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Thin platinum films with well-controlled rough surface morphologies are grown by e-gun evaporation at an
oblique angle of incidence between the deposition flux and the substrate normal. Atomic force microscopy is
used to determine the root-mean-square value w of the surface roughness on the respective surfaces. From the
scaling behavior of w, we find that while the roughness exponent � remains nearly unchanged at about 0.90,
the growth exponent � changes from 0.49�0.04 to 0.26�0.01 as the deposition angle approaches grazing
incidence. The values of the growth exponent � indicate that the film growth is influenced by both surface
diffusion and shadowing effects, while the observed change from 0.49 to 0.26 can be attributed to differences
in the relative importance of diffusion and shadowing with the deposition angle.
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INTRODUCTION

Recently, there has been an increasing focus on the
growth of thin films with rough surface morphologies on the
nanometer length scale for applications in areas such as bio-
technology, cell and tissue engineering, catalysis, nanoelec-
tronics, optoelectronics, and gas sensing,1–9 since the surface
morphologies and the absolute value of the surface rough-
ness on the nanometer scale may influence the performance
of these devices. To be able to successfully synthesize thin
films with both a well-defined value of the surface roughness
and well-defined surface morphologies, it is of great impor-
tance to gain a fundamental understanding of the interplay
between the mechanisms involved in the growth process of
thin films.

In general, thin film growth is influenced by processes
such as surface diffusion and stochastic noise, as well as
nonlocal processes such as diffusion-limited aggregation and
shadowing effects.10 Shadowing implies that points of low
height receive fewer particles than high points due to the
geometrical blocking caused by the larger surface structures.
When the deposition is carried out at oblique angles, this
effect becomes more pronounced.11 During growth with
shadowing, these competitive growth mechanisms give rise
to the formation of columnar structures and lead to a rough-
ening of the surface. Films with well-controlled rough sur-
face morphologies can be grown using the glancing angle
deposition �GLAD� technique.12–19 GLAD is a physical va-
por deposition technique in which the flux impinges on a
rotating substrate from an oblique angle of incidence ���,
typically ��20°, causing an increased shadowing compared
to normal incidence.14,15 The angle of incidence is defined as
the angle between the incoming flux and the surface, with
�=90° corresponding to the situation where the substrate is
normal to the incoming flux. During GLAD, temperature,
deposition angle, and the rotation angle can be varied to
fabricate well-defined rough morphologies including colum-
nar structures,12,16,17 zigzag columns,13–15 and spirals.18,19

A standard measure of the surface roughness is the root-
mean-square �rms� value w, expressing the variation of the
height function h�r , t� over a two-dimensional substrate with
linear size L,

w�L,t� =� 1

L2 � �h�r,t� − h̄�t��2, �1�

where r is the position vector, and the mean height is given
by

h̄�t� =
1

L2 � h�r,t� . �2�

A self-affine surface, i.e., a surface where a rescaling,
r→br, h→b�h �b�0�, does not change the statistical prop-
erties of the film, exhibits scaling of w,10,20,21

w�L,t� � � t� if L � Lcrossover

L� if L � Lcrossover,
	 �3�

where Lcrossover is the crossover length defining the length
scale at which w�L , t� reaches saturation,10 and is roughly
related to the spatial correlations � along the surface as
Lcrossover
4�.22 The exponents � and � are known as the
roughness exponent and the growth exponent, respectively,
and together they identify the universality class of a
given growth process.10 If thin films are studied after a given
deposition time t, the scaling from Eq. �3� becomes
w�L��wsat�const if L	Lcrossover and w�L��L� if
L
Lcrossover, where wsat is the saturation value of the rms
value.

Often, it is important to characterize the rough surfaces in
terms of the roughness exponent � and the growth exponent
� using the self-affine scaling laws.10,23–25 From a fundamen-
tal point of view, these exponents allow for a classification of
the underlying physical phenomena controlling a given
growth process. From an applied point of view, a detailed
knowledge of the scaling behavior of the surface roughness
will make it feasible to synthesize rough surfaces with well-
defined roughness and morphological properties. Despite the
large interest in using the GLAD technique to generate rough
surfaces, the exact relation between the deposition angle �
and the scaling exponents ��, �� is not yet fully understood.

In this study, we demonstrate the ability to synthesize sur-
faces with well-controlled rough surface morphologies by
varying the deposition angle � and the thickness r of thin
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films. We consider growth conditions without substrate rota-
tion and extend the range of the deposition angles to include
the regime ��20° compared to standard GLAD conditions.
Moreover, we investigate the scaling behavior of the surface
roughness of thin platinum films and find that the roughness
exponent � is not influenced by the variations in neither the
deposition angle � nor the film thickness r. In contrast, a
correlation is found between the deposition angle � and the
growth exponent �.

EXPERIMENT

The platinum thin films �platinum from Dansk Ædelmetal
A/S, DK; 99.9% purity� were grown on gold coated silicon
substrates by e-gun evaporation in a vacuum of about
10−8 bar with the deposition rate kept constant at 1.5 nm /s,
as monitored by a quartz crystal microbalance. The evapora-
tion was performed at room temperature without substrate
rotation and with a distance between the evaporation source
and the substrate of 25 cm. The deposition was carried out at
different oblique deposition angles � of 90°, 35°, 20°, 12°,
10°, 7°, and 5°. The deposition angle � was determined with
a precision of �1° and defined as 90° when the substrate was
perpendicular to the incoming flux. For each deposition
angle, the surface mass density ��� �representing the total
deposited mass per area� was varied from a series of surface
mass densities of 2.2�10−5, 4.3�10−5, 8.2�10−5, 13
�10−5, 15�10−5, 22�10−5, and 32�10−5 g /cm2 to pro-
duce films with different thicknesses since the surface mass
density monitored by the quartz crystal microbalance is pro-
portional to the nominal film thickness �given a constant
mass density�.26 For the deposition angles �=5°, 10°, 35°,
and 90°, at least three different surface mass densities and
corresponding thicknesses were grown to reveal the depen-
dency of the scaling exponents �, � �see Table I� on the
deposition angle �.

As a decrease in the deposition � angle will reduce the
flux of deposited material on a tilted substrate, it was addi-
tionally, for a constant choice of surface mass density

�8.2�10−5 g /cm2�, investigated how different deposition
angles � influence the morphology and resulting film thick-
ness r. For different combinations of surface mass densities
and deposition angles, the actual film thickness was mea-
sured by a thin film cross-sectional analysis using a Nova
NanoSEM 600 �FEI Company� scanning electron micro-
scope �SEM�.

The film surface morphology was investigated using
atomic force microscopy �AFM�, with a commercial
Nanoscope IIIa Multimode SPM �Veeco Instruments, Santa
Barbara, CA� operated under ambient conditions in the tap-
ping mode at scan frequencies of 1–2 Hz. Conventional sili-
con cantilevers �NSG01, NT-MDT, Russia� were used with a
typical resonance frequency of 150 kHz, a spring constant of
5.5 N /m, an aspect ratio of 3:1, and a tip radius below
10 nm. To investigate if the conventional cantilever applied
in this work would lead to misleading results, test was made
with two different types of nonconventional cantilevers. A
high aspect ratio �10:1� �NSC05, NT-MDT, Russia� cantile-
ver designed to penetrate narrow passages and a high reso-
lution cantilever �NSG10�DLC, NT-MDT, Russia� with a tip
radius between 1 and 3 nm which both gave the same results
as the conventional one �data not shown�. For each film, a
series of AFM images of linear dimensions 1, 5.5, and
10 m was recorded with a resolution of 512�512 pixels at
a minimum of three different locations across the surface.
The AFM images were subsequently analyzed using a home-
written extension to the scanning probe image processor im-
age analysis software package �SPIP�27 in order to extract the
values of the rms roughness w. This analysis program di-
vided each image into subimages, using the size of the sub-
division as the length scale L. For each subimage, the rms
roughness parameter w was determined, and in this way we
could explore the correlation between the rms roughness and
length scale L.

RESULTS AND DISCUSSION

In Figs. 1�a�–1�c�, cross-sectional SEM images of thin
films deposited with a constant surface mass density

TABLE I. The average value of the roughness exponent � for deposition angles � at different thicknesses
r is shown here together with the value of the growth exponent � from the fit in Fig. 3.

� �ng /cm2�

Dep. angle �deg�

5 10 35 90

r �nm� � r �nm� � r �nm� � r �nm� �

2.2 35 0.91�0.03 10 0.86�0.07 10 0.92�0.04

4.3 70 0.84�0.05 20 0.86�0.06

8.2 133 0.87�0.03 84 0.89�0.03 38 0.86�0.06

13 58 0.92�0.05

15 154 0.81�0.03 70 0.84�0.04

22 396 0.93�0.02 217 0.77�0.06 133 0.80�0.06

32 525 0.87�0.04 315 0.86�0.01

�av 0.90�0.02 0.86�0.02 0.86�0.04 0.88�0.02

� 0.49�0.04 0.41�0.07 0.28�0.04 0.26�0.01
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�=8.2�10−5 g /cm2 and deposition angles � ranging from
35° to 5° are shown. To investigate the correlation between
the nominal thickness �the nominal thickness is defined as
the thickness determined by the quartz crystal microbalance
�QCM� measurements using a platinum mass density of
21.47 g /cm2 �bulk density�� as measured by quartz crystal
microbalance and the actual thickness of the films when the
deposition angle � is varied, a cross-sectional analysis of the
SEM images was performed. The variation of the actual �as
measured by SEM� film thickness r as a function of deposi-
tion angle � is displayed in Fig. 1�d�. For �=35°, the actual
film thickness is identical to the nominal thickness �the de-
sired thickness�, but for smaller angles �, the measured film
thickness increases as the deposition angle decreases. From a
closer examination of the SEM images in Fig. 1, it is further
noticed that thin films evaporated with the same surface mass
density at high incidence angles ��=35° � have higher effec-
tive mass densities than those evaporated at low incidence
angles ��=5°, 10°�, and in the latter case, large interior voids
appear to develop. In general, the variation of the actual film
thickness with the substrate tilt angle is caused by two com-
peting mechanisms that both depend on the deposition angle.
�i� For a certain deposition time, the incoming flux decreases
as the deposition angle is lowered, leading to a decrease in
the film thickness for depositions at an oblique angle com-
pared to normal incidence. �ii� Conversely, the thickness of
the thin film increases with the deposition angle due to an
increased film porosity for depositions at a low angle of in-
cidence compared to normal incidence. In the current study,
the lower flux capture for the glancing angle depositions is
compensated by changing the deposition time in order to
keep the deposited surface mass density constant. The ob-
served variation of thin film thickness r with changes in
deposition angle � �Fig. 1�d�� is therefore attributed exclu-
sively to the different porosities of the films. Therefore, we
have to rely on the film thicknesses measured from the SEM

images to elucidate the influence of the deposition angle on
the scaling exponents �, � for film deposition at angles
��35°.

To investigate the rough surface morphologies at different
deposition angles � and how the scaling behavior of the sur-
face roughness depends on the deposition angle, we turn to
the AFM images depicted in Figs. 2�a�–2�c�. A clear differ-
ence in the surface morphologies is observed between the
images taken at different deposition angles �. From Fig. 2�a�,
we further observe that a preferred growth direction is
present, corresponding well to the anisotropic columnar
growth observed by SEM. A similar preferential growth di-
rection in a deposition experiment without substrate rotation
was observed by Mayr and Samwer28. Moreover from the
linescans, shown in Fig. 2�d� it is evident, that a decrease in
� leads to larger and more pronounced columnar structures,
resulting in rougher films at smaller deposition angles. The
self-affinity of the films was investigated by using a well-
established method in the literature,10,23–25,29 where the rms
surface roughness of the thin films w is plotted against the
length scale L �Fig. 2�e��. From Fig. 2�e�, it is observed that
w increases and saturates at a certain length scale �Lcrossover,
cf. Eq. �3��. As the deposition angle decreases, Lcrossover be-
comes larger. Since the Lcrossover value and the correlation
length are roughly related �Lcrossover
4��, this means that the
mound size should increase according to Ref. 30. Turning to
the AFM images in Figs. 2�a�–2�c� again, it is clearly seen
that the mound structures become broader as the deposition
angle is lowered from 35° to 5° in accordance to the obser-
vations made in Fig. 2�e�.
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FIG. 1. �Color online� SEM images of platinum films evapo-
rated at different deposition angles �, with a constant surface mass
density of �=8.2�10−5 g /cm2 and nominal thickness of 38 nm. �a�
Deposition at �=5° results in a thickness r=133 nm. �b� Deposition
at �=10° results in a thickness r=84 nm. �c� Deposition at �=35°
results in a thickness r=38 nm. �d� Film thickness r as measured by
SEM versus �.
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FIG. 2. �Color online� ��a�–�c�� AFM images of the surface mor-
phology of thin platinum films deposited at different deposition
angles � and a constant surface mass density �=8.2�10−5 g /cm2.
�a� Deposition at �=5° results in a thickness 133 nm. �b� Deposi-
tion at �=10° results in a thickness 84 nm. �c� Deposition at
�=35° results in a thickness 38 nm. The columnar structures slowly
begin to dominate the surface morphology as the deposition angle is
decreased. �d� The respective line scans from the images are shown,
illustrating how the surface becomes rougher as the deposition
angle is decreased. �e� The rms roughness w as a function of the
length scale L for the respective AFM images ��a�–�c��. For each
measurement on a specific location on the surface �represented by a
square, circle, or a triangle�, the root-mean-square roughness fol-
lows a power law until the crossover length is reached and then
saturates.
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The roughness exponent � is found by fitting the data
points in the small length regime �L
Lcrossover� with a power
law, while the saturation value of the rms roughness wsat is
found by fitting the data in the large length scale regime
�L	Lcrossover� with a constant.

Table I summarizes the results on the roughness exponent
� for different film thicknesses r and at different deposition
angles �. We observe that within the experimental uncer-
tainty, the roughness exponent � remains close to 0.90, in-
dependent of the deposition angle � and film thickness r.
This value is similar to the ones observed by AFM in other
experiments where deposition with GLAD technique was
used.29–31 In Ref. 29, ��1 was found for chromium deposi-
tion at a deposition angle of 1°, and in Ref. 31, it was shown
that for thin tantalum films, � changed from 0.75 to 0.93 as
the deposition angle � was varied between 5° and 40°.To
investigate whether a correlation exists between the growth
exponent � and the deposition angle �, we plot wsat against r
and determine the growth exponent � for each deposition
angle � by fitting the data with a power law, as shown in Fig.
3�a�. The power law is in accordance to the relation between
the thickness r and growth exponent �, as indicated in Eq.
�3�, when taking the proportionality between r and time t
into consideration �cf. Eq. �3��. We notice that � decreases
from 0.49�0.04 to 0.26�0.01 in a nonlinear fashion as �
increases from 5° to 90° �Fig. 3�b��, showing a clear deposi-
tion angle dependence.

Values of the growth exponent � for films grown by ob-
lique angle incidence have, to our knowledge only , been
reported for a deposition angle at 1°,29 where �=1 was
found. According to theoretical considerations, the value of
� is larger than 0.5 when the shadowing mechanism domi-

nates the growth process and with diffusion still playing an
active role and close to 1 when no surface diffusion is
present.32 Without shadowing, simulations performed in d
=2+1 dimensions, incorporating surface diffusion and ran-
dom deposition,33,34 show that the growth exponent value is
�=0.25, close to what we have observed for deposition at
normal incidence �=90°, where shadowing is not expected
to have a large impact on the deposition process. Our values
of � for deposition angles in the grazing angle regime are in
accordance to these findings within the experimental uncer-
tainties. In general, surface diffusion is an activated process,
which depends on the substrate temperature and substrate
chemistry.10 It is therefore most plausible that the growth
process transition observed from our results occurs due to an
enhanced shadowing effect as the deposition angle is low-
ered, with the surface diffusion remaining constant. The
variations of the growth exponent value as the deposition
angle � is changed �0.26�0.01���0.49�0.04� suggest a
transition from a growth regime controlled mainly by surface
diffusion to a regime with a more pronounced contribution
from the shadowing effect. This observation is in accordance
with what we have observed from the SEM images �Figs.
1�a�–1�c�� and AFM images �Figs. 2�a�–2�c��, where the
rough surface morphology becomes smoother as the deposi-
tion angle � is increased and the columnar structures less
pronounced. Similar competitive effects during thin film
growth have been reported before.30,35

Concerning the roughness exponent � since it is retrieved
at small length scales where local growth processes are
present rather than nonlocal processes, it is not expected to
be dependent on the deposition angle �. Interestingly, the
obtained value for the roughness exponent � is very close to
the one reported for a surface diffusion dominated film
growth.33,34 The growth exponent � is retrieved from the
roughness data at large length scales, where the surface
roughness is influenced by nonlocal processes. It is therefore
not surprising that � depends on the deposition angle.

CONCLUSION

Platinum thin films were grown by oblique angle deposi-
tion and their surface morphologies and roughness were sub-
sequently investigated by SEM and AFM. From the SEM
images, we found that the film thickness r decreases for an
increasing deposition angle �, while keeping the deposited
surface mass density � constant. This observation leads to
the conclusion that the films become more porous as the
deposition angle approaches grazing incidence. Furthermore,
it was found that the roughness exponent � did not depend
on the deposition angle � unlike the behavior of the growth
exponent �. The variation of the growth exponent as a func-
tion of deposition angle � indicates a transition from a sur-
face diffusion dominated growth process to a growth process
controlled by geometrical shadowing effects. These results
are of significant interests both from a fundamental perspec-
tive elucidating the growth mechanism behind oblique angle
deposition experiments and from a practical perspective
opening new possibilities for designing and growing nano-
structured surfaces with a well-defined roughness and mor-
phology at the nanoscale.
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FIG. 3. �Color online� �a� wsat versus film thickness r is shown
in a log-log plot. Data are fitted by a power law wsat�r�=ar�. �b� �
plotted versus �. A graph is drawn relying on the fitted � value from
�a� �red squares� and a criteria where �=1.0 and �=0.25 as the
deposition angles go toward its limits �=0° and �=90°.
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