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Model for Columnar Microstructure of Thin Solid Films
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A theory for columnar microstructure is presented. Column orientation is predicted, and the
tangent rule is shown to be an approximate special case of a more general relationship. Results also
predict that columns occur only at low substrate temperature. All of these results agree with exper-
imental data. In addition, a relationship is found between column width and mean square diffusion
length. The theory substantiates the empirical suggestion that adatom mobility is an important
parameter governing column development,

PACS numbers: 68.55.Jk, 68.55.Ce, 81.10.8k

Thin solid films are of active scientific interest, "as
well as of great technological importance. 3 Electron
microscopy reveals that thin films are often composed
of an ordered array of thin columns. 4 This ubiquitous
and interesting form, called columnar microstructure,
is detrimental to the performance and structural in-

tegrity of the film. '6 More fundamentally, the forma-
tion of columnar microstructure is a basic problem of
aggregation processes.

At present there is no cogent theory of columnar
growth. However, empirical results10, 11 strongly sug-
gest that columnar microstructure is correlated with a
certain level of adatom mobility. In this Letter we fol-
low this suggestion to derive an equation for adatom
motion of vapor-deposited thin films. The results
agree with the observed features of the columns. For
example, one fascinating observation is that column
orientation, p, is not aligned with the trajectory of the
incoming beam, n, i.e., nAp, as shown schematically
in Fig. 1. We show how this inequality arises naturally
from a consideration of adatom mobility.

There is a great body of research done on diffusion-
limited aggregation (DLA)."""In this process,
flux arrives at the surface by diffusion rather than fol-
lowing ballistic trajectories. Dendritic growth is due to
the tips' being more effective at collecting newly arriv-

ing particles than interior points. Though the physical
process and mechanism presented in this Letter are
different than in DLA, the outcome, once again, is
that the tips are most effective in acquiring those parti-
cles which ultimately reside in the film.

For all but perhaps the thinnest films, column diam-
eter is many times the lattice spacing. This disparity of
length scales suggests a model of columnar growth
based on macroscopic variables. The continuum ap-
proach, then, offers an alternative to molecular-
dynamics simulation.

For small surface slopes, Bh/Bx, the rate of change
of adatom concentration at a point (x, h ) on the sur-
face of the film is described by

Bc Bh . t) c= Jp cosa —Jp i us+nD —Ac, (1)
Bt Bx Bx

where t is time, c is concentration of mobile atoms per
unit substrate area, D is the diffusion coefficient, p is
the film density in atoms per unit volume, and A is de-
fined below [in Eq. (3)]. The first two terms on the
right-hand side describe the distribution of incoming
flux on the surface, 3 where h is the surface height and
J is the magnitude of the beam flux in volume per unit
beam area per unit time. The third term on the right-
hand side describes adatom diffusion. For simplicity,
in this model we ignore particles which will reeva-
porate, and include in J only those particles which ulti-
mately reside in the film.

A finite time after their arrival on the surface, the
adatoms lose their mobility and "stick" at their final
location. The rate at which adatoms augment the film
thickness is given by the last term in Eq. (1). That is,

p Bh/Bt = Ac.

The time scale controlling the residence time before an
adatom is adsorbed is I/A, so that approximately

A = 2D/(x'),

where (x2) is the mean square diffusion distance.

Substrate

FIG. l. Definition of notation.
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and the periodic boundary condition

(6)

where A, is the column wavelength.
The set of equations (3)-(6) define the problem.

%e now choose the simplest relevant initial condition,

H (x ) = Ho + H
&

sinkx,

The quantity A may be expected to vary with the local
conditions at the surface, e.g. , local temperature per-
turbations and surface curvature. %e assume, howev-
er, that variations in local conditions are small, and A,
in this analysis, is taken to be constant.

Combining Eqs. (1) and (2), we find an equation
describing film growth rate resulting from a flux of in-
cident particles which are redistributed, before con-
densing, by diffusion;

B2h Bh Bh . B3h
+A = JA coso. —JA sinn+8

2
. (4)

Bt x Bx Br

Note that p does not appear in Eq. (4). In fact, p need
not have been introduced to the analysis, if we had
chosen the dimensions of c, at the outset, as volume
concentration per unit area. Equation (4) is subject to
the initial condition

h=H(x) atr=0,

nite A is a prerequisite for column growth. This
consequence substantiates the suggestion, based on
empirical results, ' " that "limited mobility" is neces-
sary for column growth.

Growth rate as a function of wavelength is shown in
Fig. 2. Note that for each curve of fixed F/ET and
mean diffusion distance there is a most rapidly grow-
ing wavelength. This, of course, is the column size
one is most likely to observe. For the parameters of
Fig. 2, the most rapidly growing wavelength is close to
the diameter measured by Nieuwenhuizen and Haans-
tra. 4 At high temperature, however, the growth rate is
exponentially small, and so column growth will not be
apparent above a certain substrate temperature. This
is in accord with observation. ' Physically, diffusivity
tends to be large at high temperatures, and the ada-
toms spread uniformly over the surface.

For low substrate temperatures for which the time
scale on which the adatoms freeze is short with respect
to the time scale for column growth, the condition

0/N (( 1

can be used to linearize Eq. (7) in o-. Then solving for
the maximum growth rate and use of Eq. (3) yield an
approximate but very simple relationship for the most
rapidly growing wavelength,

Z((r, „)= 2m((x') )' 2

where k is the column wave number, k =2m/A. , and

HD and Ht are constants. The extension to more com-
plicated, and perhaps more realistic, initial conditions
is done easily as a result of the linearity of the prob-
lem. This particular initial condition and the associat-
ed boundary condition (6) assume that nascent col-
umns with a fixed wavelength are present, and we
wish to investigate their potential for growth. So we
now look for solutions of the form

h = vr +hi8 sin[k(x ur)],

where u and v are constants, and h~ is a perturbation
amplitude with growth rate o. For o we find

4cr4+8 &(r3+ 59'2(r2+g3(r = (AJk sina)2, (7)

~ =DE +A,

10

10

1P-4
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and the diffusion coefficient is given by'4 D = (a'v/
2)exp( —E/KT), where a is the lattice spacing, v is
the vibrational frequency, E is the diffusion activation
energy, E is Boltzmann's constant, and T is the abso-
lute temperature of the substrate. Some insight into
Eq. (7) can be gained by consideration of limiting
cases. If the adatoms never freeze onto the substrate,
then (x ) is large and A 0. With the right-hand
side of (7) equal to zero, no solutions have positive
growth rate. Similarly, if the arriving flux sticks im-
mediately on arriving at the surface, then 3 ~, and
from Eq. (7) there is again no column growth. So fi-
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FIG. 2. Growth rate as a function of column wavelength.
The curves are for J=10 A/sec, (x2) =4&104 A,2, and
a = 30', a =4.05 A, and v = 10"/sec.
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0& 4 «3.7.

Within these values of 4, Eq. (9) encompasses the
data presented in Fig. 3.

The angles n and P are frequently correlated by the
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FIG. 3. Column orientation as a function of incident
beam angle; data from Refs. 4 and 15-18. Four substrate
temperatures are plotted for aluminum, from Ref. 1S.

The mean square diffusion length can be expected to
increase with temperature, and so A, wi11 increase with

temperature, as is observed.
Column orientation, P, is defined by following a

point of constant phase; see Fig. l. Figure 3 shows

the theoretical results plotted with experimental data
from several thin-film systems. Each set of points
represents data for the material noted at a particular
deposition rate and substrate temperature. As defined
above, tanP is the ratio of the horizontal velocity, u, of
a perturbation peak, to its vertical velocity, which is
the sum of the mean growth rate of the layer, v, plus
/t~o. , the velocity of the peak amplitude relative to the
mean at r = 0. In the general case, then, tanP
= u/(v+ h~a. ), and solving Eqs. (3)-(6) for u, v, and
o. yields an equation for P which is algebraically com-
plex. '9 However, with use of condition (8) to linearize

(7), P is very accurately described by the simplified
solution,

tanP = —', tanu/(I + 4 tana sina),

4=+, ht J/D

Over a wide range of values of D, J, and /t& of prac-
tical interest (D ~ 10 A /sec, J ~ 100 A/sec, h t~ 250 A) 4 varies over the limited range

tangent rule 4 '8

tanP = —, tana.

This relationship is approximated for deposition condi-
tions corresponding to small but finite 4.

The theory presented above can be given a physical
interpretation as follows. For any nonzero deposition
angle o. , the concentration of deposited adatoms is
greatest at some location at a distance M from the lo-
cation of peak amplitude (the "tip"). In the linear ap-
proximation, the location of the maximum deposition
concentration is determined from the maximum (with
respect to x) of the sum of the first two terms on the
right-hand side of Eq. (1). This gives M = X/4, in-

dependent of incident angle (n~0). For these ada-
toms to reach the peak they must migrate the distance
M. So the most unstable time scale, 1/A, is such that
the adatoms can migrate the distance M before stick-
ing, i.e., A =2D/M2. Then the maximum growth
rate should occur when h. 2=32D/A. This order-of-
magnitude calculation can be compared to the results
from our hnearized governing equations, A. (a,„)
= 2n M, and with use of Eq. (6), A'(a, „)= 8m'D/A.

Monte Carlo simulations of finite-size particles ar-
riving at the surface with ballistic trajectories and no
surface diffusion also show columnlike structures. 3

However, unlike our model, these columns are a direct
consequence of the use of finite-size particles and the
columns scale with particle size. The ultimate location
of an incoming particle is indeterminate, to within
about one particle diameter, depending on the location
of the previously deposited finite-size particles. This
small indeterminacy can be thought of as a surface
"diffusivity" which is sufficient to produce the col-
umns observed in the simulations. In the continuum
limit (i.e. , as particle size approaches 0) and with no
surface diffusion, column growth is neutrally stable. 3 9

Additionally, in these simulations, when surface dif-
fusion is absent the columns are more "chainlike"
or "tendril-like" than columnar. Several research-

rs~, 20, 2i have, by allowing the incoming particle to
"diffuse" away from its initial point of contact before
sticking, produced more realistic columns. These ob-
servations helped motivate our approach in which
particle-size effects are neglected and the effects of
surface diffusion are treated directly; this treatment of
diffusivity seems able to reproduce structures which
are more columnar than tendril.

In conclusion, a model of columnar growth has been
presented. The theory is developed from the experi-
mental observation that adatom mobility is critical for
determining columnar microstructure. The analysis is
limited to small surface slopes. Calculation of the fuH
nonlinear shape of a realistic column still awaits a com-
plete analysis. Though extremely simple, the model
accounts for most of the experimentally observed
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features of columnar structure. The model predicts
that columnar microstructure will not be observed at
high substrate temperature. A relationship between
column width and mean square diffusion length is
found. Column orientation is predicted, and the
tangent rule is shown not to be a universal correlation,
but rather column orientation is dependent on the
deposition conditions.
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