic the sypstrate temperatui®, the atomic volumeg the num-
relaxation, to a stress level of the order of GReg., in  per of atoms per unit area,the interfacial tension, anfd the
InGaAs/GaAs. This effect becomes even more dramatic fordeposition rates(r,t) represents a nonconservative Gauss-
nanometer scale system dimensidnslO nm where the jan white noise of amplitud® (<R) due to the deposition
contributions of surface tension are import&hfThe film  process with (#(r,t))=0 and (#(r,t)n(r',t'))=2D&(r
may release stress by the creation of additional surfacer’)s(t—t").”* 7p(r,t) is a conservative noise due to sur-
roughness to an extent that depends also on the possidiace diffusion with{7p(r,t))=0 and (7p(r,t) 7p(r',t"))
surface relaxation mechanism. Indeed, linear stability analy=2kV23(r—r')s(t—t’).”**  The term  C/2M)
sis has shown that the nominally flat surface of an elastically< V[ ow(h) 1>~ o?} (Ref. 10 is due to stress on the grow-
stressed body is unstable with respect to growth of perturbdflg film because of film/substrate lattice mismatch. SUbSCfipt
tions with a wavelength larger than a certain criticalt indicates the tangential component to the surface of the
wavelength® However, up to now there has been only scantStress fieIdM iS .the elastic modulu;, and the mean stress
research available on the properties of thin film growth in the®f the growing film. A free surface is traction free along its
presence of both stress and noise induced roughening effecformal direction with stress componerntg,= o1, =0 with

In this work we concentrate on growth processes undestbscriptn indicating the local direction normal to the sur-

the influence of stress for coherent film/substrate interfacefsace' Perturbatlor_] analysis for a sinusoidal profile of
wave vector q yields for weak roughness|Y{h|<1)

a}nd materials that dp not'dlffer too much in elastic proper_x(Q/ZM){[att(h)]z—az}=(2902/M)q sin(@-r). 22
ties. Surface relaxation will be considered by surface diffu- . : .
Therefore, the solution of Eq(l) is straightforward

sion which is a noisy process and thus contributes a nois:{—:hrough Fourier transformatior(r , t) = (1/27) [ei97d2q
term (so-called conservative noisethat obeys the ><fto[®(q,7-)+D(q,7-)]e‘[CWA‘(zc"z/M)qs](“T)dq-,13 which

fluctuation-dissipation theorem, in addition to the so-called . .
. . . . glelds the roughness spectrum of the growing surface front,
nonconservative noise that is present in the beam of depos-

o =~ CyVih—(C2M)V¥{[oy(h)]*~ 0%

iting adatoms? The growth process will be described by ) 4(D+q°Dy)
h(q,t = —
<| (q )l > 2 [qu4—(2Ccrz/M)q3]
dAuthor to whom correspondence should be addressed; electronic mail: " 5 3
hossonj@phys.rug.nl X (1— e ACya = (2Ca Mgty 2
0003-6951/2001/78(20)/3044/3/$18.00 3044 © 2001 American Institute of Physics
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FIG. 2. w,s vs film thicknesgd(= Rt) for various activation energy barriers
FIG. 1. Calculations of|h(q,t)|2) from Eq.(2) vs wave vectoq for vari- E,D/R=0.1, andT=300 K. The inset shows/s vs substrate temperature
ous nonconcervative noise rati@R and E=0.5eV, t=30s. The inset | fof various growth times, D/R=0.1,E=0.5eV.
shows(|h(q,t)|?) vs q for various substrate temperaturésD/R=0.1, t

=30s, andE=0.5eV. - . .
s an ° fast (solid line, Fig. 2. However, for low energy barriefs

(fast diffusion, w;ys is small and dominated by thermal

. noise fluctuations due to the diffusion procddstted line,

1g-r Y — !

Xf,”D(rét)e Go)lr, ,<(j)(q_,t%(3(q2; )i_ ,2[;5((1"',(4 )5(td E=0.1e\). Similar is the situation with increasing substrate

_®t ). ( _D(g)'t) D(q_’g B’;‘ sa°5(q+q") 5(t—t’), an temperatureT (inset of Fig. 2. Indeed,w, is larger with

{ (gt)>_<| 'ID(C."t»_ : ; qf ilm of modul increasing deposition time at low temperatures, while at
ur calculations were performed for a film of modulus higher temperaturegor the parameters usgdll the curves

M O: éj;ngfoa’ mean stress= 5_.80(33Pa, n;;e_rfagf:eétinls;ozm collapse and increase with increasing temperattire ther-
R ;- atomic spacingc=0.3nm, {=c%, o= 1/c*, mal or diffusion noise effegt

and an average deposition rae=0.3 nm/s(the film thick- In the absence of conservative noise the roughness am-

Ness isd :.Rt) such tha.ltR>D'l3f Although under equilib- plitude will continuously decrease with increasing substrate
fium conditions _t.he. noise amplitud behave; a®x R, temperaturéFig. 3). Moreover, with increasing amplitud2

for far frpm equiliprium 9“"3’"“ the relationship betweén of the nonconservative noigeset of Fig. 3, the roughness
and ?6 |52 more complex: . For D we _assum_ed[_)s amplitude increases at low temperatures. The transition to a
= (10" m/s)exp(-ElksT) with E a diffusion activation thermally dominated regime occurs with the presence of a

barrier. We omit any tempe_rature de_pendence of the averaghinimum, which is more pronounced Bsdecreases. Actu-
stress,o, because we consider refatively low substrate temI’;\IIy, the transition shifts toward lower substrate tempera-

peratures during the film growth. As E¢R) indicates, the

system will experience unstable growth for roughness wave-

lengths larger thah = 7wyM/a? which yields for these pa- ot ) ! ’ _ ’ _ !

rameterd. =6.86 nm. 1
We now discuss growth on a flat substrate. Because —— DR

{In(q,t)|?)~D, the roughness amplitude will increase sig- ] o QRO

nificantly with increasing noise amplitud®, indicating the o~ g L - ORd

importance of including noise effects in the growth process g 3 k

(Fig. 1). Clearly, noise effects enhance the formation of ;“ 10

roughness due to stress instability. Moreover, at low tem-

peratures where surface diffusion is minimal, the roughness

spectrum({|h(q,t)|?) increases monotonously with over

the natural range of wave vectors@<g.(= 7/c) (inset of

Fig. 1. It decreases for wave vectogs>q, (=2n/L) at an

increasing rate with increasing substrate temperature.
Furthermore, from Eq(2) we can calculate the root 0|-I . ) - - - - - A

mean squarérms) roughness amplitude,,,s, which is de- 100 200 300 400 500

fined by Wipne=(27)fo=q=qIN(a,)[*)adq. Figure 2

showsw, s versus film thicknessl(=Rt) for various diffu- T(K)

sion energy barrierg. As the energy barrief increases and . S

thus diffusion becomes less predominant the roughening irﬁl)?s'e% /"F‘{’QSO.‘(’)SLfibssg";‘feELeg‘é’iﬁt“{ﬁe"‘i’gzgt“tshch;‘fm”f\‘/té"zugg{f;'g”a'

duced by the presence of stress predominates the grow: peratureT for various nonconservative noise amplitud@st=30s, E

mode. In this casew,s increases with film thickness rather =o0.5ev.
Downloaded 06 Oct 2006 to 129.125.25.39. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp
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e T S HE— E— m—— growth up to this thickness is enforced by undulations of the
substrate. The initial decrease of the roughness is governed
by conservative noise roughenitfyt’ The behavior is also
similar for increasing correlation lengthkis

In conclusion, we studied the growth of a thin film in the
presence of stress instability and noise induced roughening.
It is illustrated that nonconservative noise can enhance stress
induced roughness. Conservative noise appears to have a
substantial effect in the growth process driven by surface
diffusion. A precise understanding of stress influences on
film growth requires the inclusion of nonlinear growth as-
pects and stress release by dislocation formation at the film/
substrate interfac¥
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