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A qualitative model that relates the period of the surface roughness to the vertical and spherical
growth rates of glancing angle deposited �GLAD� nanorods suggests that rod self-shadowing is
responsible for the previously reported temperature dependence in the rod width. Atomic shadowing
interactions between neighboring rods as well as surface islands on the rod growth fronts control the
morphological evolution which is quantified by the growth exponent p that relates the rod width
w �=Ahp� to their height h. An analytical formalism predicts linear dependences of p and A on
the average island separation and provides an explanation for reported anomalous p values.
Experimental validation using new and previously published GLAD data for Al, Cr, Nb, and Ta
shows quantitative agreement for all metallic systems under consideration and confirms the
predicted dependences. In addition, a discontinuity in the p versus homologous deposition
temperature � suggests a critical value �c=0.24�0.02 for a transition from two-dimensional to
three-dimensional island growth, which is independently confirmed by a discontinuity in the
measured island width. © 2010 American Institute of Physics. �doi:10.1063/1.3385389�

I. INTRODUCTION

Atomic shadowing during physical vapor deposition
causes a non-normal deposition flux to preferentially im-
pinge on surface mounds, causing local growth rate varia-
tions that exacerbate surface roughness and yield underdense
columnar microstructures which have been observed for a
large range of materials systems.1–3 In the extreme case of
deposition from a grazing incidence angle ��80°, which is
referred to as glancing angle deposition �GLAD�,4,5 the
growing layer forms isolated self-affine nanorods.6 The rods
form during a shadowing-mediated competitive growth
mode5,7 and exhibit an average width w that increases with
height h, following power law scaling3,8

w = Ahp, �1�

where p is the growth exponent. Theoretical models predict
p=0.5 for GLAD layers grown with continuous substrate
rotation about the surface normal and in the absence of sur-
face diffusion.3 This value of 0.5 corresponds to the average
of exponents in the two orthogonal directions along a station-
ary substrate.9 Incorporation of surface diffusion, by adatom
relaxation to sites with highest co-ordination, reduces p to
0.3125 �Ref. 3� which is the average of 1/4 and 3/8 for the
two orthogonal directions on the substrate.6,10 A further in-
crease in the diffusion length scale with increasing substrate
temperature Ts→� causes a decrease in the exponent to p
=0 resulting in a planar surface.11 Experimental parameters
like substrate rotation,12–14 deposition angle,15–18 and sub-
strate patterning5,13,19 also affect p through changes in
branching20 and merging21 that affect the inter-rod shadow-
ing competition. However, the primary parameter that con-
trols p is Ts, which affects GLAD nanostructure broadening

and size distribution.21,22 We have previously reported that
the temperature dependence in the average rod width w can
be described by an exponential divergence from a zero-
temperature width w̃, which is material independent and
completely governed by geometric shadowing in the absence
of surface diffusion,23

w = w̃e��s�, �2�

where the divergence �Lyapunov�24 exponent � is a material
and temperature independent constant and �s� is the average
interisland separation, which scales for metallic systems with
the homologous growth temperature �=Ts /Tm as shown in
Ref. 23 for Co,3 Ti,25 Ni,26 W,27 Cu,28 Ru,29 Al,30 Cr, and Ta.

In this report, we present a formalism that simulta-
neously describes both predicted trends, the decrease in p
and the increase in w with increasing Ts, and apply it to new
as well as previously reported31 experimental data. We pro-
pose that the reduced broadening and hence the reduction in
the value of p at elevated temperature is associated with rod
self-shadowing, which is defined as shadowing by the sur-
face morphology of a growing rod on itself. Self-shadowing
has previously been reported to control the branching of
GLAD nanospirals,32 and to significantly affect GLAD nano-
rod nucleation.33 In the present case, self-shadowing occurs
due to surface islands that develop on the growth front at the
rod top. The average interisland separation �s� increases with
Ts,

34 which reduces the deposition flux capturing rate for
these islands and, in turn, reduces rod broadening. In addi-
tion, we propose that a transition from a two-dimensional
�2D� to a three-dimensional �3D� island growth mode with
increasing temperature causes an increase in surface rough-
ness which exacerbates self-shadowing and leads to an
anomalous p ��0.5�, which is experimentally observed at the
same homologous deposition temperature � for all four stud-a�Electronic mail: galld@rpi.edu.
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ied metals, Al, Cr, Nb, and Ta. The proposed transition in the
island growth mode as well as the increase in average island
separation is independently confirmed by cross-sectional
transmission electron microscopy �TEM� analyses of rough-
ness features at the nanorod growth fronts. The effect of
self-shadowing discussed in this report decreases with in-
creasing h, since the length scale for the shadowing interac-
tion due to growth front roughness becomes small in com-
parison to the increasing rod width, that is, the long-range
inter-rod shadowing dominates the morphological evolution
at high h as long as the surface roughness at the growth front
is small enough to avoid bifurcation of the rod into multiple
growth fronts.

II. QUALITATIVE MODEL

Figures 1�a� and 1�b� qualitatively illustrate the rod
broadening during GLAD and the self-shadowing from a
rough growth surface, respectively. The rod shape is approxi-
mated with a cylindrically symmetric structure consisting of
a lower conical part that exhibits a width that increases with
height, and a spherical cap with radius r and a sinusoidal
surface roughness with a period l and amplitude �. The depo-
sition flux in this 2D model impinges on the spherical growth
front, with the lower part of the rod being shadowed by
neighboring rods, leading to a growth that can be separated
into vertical and radial components �h and �r, respectively.

The exemplary cross-sectional scanning electron micro-
graph �SEM� in Fig. 1�c� shows typical GLAD rod mor-
phologies that were obtained, in this case, by Cr sputter
deposition from an �=84° at Ts=20 °C, using continuous
substrate rotation in a ultrahigh vacuum deposition system
described in more detail in Ref. 21. The average Cr rod
width increases with height to a maximum of 220�20 nm
at h=650 nm, following power law scaling with a growth

exponent p=0.47�0.01. The higher magnification cross-
sectional TEM micrograph in Fig. 1�d� from a sample grown
at Ts=100 °C shows a typical rod top, which has a rough
growth front with a root mean square �rms� roughness of
1.1�0.5 nm and an average mound width l=16�2 nm.

Figure 1�b� illustrates how the roughness of the growth
front causes shadowing and, in turn, affects the local growth
rate. The deposition flux impinging from the right is shad-
owed by the surface mound, so that no deposition occurs at a
portion of the neighboring valley, as indicated by the “grey
shadow.” In contrast, the average growth rate of the mound is
enhanced by a factor St /Se, the ratio of the total St to the
exposed surface area Se. The overall growth rate of a nano-
rod is governed by the capturing rate in a competitive inter-
columnar growth mode. Therefore, the envelope of the out-
ermost roughness features of the growth front determines its
future growth and, consequently, the enhancement of the
mound growth rate over the average rate determines the rod
broadening. Increasing Ts leads to an increase in the island
size or average inter-island separation �s� and a correspond-
ing increase in the roughness period l.35 Thus, in the limiting
case of high temperature or high diffusion length, l tends to
infinity so that self-shadowing is absent, that is St /Se=1, and
also rod-broadening vanishes, that is �r=0 and p=0, as pre-
viously predicted.11 Conversely, at finite mound width, the
mound growth rate is enhanced by St /Se so that the broad-
ening rate

�r

�h
=

St

Se
− 1. �3�

Figure 2 is a plot of the calculated average �r /�h as a
function of l, for a 2D model as depicted in Fig. 1. It is
calculated using Eq. �3� and by numerically determining the
ratio St /Se over the entire spherical growth front with a sinu-
soidal roughness with amplitudes �=1 and 5. The units for
length are assumed to be an atomic dimension and the depo-
sition angle is set to a constant �=84°, corresponding to the
angle used in the experimental results presented below. This
model assumes that the circular symmetric deposition flux
and the shadowing from neighboring rods cause the growth
front to remain spherical. It also assumes that surface diffu-

FIG. 1. �Color online� Schematics of �a� a nanorod with a spherical growth
front and �b� a sinusoidal surface roughness with period l and amplitude �,
causing shadowing �gray� of the deposition flux impinging from an angle �.
Cross-sectional �c� SEM and �d� TEM micrographs of Cr rods grown by
GLAD with continuous substrate rotation at Ts=20 and 100 °C, respec-
tively, showing the rod shape and the roughness on the growth front,
respectively.

FIG. 2. �Color online� Predicted rod broadening rate �r /�h due to self-
shadowing in a 2D qualitative model, for spherical growth fronts with
roughness with period l and amplitudes �=1 and 5. The dotted curve illus-
trates what is qualitatively expected for a smooth-to-rough transition at l
=7, as expected for a 2D to 3D island transition.
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sion results in local mass transport so that the local morphol-
ogy characterized by l and � remains constant. Third, as a 2D
model, it does not account for deposition flux that impinges
onto the spherical growth front outside of the plane that in-
tercepts with the rod symmetry axis. Despite these approxi-
mations, the model qualitatively illustrates how the period of
the local growth front roughness affects rod broadening.

The broadening rate �r /�h is large at small l and de-
creases as the islands become wider. This is attributed to
reduced shadowing from islands with a smaller � / l aspect
ratio and is consistent with theoretical predications of negli-
gible broadening as l approaches infinity which leads to a
planar layer growth.11 Here we note that very small l values
are unphysical, as indicated by the dashed part of the plot in
Fig. 2, since the smallest possible single-atom-high rough-
ness has a period of l=2. The broadening rate increases with
increasing �, as evident when comparing the �=1 and 5
curves. For example, �r /�h increases by more than a factor
of three, from 0.032 to 0.113 as � increases from 1 to 5 at a
constant l=7. Such an increase in the broadening rate at a
constant l is what we envision to occur when the island
growth mode transitions from 2D to 3D, as follows: The
roughness period l increases with increasing temperature,
leading to a decreasing broadening rate. However, if the
roughness amplitude �and, therefore, � / l� abruptly increases,
due to a morphological transition at a critical temperature,
the roughening rate will follow a trend as illustrated by the
red dotted line in Fig. 2. This curve closely resembles the
experimental plot of the growth exponent p as a function of
homologous temperature �, presented below.

III. ANALYTICAL FORMALISM

In this section, we develop a formalism that describes
the effect of Ts on the growth exponent which will be used in
Sec. IV to analyze experimental data. The starting point is
the power-law in Eq. �1� and the exponential divergence in
Eq. �2�, that describe the increase in nanorod width as a
function of height and average island separation �s�, respec-
tively. We express the zero-temperature width w̃ with a zero-
temperature prefactor A0 and growth exponent p0,

w̃ = A0hp0, �4�

and then set the two expressions for w in Eqs. �1� and �2�
equal to obtain

Ahp = A0hp0e��s�. �5�

Here, A and p are temperature dependent, that is, they are
functions of �s� but are independent of h. In contrast, � is
height dependent but independent of �s�. Solving Eq. �5� for
� yields a sum where the first term depends on �s� and the
second term is a product of an �s�-dependent term and ln�h�

��h� =
1

�s�
ln� A

A0
� +

1

�s�
�p − p0�ln�h� . �6�

In order for this expression to be valid for all �s� and h, the
first term of the sum and the first term of the product need to
be constants, which we set to D and G, respectively, to ob-
tain:

� = D + G ln�h� , �7�

A = A0eD�s�, and �8�

p = p0 + G�s� . �9�

Equation �9� is the first major result of this derivation, show-
ing that the growth exponent exhibits a linear dependence
with the average island separation. Plugging Eqs. �8� and �9�
back into Eq. �1� yields an expression,

w = A0eD�s�hp0+G�s�, �10�

that describes the dependence of the rod width as a function
of both h and �s�, using three unknown constants A0, D, G,
and the zero-temperature growth exponent p0, which has
been predicted to be 0.5.3

The average island separation on curved nanorod growth
fronts is a quantity that is relatively challenging to measure
experimentally. Therefore, we use mean field nucleation
theory34 to express �s� in terms of the homologous substrate
temperature � for the cases of 2D and 3D island growth in a
diffusion limited growth regime with a critical nucleus size
of one �Ref. 36�

�s�2D =
1

		
� 


4F
�1/6

exp�−
1

6

Em

kTm

1

�
� �11a�

�s�3D =
1

		
� 


6F
�1/7

exp�−
1

7

Em

kTm

1

�
� �11b�

Here, 	 is a dimensionless scaling factor, � is the attempt
frequency for adatom motion, F is the deposition flux, and d
is the island dimensionality or the dimensionality of the ada-
tom random walk. The activation energy Em for surface dif-
fusion is normalized with the melting point Tm, so that �s�
becomes a function of the homologous deposition tempera-
ture �=Ts /Tm. This normalization allows direct comparison
of different materials, assuming that Em scales with Tm and
that differences in the prefactors 	, �, and F are negligible.
This assumption holds reasonably well for elemental metals,
as we have reported previously.23

IV. EXPERIMENTAL RESULTS

In order to validate the analytical formalism summarized
in Eqs. �7�–�11�, GLAD nanorod layers of four metals, Al,
Cr, Nb, and Ta, with melting points of 930, 2180, 2750, and
3290 K, respectively, were grown at Ts=300–1123 K to in-
vestigate the materials dependence �or independence� and to
achieve a large overall homologous temperature range �
=0.09–0.56. The average width as a function of height was
determined using statistical cross-sectional SEM analyses in-
volving a total of 
30 000 individual width measurements.
Values for A and p for each material and temperature were
obtained by fitting the statistical data using Eq. �1�, similar to
the procedure described in Ref. 31. For this analysis, we
choose to normalize the measured width and height with a
unit length lo=1 nm. This makes w and h, and therefore also
A and p unit-less quantities. The arbitrary choice of lo has no
effect on the reported values of p but affects the absolute
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values of A, which scale nonlinearly with lo. Similarly, �s� is
normalized to the interatomic distance, making �s�, �, D and
G dimensionless.

Figures 3�a� and 3�b� are plots of the experimentally
determined power law prefactor A and growth exponent p
versus the island nucleation length �s�, respectively. The
plotted data is limited to low temperature, ��0.23 so that
the island growth can be assumed to be 2D,23 and �s� can be
directly determined from the experimental � using Eq. �11a�,
and using an approximate material independent attempt fre-
quency �=1012 Hz,34,37–39 a constant deposition flux F
=2 ML /s from the experiments, and a homologous activa-
tion energy for surface diffusion Em /kTm=2.46 from Ref. 23.
Both plots show a quantitative agreement for the three met-
als, Cr, Nb, and Ta, indicating that the employed normaliza-
tion with the melting point is appropriate. No Al data is
plotted, since the experimentally accessible �0.32 �for Ts

300 K� is already above the 2D regime. The values for A
in Fig. 3�a� increase with increasing �s�, which is consistent
with previously reported results suggesting an increasing
GLAD nanorod width with increasing growth
temperature.22,23 The line in this semilog plot corresponds to
a fit using the expected exponential relationship from Eq. �8�,
showing that the experimental data is consistent with the
analytical expression derived in the previous section. Simi-
larly, Eq. �9� is validated by the plot in Fig. 3�b�, which
shows that the experimental p decreases linearly with �s�,
from 0.49�0.02 at �s�=1.5 to 0.39�0.02 at �s�=25. The
plotted error bars correspond to the uncertainty in p-values,
obtained from the data analysis and power law fitting using

Eq. �1�. The line through the data in Fig. 3�b� is the result of
a linear fit with Eq. �9�, excluding the outlier data point for
Ta at �s�=23, which is attributed to the onset for the 2D to
3D transition, discussed below. The fitting procedure pro-
vides values for the constants G and p0 of −0.004�0.001
and 0.49�0.01, respectively. The inverse of the slope �G�−1

is a measure of the lateral length-scale over which surface
features affect the rod broadening rate. The constant p0 is the
growth exponent for rod broadening in the absence of any
surface diffusion. It has been predicted by analytical methods
to be 0.5,3 which is in excellent agreement with our experi-
mental value of 0.49�0.01.

Figure 4 is a plot of the divergence exponent �, plotted
as a function of the rod height h for both low and high
temperature regimes, which are defined by ��0.23 and
0.26���0.42, respectively, and represent 2D and 3D island
growth regimes, respectively, according to Ref. 23. The plot-
ted values are obtained by fitting w at a constant h using Eq.
�2� for the four metallic systems at Ts=300–1123 K, corre-
sponding to 
30 data points for each h-value, and using the
same constant values for the parameters F, � and Em /kTm as
above. The fitting procedure also provides values for the sta-
tistical uncertainty in the data points, which are plotted as
error bars. The dashed lines in Fig. 4 are the result of data
fitting using the logarithmic dependence of � on h according
to Eq. �7�, yielding values for the constants D and G of
0.05�0.01 and −0.005�0.001 for the low temperature re-
gime, and 0.21�0.01 and −0.024�0.001 for the high tem-
perature regime, respectively. The low temperature values
are in good agreement �within 20%� of those obtained above
using Eqs. �8� and �9� and the data in Fig. 3, indicating that
the effect of Ts on the morphology is consistently described
by Eq. �10�. The � values for the high temperature regime
are considerably larger than for the low temperature regime,
which we attribute to the 3D island growth causing a rougher
growth front and a higher adatom capturing rate. This is
associated with the higher aspect ratio roughness features
during 3D growth, causing a larger divergence from the zero-
temperature morphology, as shown in the qualitative model
which characterizes the effect of self-shadowing on rod
broadening in the first section. Both the low and the high
temperature data sets are well described by Eq. �7�, showing

FIG. 3. �Color online� �a� Prefactor A and �b� growth exponent p vs average
island separation �s�, obtained by fitting experimental data from Cr, Nb, and
Ta GLAD nanorods grown at homologous temperatures ��0.23 with Eq.
�1�. The solid lines are obtained by data fitting, using Eqs. �8� and �9�,
respectively.

FIG. 4. �Color online� Divergence exponent � vs height h obtained by fitting
w vs � data with Eq. �2�, for Al, Cr, Nb, and Ta GLAD nanorods. The
dashed lines are obtained by separate fitting in the low temperature ��
�0.23� and high temperature �0.26���0.42� regimes, using Eq. �7�.
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a decrease in � with increasing h. This decrease is attributed
to the decreasing importance of self-shadowing with increas-
ing h. At large h, the length scale for inter-rod shadowing is
much larger than for self-shadowing effects. Thus, the
former dominates the morphological evolution at high h. In
that context, we note that the logarithmic decrease in � that
is shown in Fig. 4 and predicted with Eq. �7� must only be
valid up to a limited height 
3�103 nm, since negative �
values would lead to a converging morphology at finite tem-
peratures, which seems nonphysical. However, such large h
values are not experimentally achievable, as the rods branch
due to roughening of the growth front well below the limit of
3 �m.12,28

Figure 5 is a plot of the experimentally determined p as
a function of � for the temperature range 0.09���0.56. At
even higher temperatures, p cannot be determined since the
large surface diffusion length scale at ��0.56 results in the
formation of continuous layers, that is, their microstructures
exhibit no distinct nanorods for which a width could be mea-
sured. This upper limit is consistent with conventional struc-
ture zone models which state that ��0.5 leads to equiaxed
grains in a continuous layer.40,41 The x-axis for this plot is the
experimentally observable �, which cannot be directly con-
verted to �s� as done for Fig. 3, since this larger temperature
range includes 2D and 3D island growth regimes corre-
sponding to the two different versions for Eq. �11�.

The plotted p values show excellent agreement for the
four different metals, with p decreasing from 0.49�0.02 at
�=0.09 to 0.39�0.02 at �=0.23, consistent with Fig. 3�b�,
followed by a steep increase at a critical homologous tem-
perature �c=0.24�0.02 to p=0.80�0.01 at �=0.24, and a
continuous decrease to p=0.30�0.01 at �=0.42. For �
�0.42, the exponent remains approximately constant be-
tween 0.31� p�0.35. The most dominant feature in this plot
is the transition to the anomalous p�0.5 values at �c, which
we attribute to a transition from a 2D to a 3D island growth
regime. This interpretation is motivated by �i� our previous
study on the temperature dependence of the rod-width at a
constant height, which suggests that there is a 2D to 3D
transition at �=0.20�0.03,23 and by �ii� the qualitative self-
shadowing arguments above, which indicate that the contri-

bution to rod broadening from the surface roughness on the
growth front is considerably stronger for 3D versus 2D is-
lands, as illustrated in Fig. 2, showing the effect of a transi-
tion from �=1 to 5 in the roughness amplitude and hence the
aspect ratio. p decreases with increasing � in both the 2D and
3D regimes, consistent with an �s� that increases with �. The
relatively constant p=0.31–0.34 value at very high �
�0.42 is consistent with the predicted p=0.3125 for GLAD
with surface diffusion.3 However, the zero slope is inconsis-
tent with Eq. �9� and suggests another growth mechanism
that may be associated with the very large diffusion length
scale or possibly the onset of bulk-diffusion.

The line in Fig. 5 is obtained by fitting the data for �
�0.42 with the p versus �s� expression in Eq. �9�, with �s�
being determined from Eq. �11� including a 2D to 3D tran-
sition. This is done by expressing the dimensionality d with a
Boltzmann–Sigmoidal transfer function where the transition
temperature �c and the width of the transition w� are fitting
parameters. This procedure provides values for �c

=0.24�0.01 and w�=0.001�0.001, that is, there is a rather
sharp transition from a 2D to a 3D island growth at a ho-
mologous temperature of 0.24, as also plotted in the inset in
Fig. 5. We attribute the small value of w� to a transition in
the island growth mechanism that occurs over time. That is,
at a homologous temperature just above �c, the initial island
growth is 2D and only transitions to true 3D islands with
increasing layer thickness. Hence, the effect of self-
shadowing on column competition is initially weak as shad-
owing is dominated by relatively smooth growth fronts with
2D islands but becomes stronger as 3D islands develop,
causing exacerbated rod broadening and anomalous growth
exponents �p�0.5� mediated by self-shadowing.

The fit also provides values for p0 and G for both the 2D
and the 3D regimes, with the values for 2D being identical to
what is obtained when fitting the low-temperature data in
Fig. 3�b�. The constants p0

2D and p0
3D correspond to the

growth exponents in the absence of surface diffusion for 2D
and 3D island growth regimes, with values of 0.49�0.01
and 1.26�0.03, respectively. While p0

2D is in excellent
agreement with the predicted theoretical value of 0.5 for lim-
ited surface diffusion,3 p0

3D is considerably larger, suggesting
that 3D island growth causes exacerbated shadowing that
leads to strong rod broadening, consistent with the result
from our qualitative model in Fig. 2. Naturally, such an in-
terpretation can only be done in a limited sense, since 3D
island growth only occurs at a finite temperature, that is,
the zero-temperature limit as described by p0

3D has no
direct physical meaning. The two slopes, G2D=−0.004�
0.001 and G3D=−0.028�0.001, indicate the decreasing ef-
fect of self-shadowing by roughness features with increasing
average island separation for the 2D and 3D regimes, respec-
tively. The slope is 
7� larger in the 3D regime, which is
attributed to the higher aspect ratio of the 3D islands. Based
on the qualitative model shown in Fig. 1, the average broad-
ening rate is fully determined by the geometry of the growth
front roughness, that is, the �-to-l aspect ratio. This suggests
that the 3D islands are, in average, 7� taller than the 2D
islands with the same period l. This interpretation is consis-
tent with the data in Fig. 4, showing a steeper decrease in �

FIG. 5. �Color online� Growth exponent p for Al, Cr, Nb, and Ta GLAD
nanorods as a function of the homologous deposition temperature �
=Ts /Tm. The inset shows the Boltzmann–Sigmoidal transfer function which
describes the transition from 2D to 3D island growth, used to fit the data
with Eqs. �9� and �11�.
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versus h for the 3D than the 2D regime, which is attributed to
the higher broadening rate �higher p� in the 3D regime, lead-
ing faster to a width where self-shadowing and, in turn tem-
perature effects, become insignificant.

In order to gain direct experimental confirmation of the
proposed 2D to 3D transition, we have performed a series of
detailed TEM analyses, studying the surface roughness of Cr
and Nb nanorods versus �. The result is plotted in Fig. 6,
which shows the average lateral peak-to-peak distance l of
the nanorod growth front roughness versus �. The data has
been obtained from multiple cross-sectional micrographs
similar to the one shown in Fig. 1�d�, with the error-bars
representing the standard deviation of the measured values
for each sample. Both investigated metals show the same
trend. The plotted l increases as a function of �, from
6.5�1 nm for Nb rods deposited at room temperature ��
=0.11� to 22�1.5 nm for Nb rods deposited at 350 °C ��
=0.23� but drops sharply above a critical temperature of
0.23�0.01 to 3.5�1 nm for �=0.24, above which it re-
mains approximately constant. The increase in l with � is
attributed to an increase in the diffusion length scale which
causes lateral broadening of the roughness features and a
decrease in the mound aspect ratio � / l, assuming � remains
approximately constant. � cannot be determined directly
from experiment because it is too small to be measured ac-
curately on these curved nanorod surfaces. The steep drop in
l by a factor of 
5 at �=0.23 is similarly associated with a
5� increase in � / l, which can be attributed to a transition
from 2D to 3D surface islands. This is consistent with the
qualitative model as well as the experimental results pre-
sented above. In particular, the surface morphological transi-
tion at �=0.23�0.01 is in perfect agreement with a mea-
sured transition in p at �c=0.24�0.01, indicating that the
change in broadening rate as quantified by the growth expo-
nent is directly linked to the surface morphology on indi-
vidual nanorod growth fronts. In addition, the sevenfold in-
crease in self-shadowing above �c, as indicated by the larger
G value, is fully consistent with the 
5-fold increase in the
roughness aspect ratio associated with the decrease in the
measured l.

V. CONCLUSIONS

The scaling relations of nanorods grown by physical va-
por deposition under extreme shadowing conditions are af-

fected by the self-shadowing from surface roughness at the
growth front which, in turn, is controlled by temperature
activated surface diffusion processes. A 2D model which ap-
proximates the roughness with a sinusoidal perturbation on a
spherical growth front suggests that the broadening rate de-
creases with an increasing roughness period and that a
change in the aspect ratio of the roughness features, as ex-
pected for a 2D to 3D transition, causes a deviation from the
decreasing trend. These qualitative predictions form the basis
for analytical expressions that describe the growth exponent
p and the prefactor A for the power law scaling of the rod
width w with its height. Experiments using four metallic sys-
tems �Ta, Nb, Cr, and Al� validate the analytical expressions
which predict an exponential increase in w with increasing
average island separation �s�, a linear decrease in p with �s�,
and a logarithmic decrease in the divergence exponent � with
h. The latter relation suggests that diffusion mediated
changes in the flux distribution at the growth front vanish
when inter-rod shadowing increasingly dominates the growth
competition as its length scale increases with w. The experi-
mental data deviate from these trends at a critical homolo-
gous temperature �c=0.24�0.02 for all studied metals. This
is attributed to a transition from a 2D to a 3D island growth
mode, as also indicated by cross-sectional TEM analyses.
The scaling relations in the 3D regime ����c� exhibit a
similar �-dependence as in the 2D regime, however, the rod
broadening rate is higher due to the higher aspect ratio of the
3D islands which exacerbate self-shadowing. The overall
good agreement between the analytical expressions and the
experimentally observed relations suggests that the proposed
formalism accurately describes the physical phenomenon of
shadowing induced nanorod growth and could be extended
to nonmetallic systems assuming surface diffusion is the only
roughening mechanism at the growth front.
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