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Self-assembled nanostructures through wavelength-controlled spinodal
decomposition
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The self-assembly of nanostructured materials through controlled wavelength spinodal
decomposition is explored using a simple model. The model assumes that a homogeneous alloy is
deposited on a rigid, periodically strained substrate. A linear stability analysis establishes that the
film will undergo spinodal decomposition with the dominant wavelength determined by the
periodicity of the substrate strain. ®003 American Institute of Physics.

[DOI: 10.1063/1.1602581

Current magnetic recording technology is bounded by  The film is initially homogeneous, with a concentration
the superparamagnetic limit. To achieve maximum bit denC, of B, such that there is noetlattice mismatch with the
sity at this limit requires the recording media to be composedubstrate. This results in thecomponent of the total strain
of an array of 8—9 nm single domain ferromagnetic particlesof the film at the interface beingj,(x, —h) = €5 COS(kX).
with a monodisperse distribution of particle siZeSreation The stability of the homogeneous film with respect to
of such structures using lithography is not currently eco-segregation is assessed by calculating the change in free en-
nomically feasible, nor is one likely to achieve the requiredergy of the film associated with the introduction of a concen-
uniformity through direct deposition methods. tration wave with infinitesimal amplitude. This free energy
It has been argued theoretically,and demonstrated change includes two contributions: one arising from the
experimentally that an array of misfit dislocations may in- chemical composition of the film, and another arising from
troduce a preferred length scale during submonolayer epita)@lastic strains. .
ial growth. Under favorable conditions one may grow highly Tfl11e analysis presented here follows closely that of
ordered arrays of misfit dislocatiofis] yielding a periodi- ~ Cahn.” and is similar in spirit to the prior analysis of thin-
cally strained film surface. If this strained film is now used as/lm spinodal decompositiofi:*~**The concentration is cho-
a substrate for the growth of a second alloy film, and thisS€" t0 be
secon_d fil_n_1 is unstable to spinodal decomposition, one ex- C(%,y,2)=Cy+AC cog kX), 1)
pects intuitively that the preferred wavelength for the decom-
position will be dictated by the substrate strain. Hence, suclvith AC<C,. The composition fluctuation is assumed to be
a system offers the opportunity to generate nanostructed mamiform throughout the film thickness and neglects any mor-
terials that may be suitable for technological applications. phological instabilities in the film surface. This assumed
It is demonstrated here, using a linear stability analysisstructure is correct in the limi <« *. In the more general
of a simple model, that the most unstable wavelength in th€ase, the assumed structure npagcludethe most unstable
decomposing film is set by the periodicity of the substratemode. However, if the film is unstable with respect to the
and that a thin film not subject to spinodal decompositiongrowth of this constrained composition fluctuation, then the
will still develop a periodicity dictated by the substrate. Fur-film is certainly unstable to the growth of the lowest energy
ther, even in the absence of a periodically strained substratéoncentration fluctuation.
films not unstable to spinodal decomposition in the bulk may ~ The mean chemical free energy density of the film is
display spinodal decomposition in a thin film, a conclusion
consistent with those of Refs. 8—-10. z
The studied rudimentary model of spinodal decomposi- x
tion is depicted in Fig. 1. An elastically isotropic binaky-B
alloy is deposited on a rigid substrdiee., it is assumed that
the film is much more compliant than the substratéth a
periodically varying lattice parameter along tkedirection
only. The alloy is assumed to have elastic moduli and surface
energy independent of composition but the two species com-
prising the film differ in molar volumes.

FIG. 1. Diagram showing infinite homogeneous isotropic elastic film on a
rigid substrate with a periodic lattice constant. The origin is at the free
3E|ectronic mail: dcchrzan@socrates.berkeley.edu surface of the film.

0003-6951/2003/83(7)/1364/3/$20.00 1364 © 2003 American Institute of Physics
Downloaded 15 Jun 2005 to 128.32.120.48. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



Appl. Phys. Lett., Vol. 83, No. 7, 18 August 2003 Greaney et al. 1365

2 acd 0)=4W —#cosh §)+(1—2v)sin
(fo=fot %JFF;C AC2, @ oo 0) 0(6’)[9.0 o) +( )sinh(6)]
+2W,(6)sinh(280), (8
with fiz(aif/(?ci)(;:%, andI" describing the excess gradi- w
ent free energy associated with the fluctuation. Wo(6)= m{5+ 26°—[4v(3—2v)
The total strain tensok'(x,z) in the film can be con-
sidered to have three componentg'(x,z)=€(x,2) +(3—4v)cosh20)]} . 9

T GC(X’Z,)”L €>(x). Here, €(x,2) is elastic strain imposed ygre , and v are the shear modulus and Poisson’s ratio of
on the film by the substrate>7(x) is the dilatational stress na fim ande.=AVAC/3. with AV=Vg—V, . whereV,
) Cc I} )

free straincthat accompanies the change in local concentray, gy, are the molar volumes of the pure components. In the
tion, ande~(x,2) is the elastic strain induced by the Sress it that the film is very thin in comparison to the hetero-

. T . . ey
free strain so that'(x,z) satisfies the condition of compat- ganeity and interface strain periot—0), the mean elastic
ibility. The present problem may then be solved by writing energy density becomes

Hooke’s law incorporating the stress free strain, and then
solving the appropriate partial differential equation. This ap- o 5 6§
proach, while obviously correct, is not the most intuitive. (Eep— 15| 1t + 5= eces(1+v)/.
Here, an alternative, more intuitive solution is presented. (10)

The substrate imposes a condition of plane strain that i
independent of the concentration fluctuation esx,z) must
independently satisfy the condition of compatibility, and thus
can be found by solving the biharmonic equati®fy=0,
where ¢ is the Airy stress function. This equation is simply
the cor_npatl_bmty condition for plane _stress Whe,re the stram%e free energy is linear IAC, defined to beAf,,, propor-
are written in terms of the stressasing Hooke’s law and . e

. . . . tional to 6, ., and is given by

the stresses are, in turn, written in terms of the Airy stress s’

Tn the limit of the thick film the elastic energy becomes that
of the infinite solid in Eq.(5).

An infinitesimal fluctuation will grow if the mean free
energy density of the systeniH) +(f.)) is decreased with
increasing concentration amplitude. The only contribution to

function (satisfying the equilibrium equatipnThe general AVAC
form of the stress function for the current problem is Afjn=—acd 0s)(1— 7)€ 3 (13)
P(x,2) ={Asin(kx) + cog kX) {(@o+ a;2)siNN( «2) The functiona{ #) is positive for all 6, so the film is un-
+(Bo+ Brz)cost{ k2)}. 3) stable with respect to the growth of a composition fluctuation

that matches the substrate strain. Since the reduction in free
€(x,2) is computed by findingd, «g, a;, By, andB,,  energy due to this termis linear &C, this mode is the most
which satisfy the boundary conditions of no surface tractionginstable during the initial stages of decomposition. Further-
and coherence with the substrate. more, the instability of the film to first order iAC is dic-

The Compat|b|||ty Strainfc(xlz), is found by consider- tatedentirE|y by the elastic pl’operties of the film: chemical
ing the elastic strain tensae®(x), of a bulk solid containing ~ contributions to the free energy do not affect this instability.
a concentration p|ane Wa\(after Cahﬁl), and add|ng a cor- TherEfore, this |nStab|l|ty occurs in all alloy films with
rective strain to remove surface tractions. Since bothAV#0 on astrained substrategardless of whether the bulk
(x,2), and€3(x) + €F(x) independently satisfy the condi- System displays a m!smblhty gapurther, this instability can
tion of compatibility, then the corrective stress also satisfiegPpear at technologically relevant wavelengths smaller than
the biharmonic equation and can be found by forcing thehose accessible to chemically driven spinodal decomposi-
stress function in Eq3) to be coherent with a uniform sub- ton. B _
strate and cancel the surface tractions resulting feS(x). At all other wavelengths, the stability of the film to con-

Computing the strain state in this fashion allows thecentration fluctuations is determined by terms of orler’.
elastic energy to be calculated as the sum of the elastic edhese terms are defined Adq,,qand are
ergy of a plane wave heterogeneity in a bulk material plus

AV?
the work done as the interfacial and surface corrective strains ~ Af .= @— acd 00)(1+v)? 9 AC?, (12
are applied. This procedure yields an elastic energy density
2.2 2.2 with
<Eel> = <Ebulk> —acd 0c)(1+v) €.t asd 05)(1—v) €s AV2 (1+)
14
= 8y, ik Bed 0s) (1= %) eces, (4) A(ke) =Fot 20 ki +4p 9 (1=v)’ (13
with &, the Kronecker deltag.=hk., 6s=hks, and The film is unstable with respect to the growth of composi-
o tion waves with wave vectok, if the term in braces in Eq.
,1+v (12) is negative, while the stability of bulk modes depends
(Epui) = p€c 1—p° ®  onthe sign ofy( ;). The functiona.( ) is zero in the limits

that thatd—cc and 6—0 (the bulk solid and the infinitesimal
acd 0) =8W,(0)sintP(6/2){6+ (1—2v)sinh(§)},  (6) film) and positive every where in between. It can be seen
from Eq.(12) that alloys that as bulk solids are strain stabi-

ad 0)=Wy(6)[26+sinh(26)], (7) lized may be unstable when in the form of a film. Moreover,
Downloaded 15 Jun 2005 to 128.32.120.48. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



1366 Appl. Phys. Lett., Vol. 83, No. 7, 18 August 2003 Greaney et al.

in such cases, the.=0 mode will not be the first to go An estimate of the amplitude of this fluctuation for a material
unstable(as is the case for bulk alloysbut there will be a in which bulk spinodal decomposition is inhibited by the
closed domain of unstable modes with a length scale gowelastic strain indicates that the steady state amplitude of this
erned by the film thickness. concentration wave can be large enough to invalidate the
Simply knowing that an alloy film will segregate is not linear assumptions made here, so the effect is expected to be
sufficient for deciding if an alloy is a suitable candidate for significant!*
producing self-assembled nanostructures. It is necessary also In conclusion, it is demonstrated that alloy films depos-
to understand the extent of segregation, and the relative anited on a periodically strained substrate may spinodally de-
plification rates of competing modes. The driving force forcompose and the initially most unstable concentration fluc-
evolution of a composition fluctuation is the variation in the tuation uniform throughout the thickness of the film has a
mean total free energysf,), which accompanies a varia- wavelength determined by the periodicity of the substrate.
tion in the concentrationyC(r). Following Cahn, the gen- While there may be concentration fluctuations more unstable
eral form of this variation is than those considered here, the current calculation estab-
1 5 = OEq lishes rigorously the instability of some thin films to spinodal
<5ft0t)—fvv fi+f,C-2I'V°C+ 5C

ocdv, (19 decomposition at the hanometer scale. In the thin film limit,

the assumed form of the composition fluctuations is the ex-

where the composition distribution is given l§(r)=C, pected form, and the linear amplification rates can be ob-

+E:(r). The term in brackets in Eq14) is the chemical tained. Hence, wavelength-controlled spinodal decomposi-

potential, 7(r), so if evolution of the composition distribu- tion is a viable candidate for the self-organized growth of
tion is diffusion mediated then the change in concentratiorlanostructures.
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Downloaded 15 Jun 2005 to 128.32.120.48. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



