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Atomic shadowing during kinetically limited physical vapor deposition causes a chaotic instability
in the layer morphology that leads to nanorod growth. Glancing angle deposition �GLAD�
experiments indicate that the rod morphology, in turn, exhibits a chaotic instability with increasing
surface diffusion. The measured rod width versus growth temperature converges onto a single curve
for all metals when normalized by the melting point Tm. A model based on mean field nucleation
theory reveals a transition from a two- to three-dimensional growth regime at �0.20�0.03��Tm and
an activation energy for diffusion on curved surfaces of �2.46�0.02��kTm. The consistency in the
GLAD data suggests that the effective mass transport on a curved surface is described by a single
normalized activation energy that is applicable to all elemental metals. © 2009 American Institute
of Physics. �DOI: 10.1063/1.3116720�

I. INTRODUCTION

Chaotic instabilities can dominate spatio-temporal pat-
tern formations in diverse fields including solidification, non-
linear optics, and viscous flow.1 The surface morphology of a
layer grown under kinetically limited conditions by physical
vapor deposition also exhibits a chaotic instability.2,3 This is
attributed to atomic shadowing, which causes depositing spe-
cies to have a higher probability to impinge on surface
mounds than in valleys, leading to a bifurcating divergence
from a flat to a rough surface, and resulting in the develop-
ment of layers with voided columnar microstructures, as re-
ported for most materials systems4,5 including metals6 and
covalently bonded materials.7 Atomic shadowing is exacer-
bated for deposition from oblique angles and results in the
formation of well-separated nanorods if the angle between
substrate surface normal and impinging flux ��80°—a
technique referred to as glancing angle deposition �GLAD�.3

Simultaneous continuous substrate rotation about the polar
axis during GLAD leads to vertical rods where the rod width
w scales with its height h according to a power law w�hp,
where p is a scaling exponent.6–10 The power law scaling is a
consequence of the inherent dynamics of the system, namely,
the chaotic bifurcation of the flux and the adatom diffusion
on the growth front leading to a self-affine growth.9 In the
absence of any mass transport on the layer surface, the scal-
ing is predicted to be material independent with a constant
growth exponent of p=0.5 for a �2+1�-dimensional oblique
angle deposition with substrate rotation.6 That is, the nano-
rod morphology is expected to be material independent in the
case of negligible substrate temperature Ts→0 or an inhibi-
tively high activation energy for surface diffusion Em.

Surface diffusion at finite Ts is expected to cause a
curvature-driven mass transport from convex to concave sur-
face features, which reduces the overall surface energy by
adatom motion from mounds to valleys, resulting in an ef-

fective smoothening of the surface. Hence, in the absence of
alternative roughening mechanisms due to strain,11 kinetic
barriers,12 or substrate dewetting,13 Ts�0 leads to surfaces
that are sufficiently smooth so that atomic shadowing is neg-
ligible and the chaotic instability is suppressed, resulting in
dense planar layers.14,15 The interplay and competition be-
tween surface diffusion and shadowing have been the focus
of a considerable body of theoretical and simulation work,
which typically uses an initially flat surface morphology and
studies the emergence of nonplanar features caused by shad-
owing. Atomic shadowing is treated in the early growth stage
as a perturbation from an otherwise �relatively� smooth
surface.14,15

In this study, we approach the diffusion-shadowing com-
petition from the opposite side. The starting point is an ex-
tremely rough morphology that is completely controlled by
atomic shadowing and exhibits isolated vertical nanorods.
Surface diffusion, which controls island nucleation and
growth on the rod surfaces, is, in this approach, a perturba-
tion that affects the long-range interrod shadowing interac-
tions. We find that surface diffusion causes a broadening of
the rods, which can be described by a chaotic divergence in
the rod width from a constant material-independent value at
Ts=0 K. The substrate temperature plays a key role in this
process as it controls the island nucleation and growth.16,17 A
constant rod height of 400 nm was chosen to compare the
average width w400 of Ta, Cr, and Al nanorods grown by
GLAD onto flat substrates at Ts=300–973 K. w400 increases
monotonously with homologous temperature �=Ts /Tm,
where Tm is the melting point, and a fit to the data using
nonlinear dynamics and mean field nucleation theory yields
an effective activation energy for surface diffusion of
2.46kTm.

II. EXPERIMENTAL PROCEDURE

Depositions were performed in a load-locked ultrahigh
vacuum stainless steel dc magnetron sputter deposition sys-a�Electronic mail: galld@rpi.edu.
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tem described in detail in Refs. 18 and 19. 7.5-cm-diameter
targets, Ta �99.95%�, Cr �99.95%�, and Al �99.95%� were
positioned at 10 cm from the substrate with the target surface
perpendicular to the substrate surface. The deposition angle
�=84° is controlled by a collimating plate, which also pre-
vents nondirectional deposition flux from impinging onto the
substrate. The Si�100� substrates were attached to a molyb-
denum holder using Pelco colloidal silver paste and intro-
duced through the load lock into the deposition chamber,
which has a base pressure of 2�10−6 Pa. Ar �99.999% pure�
was further purified using a Micro Torr purifier and intro-
duced through metering valves to reach a constant pressure
of 0.39 Pa �3 mTorr�, which was measured by a capacitance
manometer �Baratron� and held constant during all deposi-
tions. Ta, Cr, and Al were deposited at room temperature
Ts=300 K. Ta rods were also grown at elevated substrate
temperatures Ts=473, 773, and 973 K, achieved using a ra-
diative pyrolytic graphite heater and measured by a thermo-
couple that was cross calibrated with a pyrometer. Sputtering
was carried out at a constant power of 500 W, yielding a
nanorod growth rate of 3.5–5.3 nm/min. The substrates were
continuously rotated about the polar axis with 40 rpm, result-
ing in an overall circular symmetric deposition flux. Micro-
structures were investigated by plan-view and cross-sectional
scanning electron microscopy �SEM� using a JEOL
JSM6335 field emission SEM operated at 5 kV with an emis-
sion current of 12 �A.

III. RESULTS

Figure 1 shows typical SEM images of 450-nm-high Ta,
Cr, and Al nanorods grown by GLAD on flat Si�001� sub-
strates at room temperature. The plan-view and cross-
sectional micrographs from the Ta nanorods in Figs. 1�a� and
1�d�, respectively, indicate that the rods are well separated,
with spacings between the rods of 90–130 nm. The widths of
the rods increase with height and reach the maxima at h
=400 nm, with the average width w400=65�10 nm. For h
	400 nm, the widths w decrease to form approximately
spherical tops,20 which terminate the rods at a total height of
433 nm, close to the nominal value of 450 nm. Both plan-
view and cross-sectional images reveal shorter rods that have
terminated their growth prematurely. This rod extinction as
well as the broadening is due to a competitive growth mode
associated with strong atomic shadowing during
GLAD.18,21,22 That is, slightly taller rods capture an overpro-
portional deposition flux and grow at the expense of their
shorter neighbors which, in turn, terminate their growth. This

leads to a reduction in interrod shadowing, causing deposi-
tion on the sides of the “surviving” rods which broaden with
increasing height. Similar growth competition during GLAD
has been reported previously and it is proposed, based on
both simulations23 and experiments,24,25 that the overall den-
sity is independent of h since the decreasing rod number
density is compensated by the increasing rod width.

Comparing the micrographs from Ta, Cr, and Al rods in
Figs. 1�a�–1�c�, respectively, indicates that the rod morphol-
ogy is strongly material dependent. In particular, with de-
creasing melting point from 3290 to 2180 to 933 K, or cor-
respondingly increasing � from 0.11 to 0.16 to 0.38 for Ta,
Cr, and Al, respectively, the average rod width at h
=400 nm increases from 65�10 to 85�15 to 170�30 nm,
while the nanorod number density decreases from 127 to 53
to 16 �m−2. In addition, the Al rods in Figs. 1�c� and 1�f�
exhibit a rather broad distribution in width as well as a high
fraction of nanorods that terminate prematurely. Both these
effects have previously been associated with an exacerbated
growth competition during GLAD.18 In summary, the micro-
graphs in Fig. 1 suggest an increase in interrod competition
with increasing homologous temperature, which we quantify
by the average rod width at a constant height.

Figure 2 shows the plan-view ��a�–�c�� and cross-
sectional ��d�–�f�� SEM images from Ta nanorods grown on
flat substrates at Ts=473, 773, and 973 K, respectively. The
increase in Ts corresponds to an increase in � from 0.14 to
0.23 to 0.29 and yields a decrease in the nanorod number
density from 33 to 29 to 18 �m−2 and an increase in w400

from 90�20 to 120�30 to 150�30 nm, respectively. The
slight tilt of the nanorods in Fig. 2�e� is related to uninten-
tional off-centering of the substrates with respect to the col-
limating plate. All micrographs show evidence for a competi-
tive growth mode including rod broadening and extinction,
with the strongest competition at the highest temperature
�Figs. 2�c� and 2�f��. Similar to the results presented in Fig.
1, increasing � leads to stronger interrod competition, caus-
ing an increase in w400 with �. This increase in competition
has direct technological consequences, since Ts becomes a
critical parameter when designing nanostructure arrays by
GLAD, including vertical columns,6 zigzags,26 spirals,27

nanotubes,28 multistack columns,29 two-level porous
media,30 bimetallic rods,31,32 and Y shapes20,33 with engi-
neered optical,34 mechanical,35 magnetic,36 electrical,37

catalytic,38 and radiation resistant39 properties.
Figure 3�a� is a plot of w400 versus �. The data are ob-

tained from micrographs, as those shown in Figs. 1 and 2, for
room temperature growth of Ta, Cr, and Al rods, as well as
Ta grown at Ts=300–993 K. The plot also includes values

FIG. 1. Plan-view and cross-sectional scanning electron micrographs from
��a� and �d�� Ta, ��b� and �e�� Cr, and ��c� and �f�� Al nanorod layers grown
by GLAD at Ts=20 °C.

FIG. 2. Plan-view and cross-sectional micrographs from Ta nanorods grown
at ��a� and �d�� 200, ��b� and �e�� 500, and ��c� and �f�� 700 °C.
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from previously reported studies by various researchers on
Ti,40 Ni,41 W,42 Cu,43 Co,6 Ru,44 and Al.46 We have included
all published studies on the growth of vertical metallic nano-
rods grown by GLAD ��	80°� onto rotating flat substrates
that directly report w values or that allow determination of
w400 with reasonable accuracy from published micrographs.
Excluded are covalent and ionic materials systems, since
their activation energy for surface transport is not expected
to scale linearly with the melting point. It is evident from
Fig. 3 that there is a strong correlation between w400 and �.
We propose, as discussed in detail in Sec. IV, that this cor-
relation is associated with an increased competitive growth
mode that is facilitated by surface mass transport that has an
effective activation energy which scales with the melting
point.

IV. DISCUSSION

At Ts=0 K, the morphological evolution of a growing
layer is controlled by a hit-and-stick process,47 where mass
incorporation is completely determined by the location
where the deposition flux impinges on the surface. At finite
�but low� temperature 0
Ts�Tm, the surface morphology is
expected to be still completely governed by atomic shadow-
ing since long-range shadowing interactions dominate over

finite-length-scale surface diffusion for sufficiently large
scales and small Ts. Consequently, the nanorod morphology
at negligible Ts and sufficiently large scale should become
material independent for a given deposition geometry and
stochastic distribution of depositing atoms, assuming a
material-independent atomic density and negligible faceting
at low Ts. Hence, we expect w400 �experimentally observ-
able� to converge to a material-independent constant w̃400 for
negligible surface diffusion. Available experimental data that
most closely fit this condition are for room-temperature
GLAD of tungsten42 and silicon,7 representing a metal with a
low homologous temperature �=0.08 and a covalent material
with a high surface diffusion activation energy Em

=0.9–1.1 eV,48 respectively. These materials exhibit compa-
rable rod morphologies with average w400 values of 55 �Ref.
42� and 56 nm,7 respectively. The good agreement between
these materials substantiates the postulated material indepen-
dence in the shadowing regime �Ts�Tm� and provides a
value for w̃400 of 56�1 nm, which will be used in the quan-
titative analysis below.

We will discuss now, as the primary focus of this study,
the morphological evolution as affected by increasing Ts,
such that surface diffusion can no longer be neglected. In this
regime, the nanostructure formation is still dominated �but
not completely determined� by atomic shadowing, which is
exacerbated by the oblique deposition angle during GLAD.
This is evident from Fig. 2, showing rod microstructures that
are characteristic of strong atomic shadowing conditions but
are also clearly affected by Ts. Surface diffusion causes a
small perturbation to the nanorod morphology, leading to a
chaotic divergence from the original structure in the pure
shadowing regime. That is, w exponentially diverges from
the pure shadowing regime value w̃ according to

w = w̃e��s�, �1�

where � is the Lyapunov exponent1 and is assumed indepen-
dent of temperature. �s� is the length scale over which sur-
face diffusion affects the morphology. It corresponds to the
average island separation on the growth surface and is given
by49

�s� =
1

�N
, �2�

where N is the island number density which, based on mean-
field nucleation theory in the precoalescence regime,47 is de-
termined by the ratio of the surface diffusivity D over the
incident flux of atoms F according to50

N = �D

F
	−�i

. �3�

Here,  is a dimensionless scaling factor and the exponent �i

is determined by the critical nucleus size i for two-
dimensional �2D� and three-dimensional �3D� island growth
by47

�i =
i

i + 2
�2D island growth� �4a�

and

FIG. 3. �Color online� �a� Plot of nanorod width w400 at a height of 400 nm
vs homologous temperature �=Ts /Tm. Triangles represent data from other
published reports.6,40–45 �b� The same data as in �a� plotted as double loga-
rithm of w400 / w̃400 vs inverse homologous temperature 1 /�, including inde-
pendent linear fits for high and low-temperature regimes. �c� Variation in the
composite constant � /� vs � /2F obtained from Eq. �7� and the low-T and
high-T fits in �b� for various values of the critical island size i and dimen-
sionality of adatom transport d.
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�i =
i

i + 2 . 5
�3D island growth� , �4b�

respectively. The surface diffusivity D can be expressed in
terms of the attempt frequency �, the effective activation
energy for migration Em

� , and the dimension d=2 or 3 of the
adatom random walk on the nanorod growth surfaces17

D =
�

2d
exp�−

Em
�

kTs
	 . �5�

Here Em
� =Em for the diffusion limited case �i=1�, but is cor-

rected by the binding energy Ei of the smallest unstable clus-
ter for i	1 according to Em

� =Em+Ei / i. Combining Eqs.
�1�–�3� and �5� and introducing the homologous temperature
�=Ts /Tm yields an expression for the variation in the nano-
rod width as a function of �,

ln�w400

w̃400
	 = �

1
�

� �

2dF
	

�i
2

exp
−
Em

�

kTm

�i

2

1

�
� . �6�

This equation predicts that plotting the double logarithm of
w400 / w̃400 versus 1 /�, as shown in Fig. 3�b�, yields a linear
relationship. The plot exhibits, however, two distinct linear
regimes, as indicated by the two independent linear fits for
the low and high-temperature regimes. The change in slope
suggests a change in the island nucleation mode at a critical
temperature �c=0.20�0.03, which is associated with a
change either in the island dimensionality d=2,3 or the criti-
cal stable cluster size i=1,2 , . . . ,�. These two parameters
affect �i and Em

� , and therefore w400. They are determined
using the following analysis: the y-intercepts yo from the two
lines in Fig. 3�b� correlate two T-independent composite con-
stants � /� and � /2F according to

�

�
= ey0� �

2F
	

�i
2

d
�i
2 . �7�

In order to determine allowable values for d and i, we use
Eq. �7� and the yo-values from the low-T and high-T fits to
plot � /� versus � /2F, as shown in Fig. 3�c�, using solid
and dashed lines for d=3 and d=2, respectively, and separate
lines for various i-values, according to Eq. �4� as labeled.
The plot includes for the high-T case i=1,2 ,3 and �, and for
the low-T case only i=1, since basic stability arguments17

suggest adatom dimers to be stable at low temperature, in
agreement with previous studies on Cu,45 Fe,50 Rh,51 and TiN
�Ref. 52� that reported i=1 at low � and a transition in
growth mechanism at higher values of �. Equation �7� is
simultaneously satisfied for the two temperature regimes
when low-T and high-T curves intersect. The only intersec-
tion within a reasonable range of attempt frequencies �
=1010–1014 s−1 is at � /2F=1012.2�0.95, as highlighted with a
rectangle in Fig. 3�c�, where the low-T curve with i=1 and
d=2 intersects with the high-T curve with i=1 and d=3.
Thus, the change in the growth mode at �c corresponds to a
transition from 2D to 3D islands, while the smallest stable
island nucleus remains a single adatom �i=1�. The develop-
ment of 3D islands is associated with kinetic roughening due
to Ehrlich–Schwoebel barriers53,54 to adatom migration over

descending step edges. This effect becomes important at el-
evated temperature �	�c where the surface diffusion length
approaches or exceeds the terrace width, leading to a prefer-
ential adatom incorporation at ascending steps and causing
the nucleation of 3D islands, as previously reported for depo-
sition of Ag �Refs. 55 and 56� and Pt.57 The 3D islands on
the rod surfaces exacerbate intra and interrod shadowing in-
teractions and therefore increase the chaotic rod broadening
for �	�c.

Using an approximate experimental deposition flux F
=2 ML /s from this and the other studies,6,41–43 we calculate
�=1012.8�0.95 Hz, which is within 1011–1013 Hz, the range
of typical attempt frequencies for adatom motion on metal
surfaces.17,58–60 The error bar in � is due to the uncertainty in
yo from the two fits in Fig. 3�b� and is relatively large due to
the low-angle intercept of the two curves in Fig. 3�c�. The
value for � /� from Fig. 3�c� is 0.084�0.026, which results
using an estimate for =0.25 �Ref. 47� in �=0.042�0.013.
A positive value for the Lyapunov exponent is an indication
for a chaotic dependence of w400 on �, or more general, of
the GLAD rod width on the growth temperature.

We now determine the homologous activation energy for
surface diffusion Em /kTm from the data in Fig. 3. Based on
the above analysis, i=1, and therefore Em

� =Em �Ref. 17� for
both the low-T and the high-T regimes. The slopes in Fig.
3�b� are −0.351�0.003 and −0.409�0.010, which yield, us-
ing Eq. �6� and �i=1 /3 and 2/7 from Eq. �4�, values for the
homologous activation energy of 2.46�0.02 and 2.45�0.06
for the high and low-T regimes, respectively. The excellent
agreement of these two values obtained from two indepen-
dent fits for the low and high-T regimes confirms that the
transition at �c is associated with a change in the island di-
mensionality, and that the normalization of Em with Tm is
appropriate.

Figure 4 compares our value for the homologous activa-
tion energy obtained from the above analysis on nanorod
data with reported surface diffusion activation energies. The
plot represents the Em /kTm=2.46�0.02 value by a vertical

FIG. 4. �Color online� Comparison of Em /kTm=2.46�0.02 obtained from
the nanorod analysis with reported activation energies for various low-index
metal surfaces.17,60–68
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line and shows all elemental metals for which Em values
have been reported, in particular, Ni,61 Rh,61 Ir,62 W,63,64

Pt,60,65 Al,61 Cu,66,67 Fe,17 Ag,17 Co,68 Ti,68 and Ru.68 Data
points for different low-index crystalline facets of the same
metal are connected by horizontal lines to illustrate the ex-
pected range of Em /kTm values for the specific element. Our
homologous activation energy value is approximately in the
middle of the ranges given for most metals. This makes
sense intuitively, as this value represents a weighted average
for all metals and all crystalline facets, since a curved sur-
face, such as that of a nanorod growth front, is expected to
exhibit an effective activation energy for surface mass trans-
port somewhere between that of low and high diffusivity
crystalline facets. As indicated in Fig. 4, the Em values for
many metals vary by up to a factor of �4 between high and
low-diffusivity facets. Considering this large range of re-
ported homologous activation energies, it is not particularly
surprising that our Em /kTm fits within that range. On the
other hand, it is rather interesting that, despite the large dif-
ferences in the activation energy values for different metals,
the diffusion on a curved nanorod growth-front surface is
reasonably well described by a single normalized activation
energy that is valid for all investigated metals. This suggests
that surface diffusion on particular crystalline facets is much
more affected by material-specific parameters such as crystal
structure, surface reconstructions, and bonding geometries
than diffusion on a curved surface, which is a complex pro-
cess involving transport across different facets, surface steps,
and kinks. That is, the effective mass transport on a curved
metal surface is described by a single homologous activation
energy that is applicable to all elements, despite the fact that
the individual diffusion processes that contribute to the over-
all mass transport have material-specific rates.

V. CONCLUSION

Surface diffusion during nanorod growth by GLAD
causes a chaotic broadening of the average rod width. The
temperature dependence of the width at a given height of 400
nm, plotted against the homologous temperature �, yields a
single curve for all metallic elements from this and other
studies. There is a transition from a 2D to a 3D island growth
regime at a critical �c=0.20�0.03, which is attributed to
kinetic roughening and causes exacerbated shadowing. We
obtain a value for the effective activation energy for surface
diffusion of 2.46�0.02�kTm, which describes the mass
transport on curved surfaces and may be applicable to all
metallic elements despite their differences in normalized
adatom mobilities on specific crystalline facets.
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