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Abstract. Two previously suggested, physically distinct mechanisms for a growth instability of vapor de-
posited films, the finite atomic size effect and the particle deflection effect due to interatomic attraction,
are reconsidered, further analyzed, and compared. We substantiate why the instability caused by inter-
atomic attraction must be considered as the truly underlying instability mechanism. We demonstrate that
aspects of the structure zone model of Movchan and Demchishin can also be consistently explained using
the growth instability induced by particle deflection instead of the instability arising from the atomic size
effect. Most significantly we show that, for vapor deposited amorphous Zr65Al7.5Cu27.5-films, the growth
instability due to the atomic size effect cannot be present.

                                                                             

1 Introduction

The preparation and properties of thin films constitute
an important field of scientific research and its technolog-
ical applications. Since the condensation of the films hap-
pens far from equilibrium, the structure and the proper-
ties of the films depend strongly on the deposition process.
Therefore, the understanding of the mechanisms leading
to the formation of films has attracted considerable in-
terest [1–5]. Experimental investigations have resulted in
a classification of the film structure as it depends on the
deposition parameters, especially the substrate tempera-
ture [3–5]. Such a classification can help to identify the rel-
evant mechanisms during the growth process of the films.
For instance, activation energy determinations have re-
vealed the importance of bulk diffusion at higher substrate
temperature [4], whereas at intermediate temperature sur-
face diffusion is the dominant process [3]. In the latter
case, roughening due to the deposition of particles then
competes with smoothing due to surface diffusion. The
surface can evolve into self-similar structures or, in the
presence of a growth instability, into a pattern with some
intrinsic periodicity. Leamy et al. [6] suggested that the
finite size of the atoms induces a growth instability of the
type ∼ −∇2H (where H(x, t) denotes the coarse-grained
surface morphology) because arriving atoms are attached
to the surface at a position separated from their center
of mass. Mazor et al. [7–9] took up this idea in order to
predict the surface morphology of vapor deposited films of
zone II microstructure and to estimate the zone I to zone
II transition temperature in the zone model of Movchan
and Demchishin [3]. They argued that this growth insta-
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bility overcomes the effect of the surface diffusion below
the transition temperature, leading to the porous struc-
tures of zone I.

On the other hand, Shevchik [10] suggested that a dif-
ferent instability caused by particle deflection due to in-
teratomic attraction gives rise to the growth of surface
irregularities on vapor deposited amorphous films. This
can lead to the formation of voids when surface diffusion
is suppressed.

The aim of this paper is twofold. First, in Section 2, by
carefully reconsidering the afore-mentioned mechanisms,
we substantiate on theoretical grounds (i) why the atomic
size effect is not a feasible option to trigger a growth in-
stability and (ii) that the deflection effect must be consid-
ered as the genuine mechanism for that instability. Sec-
ond, in Section 3, even putting aside the arguments in
Section 2 for the moment, we demonstrate that (i) re-
cent experimental data on vapor deposited amorphous
Zr65Al7.5Cu27.5 films cannot be consistently explained by
the atomic size effect and (ii) the transition temperature
T1 between zone I and zone II microstructures of the struc-
ture zone model of Movchan and Demchishin previously
interpreted by the instability arising from the atomic size
effect can also be consistently explained by the deflection
effect. Section 4 summarizes the results of our study.

2 Different growth instabilities

2.1 Finite atomic size effect

Mazor et al. [7–9] and, earlier, Leamy et al. [6] suggested
that the finite extension of the deposited atoms (of ra-
dius δ) can lead to an unstable growth of the surfaces of
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Fig. 1. Sketch of the growth instability attributed to the finite
size of the atoms [6–9]: If a particle is deposited on the “real
surface” it is actually (with its center of mass) deposited on
the “imaginary surface” that is separated by the atomic ra-
dius δ from the “real surface”. As a consequence, it seems that
the segment C −D of the “real surface” receives an increased
particle flux due to its negative curvature ∇2H < 0.

vapor deposited films. They argued that, if a particle is
deposited on the surface H(x, t), this deposition actually
takes place on an imaginary surface that is displaced by
δn(x, t) from the real surface (x,H(x, t)); see Figure 1.
Here, n(x, t) denotes the unit vector perpendicular to the
surface and reads

n =
1
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Fig. 2. Sketch of the deflection effect [10]: When the particles
are close to the surface they are attracted by interatomic forces
in a direction perpendicular to the surface. Consequently, more
particles arrive on mounds than on valleys.

(in a direction perpendicular to the surface) happens in-
stantaneously when a particle arrives at a distance b from
the surface [15], as shown in Figure 3. This idealization is
reasonable if the initial kinetic energy of the particles (typ-
ically a few tenths of an eV in physical vapor deposition
experiments) is small compared to their binding energy
on the surface (typically a few eVs). Here, the parame-
ter b characterizes the effective range of the interatomic
forces and depends on the specific details of the interac-
tion potential and the initial kinetic energy of the parti-
cles (cf. the Appendix for a quantitative estimate of b).
As shown in Figure 3, b can be larger or smaller than the
atomic radius. Using the same mathematical technique as
in the previous section and again adding the contribution
of the surface diffusion, we obtain the surface evolution
equation

∂tH = F − Fb∂x
∂xH
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Fig. 4. Without the influence of the interatomic attraction the
particle does not traverse the boundary between the area of the
valley V and the area of the mound M . It only “looks” into
area M . This again shows that the finite atomic size cannot
cause a growth instability.

instability of the type −∇2H must necessarily be the re-
sult of a mass current of the form j ∼ ∇H. However, the
atomic size does not cause a mass transport parallel to
the substrate, as shown in Figure 1. The current j ∼ ∇H
that is included in the model equations (7, 8) is essen-
tially the result of an unjustified change in the description
of the particle position. Before deposition, the location of
the particle is described by the coordinates of its center
of mass, but after deposition, the particle position is de-
scribed by the place where it sticks to the surface. This
leads to a fictive motion from point A to point B in Fig-
ure 1. In contrast to that, the interatomic attraction re-
sults in a real motion of the particle in the direction of the
height gradient, as shown in the Figures 2 and 3. Since
only real displacements of particles count in the growth
equation, we conclude that the finite atomic size effect is
unable to cause a growth instability.

This statement can be further substantiated by the fol-
lowing, simple consideration. In Figure 4 we show a height
profile that possesses a valley in area V and a mound in
area M . In the presence of a growth instability particles
should traverse the boundary from V to M in order to
enhance the height increase of the mound. However, the
particle shown in Figure 4 (without the inflection of its
trajectory due to interatomic forces) does not cross the
boundary between area V and area M . It only “looks”
into area M with a part of its volume. That the particle
in Figure 4 sticks to the surface at a place that is on the
right of its center of mass does not imply that it prefers
to diffuse to the right.

3 Comparison with experiments

3.1 Transition temperature between microstructural
growth regimes

Since the effective range b of the interatomic forces usu-
ally has the same order of magnitude as the atomic radius
δ, experimental indications of the relevance of the growth

instability based on the finite atomic size effect can also be
interpreted as the result of the instability that is caused
by the particle deflection. For example, the transition tem-
perature between the zone I and zone II microstructures
appearing in the growth of thick vapor deposited films
has been derived by Mazor et al. [7,8] from the smallest
unstable wavelength λ0 = 2π

√
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exponential growth of all physically meaningful Fourier
modes if the temperature T is smaller than T1. In addi-
tion, the growth rate of the Fourier modes predicted by
equation (10), σ(k) = Fbk2 −Dek

4, takes very large val-
ues below the transition temperature T1. Then, the max-
imum F 2b2/4De of σ(k) that occurs at a wavelength of√
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Fig. 5. The solid lines depict the correlation length Rc and surface roughness w calculated from the linearized growth equa-
tion (14) using the parameters given in equation (18) as functions of the layer thickness that is determined by Ft. The dashed
line shows the correlation length Rc resulting from equation (14) using the parameters a1 = −0.119 nm2/s, a2 = −0.658 nm4/s,
and D = 0.0249 nm4/s. The dash-dotted lines show the prediction that results from equation (14) using the parameters
a1 = −0.119 nm2/s, a2 = −0.459 nm4/s, and D = 0.0119 nm4/s. The diamond symbols represent the corresponding experi-
mental results (taken from [16–19]).

the ratio a2/a1 can be estimated. The surface roughness
w(t) grows exponentially with the growth rate σ(kc) =
−a2

1/4a2, when the critical mode dominates at larger layer
thicknesses. Since an exponential growth of w(t) is also
observed in the experiments for film thicknesses between
30 nm and 240 nm (cf. the diamond symbols in Fig. 5b),
the ratio a2

1/a2 can also be estimated. From the ratios
a2/a1 and a2

1/a2 the coefficients a1 and a2 can roughly
be derived. Using a systematic parameter identification
procedure that starts from these roughly estimated values
of a1 and a2 described in reference [13], we have obtained
the following parameters

a1 = −0.0826 nm2/s, a2 = −0.319 nm4/s,
D = 0.0174 nm4/s, (18)

that fit the experimental results best. The solid lines in
Figures 5a and b show the correlation length Rc(t) and the
surface roughness w(t) resulting from equation (14) using
these parameters. There is obviously a very good agree-
ment with the experimental results up to a layer thick-
ness of 〈H〉 ≈ 240 nm. Additionally, using the complete
nonlinear growth equation (13), the experimental data at
larger film thicknesses 〈H〉 ≤ 480 nm could also be repro-
duced [13]. From the coefficient a1 given in equation (18)
and the relation a1 = −Fb we have determined the effec-
tive range of the interatomic forces given by b ≈ 0.1 nm.
As remarked in reference [13], this value is a little bit
smaller than the atomic radii of Zr, Al, and Cu and has
therefore a reasonable order of magnitude.

Next, we investigate whether the growth instability
arising from the finite atomic size effect can also repro-
duce the experimental data. In this case, the coefficient
a1 of the equations (13) and (14) is given by the relation
a1 = −Fδ where δ is the atomic radius. The metallic radii,
i.e. the half of the minimal distance between neighbouring
atoms, of the pure elements Zr, Al, and Cu are given by
0.16 nm, 0.143 nm, and 0.128 nm, respectively [21,22]. If

we weight these radii according to the stoichiometric com-
position of the three elements in the Zr65Al7.5Cu27.5-films,
we obtain an averaged atomic radius of δ = 0.15 nm. This
yields a coefficient a1 = −0.119 nm2/s that exceeds the
one given in equation (18) by 44%. If we adjust the other
parameters to a2 = −0.658 nm4/s and D = 0.0249 nm4/s
in order to obtain the same time constant |a2/a

2
1| and the

same height constant
√
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Fig. 6. Sketch of the deflection effect (in the local coordi-
nate system of the surface). The particle hits the surface at
a position that is displaced by a distance ∆x′ from the dis-
posal position for V (z′) ≡ 0. The attractive interaction po-
tential V (z′) < 0 possesses a minimum at z′ = 0. Therefore,
the x′-axis of this figure lies in the “real surface” that is de-
fined in Figure 3 where the attractive and repulsive forces from
the already condensed surface atoms onto the arriving particle
compensate each other.

why the instability caused by particle attraction seems
to be the physically relevant one. Further, we have illus-
trated by an example that experimental indications of the
growth instability due to the finite atomic size effect can
also be consistently attributed to the instability induced
by the deflection of particle trajectories. Finally, we have
shown for the specific case of vapor deposited amorphous
Zr65Al7.5Cu27.5-films that the growth instability due to
interatomic attraction leads to a consistent explanation
of experimental data [16–19], whereas the other growth
instability cannot be present. This corroborates our theo-
retical reasoning that the atomic size effect is not a sub-
stantial instability mechanism.

This work has been supported by the DFG-Sonderfor-
schungsbereich 438 München/Augsburg, TP A1. We also
thank S.G. Mayr, M. Moske, and K. Samwer for interesting
discussions.

Appendix A: Estimation of the effective range
of the interatomic forces

Here, we present a derivation of the effective range of the
interatomic forces b in terms of the attractive interaction
potential and the initial kinetic energy of the particles. Let
us suppose that the film surface is flat, but oblique com-
pared to the particle beam, as shown in Figure 6. Consider
a particle that travels from a large distance towards the
film. Initially, the angle between the particle direction and
the direction perpendicular to the surface is Θ. On its way,
the particle changes its direction due to the attractive in-
teraction potential V (z′) < 0. Therefore, the particle hits

the surface at a point that is displaced by a distance

∆x′ =
∫ ∞

0

dz′
(

tan(Θ) − vx



442                            

References

1. A.L. Barabasi, H.E. Stanley, Fractal Concepts in Surface
Growth (Cambridge University Press, Cambridge, 1995);
W.M. Tong, R.S. Williams, Annu. Rev. Phys. Chem. 45,
401 (1994); J. Krug, Adv. Phys. 46, 139 (1997); M. Marsili,
A. Maritan, F. Toigo, J.R. Banavar, Rev. Mod. Phys. 68,
963 (1996)

2. J. Villain, J. Phys. I France 1, 19 (1991)
3. B.A. Movchan, A.V. Demchishin, Phys. Met. Metallogr.

28, 83 (1969)
4. B.A. Movchan, A.V. Demchishin, L.D. Kooluck, J. Vac.

Sci. Technol. 11, 869 (1974)
5. J.A. Thornton, Ann. Rev. Mater. Sci. 7, 239 (1977)
6. H.J. Leamy, G.H. Gilmer, A.G. Dirks, in Current Topics

in Materials Science, Vol. 6, edited by E. Kaldis (North-
Holland, Amsterdam, 1980), p. 309

7. A. Mazor, D.J. Srolovitz, P.S. Hagan, B.G. Bukiet, Phys.
Rev. Lett. 60, 424 (1988)

8. D.J. Srolovitz, A. Mazor, B.G. Bukiet, J. Vac. Sci. Technol.
A 6, 2371 (1988)

9. A. Mazor, B.G. Bukiet, D.J. Srolovitz, J. Vac. Sci. Technol.
A 7, 1386 (1989)

10. N.J. Shevchik, J. Non-Cryst. Solids 12, 141 (1973)
11. W.W. Mullins, J. Appl. Phys. 28, 333 (1957)
12. S. van Dijken, L.C. Jorritsma, B. Poelsema, Phys. Rev.

Lett. 82, 4038 (1999)

13. M. Raible, S.G. Mayr, S.J. Linz, M. Moske, P. Hänggi,
K. Samwer, Europhys. Lett. 50, 61 (2000)

14. F. Montalenti, A.F. Voter, Phys. Rev. B 64, 081401 (R)
(2001); F. Montalenti, M.R. Sørensen, A.F. Voter, Phys.
Rev. Lett. 87, 126101 (2001)

15. M. Raible, S.J. Linz, P. Hänggi, Phys. Rev. E 62, 1691
(2000)

16. S.G. Mayr, M. Moske, K. Samwer, Mater. Sci. Fo-
rum 343-346, 221 (2000)

17. S.G. Mayr, M. Moske, K. Samwer, The growth of vapor
deposited amorphous ZrAlCu-alloy films: Experiment and
simulation, Lectures on Applied Mathematics, edited by
H.-J. Bungartz, R.H.W. Hoppe, C. Zenger (Springer,
Berlin, Heidelberg, 2000), p. 233

18. B. Reinker, M. Moske, K. Samwer, Phys. Rev. B 56, 9887
(1997)

19. B. Reinker, STM-Untersuchungen an amorphen ZrCo-
und ZrAlCu-Aufdampfschichten (Dissertation, Universität
Augsburg, Wißner Verlag, Augsburg, 1996)

20. D.E. Wolf, J. Villain, Europhys. Lett. 13, 389 (1990)
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