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The growth of Fe–Ni based amorphous nanocolumns has been studied using atomic force
microscopy. The root mean square roughness of the film surface increased with the deposition time
but showed a little change at higher deposition time. It was found that the separation between the
nanostructures increased sharply during the initial stages of growth and the change was less
pronounced at higher deposition time. During the initial stages of the column growth, a roughening
process due to self shadowing is dominant and, as the deposition time increases, a smoothening
mechanism takes place due to the surface diffusion of adatoms. © 2009 American Institute of
Physics. �DOI: 10.1063/1.3080615�

Soft magnetic alloys of Fe–Ni are of great interest due to
their proven applications in power conversion, conditioning
and generation, transformer cores, electromagnetic shielding,
and sensors.1–3 The amorphous structure of these alloys plays
a major role in the reduction of magnetic anisotropy energy
and the corresponding modification of properties such as co-
ercivity and permeability. In addition, the random atomic
structure leads to increase in resistivity making them suitable
for high frequency applications. With the advent of amor-
phous materials exhibiting excellent soft magnetic proper-
ties, the thin film form of this material are also important
from an application point of view. The development of nano-
structured soft magnetic materials makes it possible to min-
iaturize magnetic devices and integrate them, e.g., in micro-
electromechanical systems and sensor applications

Small magnetic structures, in principle, can be patterned
by e-beam lithography. However, this technique requires ex-
pensive instrumentation and is not very versatile. For in-
stance, the e-beam technique can introduce phase transfor-
mations in materials upon exposure.4 An alternative to this is
thin film deposition at oblique angles.5 This technique uti-
lizes physical vapor deposition to deposit films on a substrate
oriented at an oblique angle to the vapor source. The vapor
atoms travel to a fixed substrate at large oblique angle re-
spective to the surface normal of the substrate. The evaporant
nucleates on the substrate and the region behind the nucleus
does not receive any further vapor because of the shadowing
by the nucleus. Therefore, vapor will only be deposited onto
the nucleus. This preferential growth dynamics gives rise to
the formation of columnar structures. The morphology of
such films will be a resultant of the competition between
smoothening due to surface diffusion of adatoms and rough-
ening due to the self shadowing process. The film surfaces

grown under these two competing process usually generate
fascinating self affine patterns.6–8

For the synthesis of thin films with both a well-defined
value of the surface roughness and well-defined surface mor-
phologies, an understanding on the interplay between the
mechanisms involved in the growth process of thin films is
essential. From a fundamental point of view, this will enable
a classification of the underlying physical phenomena con-
trolling a given growth process. From an applied point of
view, a detailed knowledge of the scaling behavior of the
rough surface will aid in synthesizing surfaces with well de-
fined roughness and geometry. While so much work has been
devoted to understand the effect of deposition parameters on
the morphology of elementary metal nanocolumns,9–11 there
has been less efforts to understand the growth mechanisms of
nanostructures of amorphous alloys.

In this study, the authors demonstrate the preparation of
Fe–Ni based amorphous nanocolumns by oblique angle
deposition employing thermal evaporation technique. The
focus is on Fe–Ni based amorphous alloys due to their
interesting soft magnetic properties as well as their wide ap-
plication potential in the field of sensors.12 Atomic force mi-
croscopy is employed to quantitatively investigate the
mechanisms involved in the growth process of obliquely de-
posited magnetic nanostructures.

Commercially available Metglas 2826 MB ribbon of
composition Fe40Ni38Mo4B18 was employed as a source ma-
terial to deposit Fe–Ni thin films on silicon substrates. Sili-
con substrates were cleaned with acetone, ethanol, and
trichloroethylene and were immediately loaded into the
vacuum chamber. The films were deposited by thermal
evaporation using a current of 25 A at a base pressure of
1�10−5 mbar onto substrates oriented at an oblique angle of
40° to the flux. The base pressure of �1�10−5 mbar was
achieved by a diffusion pump backed with a rotary pump.
The source to substrate distance was �26 cm. A set of
samples were deposited at an oblique angle of 40° with the
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same source to substrate distance ��26 cm� but with differ-
ent deposition time �100, 200, 300, 400, and 500 s�. The
average deposition rate measured by a step profilometer was
6 nm/min. X-ray photoelectron spectroscopy, x-ray diffrac-
tion, and transmission electron microscopy were employed
to characterize the films, and it was found that the films
prepared under different deposition conditions consisted of
an amorphous phase with a composition of Fe55Ni45.

Images of the film surface were acquired using a Digital
Instruments Nanoscope atomic force microscope �AFM� op-
erated in the tapping mode using an etched single crystal
silicon tip. 2�2 �m2 areas were scanned with a resolution
of 256�256 pixels. AFM data was used to evaluate the rms
roughness. In addition, the surface microstructure was stud-
ied using power spectral density �PSD� function calculations.
The two-dimensional PSD �2D PSD� calculations were per-
formed using the software provided by Digital Instruments.

Figures 1�a�–1�d� show the AFM images of Fe–Ni film
surfaces, which were grown at different conditions as de-
scribed above. The comparison between column height and
total thickness of the film suggests that filling of voids in
between the column is taking place during the growth and
resulting in a layer plus island type geometry. It can be seen
that the lateral size as well as surface height �peak to valley�
of the columns grows with increase in the deposition time.

Figure 1�f� depicts plot of rms roughness versus deposi-
tion time. The change of roughness up to a deposition time of
300 s is sharp while it is gradual for higher value of deposi-
tion time. During the initial stages of growth, the microstruc-
ture is strongly affected by shadowing. At this time, the
grains grow in a uncorrelated fashion from the nuclei formed
initially. Such an independent growth should agree with the
sharp change in roughness for short deposition time. At
higher deposition times, the change in roughness is minimal,

implying that a smoothening mechanism by surface diffusion
is also prominent. Also, as the deposition time increases, the
lateral growth of columns occurs, and this can be due to the
surface diffusion of adatoms. The lateral growth of the col-
umns at higher deposition time can be evidenced from the
AFM line scans depicted in Fig. 1�e�. Thus for higher depo-
sition time surface diffusion also plays an important role in
the growth process of films.

2D PSD calculations were performed for the different
films prepared. The 2D PSD spectrum provides the variation
of PSD magnitude as a function of spatial frequencies. The
PSD analysis allows quantification of the surface structure.
Figure 2 shows log-log plots of power spectra PSD �f� cal-
culated for thin films obtained at different deposition time.

The log-log plot of 2D PSD can be divided into two
distinct regimes. The low frequency part which gives an in-
dication of the periodicity of nanostructures and a high fre-
quency part where the PSD distribution is decaying with
frequency following a power law �f−�, where f is the fre-
quency and � is the power.

By fitting PSD�f� �f−� to the correlated part, we obtain
��−5.28, �5.4, �5.61, �6.33, and �6.69 for the films
grown at deposition time 500, 400, 300, 200, and 100 s re-
spectively. Since � is related to the roughness exponent � by
the equation13 �= ��−d� /2, where the line scan dimension d
is 2 in our case, the roughness exponent has a value
�=1.64, 1.7, 1.8, 2.15, and 2.34 for the deposition time 500,
400, 300, 200, and 100 s, respectively. It is to be noted that
surface diffusion effects that lead to smoothening will lower
the exponent. On the other hand, shadowing will increase the
exponents.13 The lowering of roughness exponent at higher
deposition time indicates that at higher deposition time, a
smoothening mechanism by surface diffusion is also promi-
nent in the growth process of the film. This supports our
inferences derived from the roughness versus deposition time
plots �Fig. 1�f��.

Moreover a nonsaturation behavior of PSD function
curves can be observed in the low frequency regime. The
nonsaturation behavior of PSD has been previously observed
in mound structures grown by oblique angle deposition
technique.14 Figure 1�f� shows column separation versus
deposition time. It is clear that the column separation in-
creases with deposition time and shows saturation at higher
deposition time. The column separation is exactly the shad-

FIG. 1. �Color online� �a� AFM image for a film obtained after a deposition
time of 200 s, �b� 300 s, �c� 400 s, and �d� 500 s. An AFM line profile on
different samples is shown in �e� and �f� plot of rms roughness vs deposition
time and distance between columns vs deposition time. All AFM images are
2�2 �m2, with z scale 20 nm.

FIG. 2. PSD function curves calculated for thin films obtained with different
deposition time.
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owing distance. The shadowing length increases with the
height of the column according to the equation, L=h tan �,
where L is the shadowing length, h is the height of the sur-
face feature, and � is the oblique angle. Initially, due to the
random effect during growth, some surface features become
more prominent than nearby ones, and they get additional
flux resulting in an increase in the shadowing length. As the
deposition time increases, the columns become more uni-
form in length, and after a critical deposition time shadowing
length does not increase significantly.

The room temperature hysteresis curve for films depos-
ited at 200, 300, and 400 s recorded both in the in plane
and out of plane geometry are depicted in Figs. 3�a�–3�c�,
respectively. The saturation magnetization was found to
be �870 emu /cc. It is to be noted that a low field of
�2000 Oe was only necessary to saturate the magnetization
in the in plane while a field as high as 5000 Oe or above
could not saturate the material in the out of plane geometry.
The vibrating sample magnetometry �VSM� results show that
the easy axis of magnetization is in the plane of the film. The
magnetic force microscopy �MFM� images are depicted in
Fig. 3�d�, and this shows the existence of circular domains
with an out of plane magnetic component. A comparison of
AFM and MFM images shows that there is a one to one
correspondence between the domains observed and the is-
lands formed. It is to be noted that imaging was done using a
Si tip coated with a CoCr thin film �80 nm thick� that was
magnetized vertically and at a tip to sample separation �lift
height� of 40 nm. The lift height of 40 nm is greater than the
film roughness ��3 nm�, and so the chances of topographi-
cal influence on the MFM signal can be negligible. In sys-
tems where shape anisotropy is predominant, the easy axis of
magnetization will be along the direction of long axis. If
there are deposits in between the columns, the portion close
to the substrate will become a continuous layer and the ge-
ometry of the whole system will be a layer plus island type

in which islands are arranged on top of the layer. Due to the
absence of magnetocrystalline anisotropy, the magnetization
direction will be more influenced by the shape anisotropy. In
the layer, where the long axis is along the plane of the sub-
strate, the magnetic direction will be in plane. While in the
islands, where the long axis is perpendicular to the plane of
the substrate, the magnetic direction will be out of plane. The
magnetization measurements using VSM is rather a bulk
technique and one will only notice signatures of in plane
anisotropy because of the domination of the contributions
emanating from the layer. However MFM being sensitive to
the local detects the out of plane component from the islands.
The measurements show that the perpendicular anisotropy
from the columns is small, and this can be due to their small
aspect ratio.

In conclusion Fe–Ni based amorphous nanocolumns
were grown on Si substrates by oblique angle deposition.
The films were grown at different deposition times at an
oblique angle of 40°. AFM was employed to quantitatively
investigate the surface roughening process in the oblique
angle vapor deposited amorphous thin films.

Surface scaling analysis through roughness and PSD
spectra showed that at low deposition time, the growth
mechanism is dominated by self shadowing, while for higher
deposition time surface diffusion is also contributing to the
growth process. This situation resulted in the lateral growth
of nanostructures at higher deposition times. From an applied
point of view, the method of obtaining magnetic nanostruc-
tures using this low-technology method is interesting and
one should evolve preventive measures against surface dif-
fusion while making attempts to get isolated nanostructures.
This can be realized by performing the deposition on a pat-
terned substrate or through substrate rotation.
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FIG. 3. Room temperature hysteresis loops for films obtained after a depo-
sition time of 200 s, �b� 300 s, and �c� 400 s in parallel field. Inset shows the
corresponding hysteresis loops for perpendicular field and �d� MFM image
for a film deposited at 300 s �2�2 �m2, z scale 200 m Deg�.
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