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Ultra thin films based on CoFe were prepared from a composite target employing thermal evaporation. The
microstructure of the films was modified by thermal annealing. The relationship between microstructure and
magnetic properties of the films was investigated using techniques like glancing angle X-ray diffraction
(GXRD), transmission electron microscopy (TEM) and vibrating sample magnetometry (VSM). The GXRD and
TEM investigations showed an onset of crystallization of CoFe at around 373 K. The magnetic softness of the
films improved with thermal annealing but at higher annealing temperature it is found to be deteriorating.
Annealing induced modification of surface morphology of the alloy thin films was probed by atomic force micros-
copy (AFM). Surface smoothening was observed with thermal annealing and the observed magnetic properties
correlate well with surface modifications induced by thermal annealing.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Amorphous and nanocrystalline magnetic alloys are in demand
because of their excellent soft magnetic properties for applications in
diverse fields, such as magneto-optic storage, magnetic shielding, and
magnetic sensors [ 1-3]. Research interest in metallic glasses is growing
over the last decade since the first discovery of amorphous alloys of
Au-Si by Duwez et al. in 1959 [4]. The improvement in soft magnetic
properties of the nanocrystalline alloys of Fe-Si-B-M (M =Cr, V, Mo,
Nb, Ta, W) put forward by Yoshizawa et al. in 1988 [5] accelerated
the growth of research in this area. Later, studies of the nanocrys-
talline families NANOPERM™ (Fe-Zr-B-Cu) [6] and HITPERM™
(Fe-Co-Zr-B-Cu) [7] shed further light on the origin of soft mag-
netic properties [8] and the amorphous nanocrystalline transfor-
mation [9,10]. Among them Co and Fe rich alloys are widely used
in technological applications like sensors, actuators and magnetic
recording heads [11,12] as they exhibit excellent magnetic properties
like high Curie temperature, high permeability, low magnetic
loss, low coercivity and high saturation magnetization [13-18].
Micro/Nano Electro Mechanical Systems (MEMS/NEMS) devices
such as microactuators, sensors and micromotors can be realized
with the use of both hard and soft magnetic materials. These
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electromagnetically actuated MEMS are more stable for large actuation
gap and high force applications. The high magnetic moment of Co rich
binary alloys makes it suitable for these applications [19,20]. Miniatur-
ization of these materials are required for microelectronic applications,
hence thin films of these alloys are of great importance [21]. The rela-
tively high value of magnetostriction observed for CoFe thin films in-
creases the levels of stress developed during the growth of CoFe films.
The magnetic properties of such materials depend on various factors
such as film thickness, crystal structure and size, composition and sur-
face/interface roughness. Enhanced magnetic softness compared to
their polycrystalline counterparts can be further improved, either by
thermal annealing around the crystallization temperature or by elec-
tron/ion beam irradiation [5,22-25]. Annealing of amorphous alloy
thin films enables the relaxation of the amorphous structure and initiates
formation of a composite amorphous-crystalline, microstructure with
crystal size of ~10 nm. Such a microstructure is expected to improve
the soft magnetic properties. Several reports are there on thermally in-
duced nanocrystallization in Co-based alloys [26-28]. Bordin et al. [29] re-
ported the occurrence of superior soft magnetic properties with the
evolution of nanocrystallites with heat treatment of CoggFe4M0,B11 55i165
amorphous ribbons well below their conventional crystallization temper-
ature. Quintana et al. [26] reported the nanocrystallite formation below
the conventional crystallization temperature in CoggFe4Mo05,Si16B12.
Buttino et al. [30] also reported improvements in soft magnetic prop-
erties of an amorphous alloy of composition CoggFe4Ni{B14Siis. The
improvements were obtained by isothermal treatments below the
conventional crystallization temperature.
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Fig. 1. XPS survey scan of (a) as-deposited film and (b) after sputter etching for 30 min using Ar™.

Structural relaxation and crystallization during thermal annealing
result in significant changes in magnetic properties. For example,
nanocrystalline cobalt based alloys display superior magnetic soft-
ness compared to their amorphous counterparts [31,32]. The mag-
netic properties display a strong dependence on the nanocrystal
size and distribution [33]. If the amorphous matrix is nonmagnetic,
the behavior of the magnetic nanocrystals is governed by a single
domain particle model; whereas the case of a magnetic matrix is
more complicated. Detailed investigations of such nanocrystalline
magnetic systems have resulted in useful developments for applica-
tions like soft underlayers for ultrahigh density computer disk drives
and magnetic sensors [34-36].

The material under study here is CoFe based thin films where
Co7sFe14NisSisB, is used as target material. For the fabrication of
amorphous alloy thin films one can employ processes like physical
vapor deposition (PVD), chemical vapor deposition (CVD) or atomic
layer deposition [37]. Here we have employed thermal evaporation
which is a physical vapor deposition technique for the growth of
thin film which is a cost effective technique and can be carried out
in any common laboratory. It is to be noted that as-deposited films
are amorphous in nature and in order to induce nanocrystallization
thermal annealing is necessary. From a fundamental point of view in-
vestigation on the effects of thermal annealing assumes significance
since the onset of nanocrystallization is very important and this deter-
mines its magnetic properties. Moreover, thermal annealing induces

(a)

microstructural changes which in turn will have a bearing on the mag-
netic properties of the film. This is one of the primary objectives of the
present investigation. Here we report the microstructural and magnetic
evolution of CoFe based thin films on thermal annealing.

2. Experimental

Thin films based on CoFe were deposited on naturally oxidized sili-
con (100) substrates by thermal evaporation, using a composite target
having the composition CosFe;4NisSisB,. Film deposition was carried
out at room temperature at a pressure of 1x 10~ Torr with the source
to substrate distance of 11 cm. A set of samples were also deposited si-
multaneously onto NaCl substrates for TEM investigations. Differential
thermal analysis (DTA) of the target material was carried out to find
out the crystallization temperature of the material. On the basis of that
study, as-deposited thin films were annealed at different temperatures
(373K, 473K, 573 K and 673 K) for 1 h under high vacuum conditions
(1x 10~ ®Torr) to initiate nanocrystallization in these films [22-24,38].

The thickness of the film was measured using Dektak 6M thickness
profiler. GXRD study of the as-prepared and annealed films was
performed using a Bruker Discover D-8 diffractometer with CuKg,
(N = 1.54 A) radiation. X-ray photoelectron spectroscopy (XPS) study
of the thin films was carried out using an Omicron Nanotechnology
XPS system with a monochromatic Al K, radiation (hv = 1486.6 eV),
of source voltage 15 kV and emission current of 20 mA. All scans were
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Fig. 2. High resolution XPS spectra of (a) Fe 2p, and (b) Co2p.
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Fig. 3. GXRD patterns of (a) as-deposited, (b) 573 K, and (c) 673 K annealed CoFe
based films.

carried out at a base pressure of 2 x 10~ !! Torr. The wide scan was
recorded with constant analyzer transmission energy of 50 eV, while
the individual elemental peaks were recorded at analyzer pass energy
of 20 eV. The obtained XPS spectra were deconvoluted using CasaXPS
program (Casa Software Ltd., UK) [39] in which the background was
simulated using Shirley function and the peaks were fitted using a
Gaussian-Lorentzian function. The recorded spectra were corrected

using the binding energy of aliphatic carbon at 285 eV and the accu-
racy of the measured binding energy values is estimated to be equal
to £0.2 eV. Room temperature magnetization measurements were
carried out using a VSM (DMS 1660 VSM) with a magnetic field vary-
ing from — 13 to + 13kOe. The microstructural evolution of the films
was investigated by TEM (Joel JEM-2200 FS) operated at 200 kV. The
surface morphology of the as-deposited and annealed CoFe based
films was imaged using AFM multimode instrument, having higher
resolution magnetic force microscopy tips (MESP-HR) (Bruker) with
resonant frequency of 475 kHz. The magnetic force microscopy (MFM)
imaging is carried out at a lift height of 10 nm, scan rate of 0.5 kHz and
resolution of 512 pixels.

3. Results and discussion

The nominal thickness of the deposited thin films, as determined
using a stylus profiler was found to be 40 nm. The wide scan XPS spec-
trum of the as-deposited film (Fig. 1(a)) shows the presence of cobalt
and iron along with unavoidable surface contaminants like carbon and
oxygen. XPS spectrum was also recorded after removing the surface
oxide layer by Ar™ sputtering (3keV) for 30 min. The resultant spectrum
shows that the filmis rich in cobalt and iron along with traces of oxygen,
carbon and argon (Fig. 1(b)). Argon is expected to be implanted in the
films during the sputter etching process.

High resolution XPS spectra of the elemental components, Co and Fe
acquired after removing the surface contaminants are shown in Fig. 2.
Curve fitting of the experimental data presented in Fig. 2(a) revealed
different components at binding energies 707.2 eV, 710.7 eV and
714.2 eV for Fe 2p3,. These peaks represent the presence of Fe in dif-
ferent oxidation states, Fe®, Fe? ™ and Fe>* [40]. The multiplet split-
ting of Fe 2p as well as a satellite peak of Fe 2ps,, at around 717 eV

Fig. 4. TEM micrographs of thin films deposited on NaCl substrates and post-annealed at (a) 373 K, (b) 473K, (c) 573 K, and (d) 673 K. HRTEM of 673 K annealed film is shown in the

inset of (d).
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Fig. 5. (a) AFM & (b) MFM images and (c) line scan of as-deposited CoFe based thin films, (d) AFM & (e) MFM images and (f) line scan of 573 K annealed CoFe based thin films.

[40] was also observed. Corresponding Co 2p high resolution spec-
trum is shown in Fig. 2(b). Curve fitting to Co 2ps, line resulted in
three components centered on 777, 778 and 780 eV, which corre-
sponds to the presence of Co in the oxidation states Co®, Co®™ and
Co®* respectively [41-43]. It is to be noted that the intensity of Fe
2p1,2 and Co 2p, » peaks was small for resolving all the three compo-
nents that were observed for their corresponding 2ps,, peaks.

High resolution XPS spectrum was also acquired in the energy range
of 94-110eV. However it was difficult to deconvolute the Si 2p and Co
3s lines because of their similar binding energies [44]. Quantification
of the spectrum in Fig. 1(b) yielded the composition of the film as
76.81wt.% of Co and 22.72 wt.% of Fe, along with traces of oxygen.

The XRD pattern of as-deposited and annealed films recorded in
grazing incidence geometry is shown in Fig. 3. It is evident that the
as-deposited film is amorphous and crystallization of the films is
initiated at 573 K and 673 K which resulted in a diffraction peak
centered around 44°, which can be assigned to the bcc CoFe (110)
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phase (JCPDS 49-1567) [45-47]. The amorphous nature was further
confirmed using selective area diffraction pattern of the films
(not presented). From the XPS analysis it is found that traces of oxygen
are also present in the film along with Co and Fe. The presence of im-
purities like oxygen will increase the glass forming ability of metallic
glasses which in turn can stabilize the amorphous phase in the as-
prepared film [37].

The TEM micrographs for samples annealed at 373 K, 473 K, 573 K
and 673 K are shown in Fig. 4. Nanocrystallites with average grain size
of ~6 nm are clearly visible in the 473 K annealed film (Fig. 4b). Upon
further heat treatment the average crystallite size increases in the
673 K annealed film (Fig. 4d). It is noteworthy that few crystallites of
size ~19 nm were also observed in the bright field image of 673 K
annealed samples along with ~15 nm.

HRTEM of the film annealed at 673 K is shown in the inset of
Fig. 4(d). Well defined crystalline planes are visible in the micrograph.
Planes observed in the HRTEM image have an average inter planar
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Fig. 6. (a) Room temperature hysteresis loops of as-deposited and annealed thin film samples and (b) coercivity and remanence dependence on annealing temperature. Solid line is a guide

to the eye.
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distance of 2.01 A and the corresponding planes are identified as
(110) planes of the crystalline CoFe phase [45-47], further supporting
the results of GXRD measurements.

Atomic force microscopy was used to investigate surface evolu-
tion with thermal annealing. Fig. 5(a) shows 2 x 2 um? AFM image
that was acquired from the as-deposited sample. Islands of lateral size
around 500 nm with a height of about 40 nm are visible. Continuous
and smooth morphology is observed in 573 K annealed samples with
rms roughness of about 1.2 nm (Fig. 5(d)). Statistical analysis of the
AFM images showed that the roughness of the films decreased gradually
from 6.6 nm for as-deposited films to 1.1 nm for films annealed at 673 K.
Volume and/or surface diffusion leads to the smoothening on thermal
annealing [48]. AFM line scan depicted in Fig. 5(c) and (d) clearly
demonstrates the changes in film morphology on thermal annealing.

The magnetic force microscopy image of the as-deposited CoFe
based film acquired from 2 x 2 um? area is shown in Fig. 5(b). It can be
seen that the image is dominated by topographical contrast. The MFM
imaging was conducted for different tip heights and in all the images
no meaningful magnetic images could be obtained. This is because
of the absence of any stray magnetic fields along the out-of-plane direc-
tion. On the other hand, MFM images acquired from 573 K sample show
distinctive features of ‘dark’ and ‘bright’ contrast suggesting magnetic
stray fields emanating out from the film surface (Fig. 5(e)). For magnetic
thin films with an easy magnetic direction along the film plane, the stray
fields are expected to be from domain boundaries.

Fig. 6(a) depicts the magnetic hysteresis loop of the as-deposited
film and the films annealed at various temperatures. There is a remark-
able difference in the coercivity in as-deposited and annealed thin films.
The variation of coercivity and remanence (M,/M;) with annealing tem-
perature is depicted in Fig. 6(b) and it is evident that magnetic softening
occurs at 573 K.

The gradual change in coercivity and remanence can be explained on
the basis of microstructural and morphological changes in CoFe based
thin films with thermal annealing. From TEM and AFM investigations
it is seen that the as-deposited film is island-like, where the magnetiza-
tion reversal occurs by rotation. Coercivity of 110 Oe is associated with
the magneto-elastic anisotropies resulting from the rapid quenching
of the films during film deposition [49]. Low remanence observed in
the as-deposited film indicates that the demagnetization along the in-
plane direction is due to the shape of the islands. On annealing at higher
temperatures, stress relaxation occurs in films, at the same time crystal-
lization and surface smoothening takes place. At 573 K, from the ob-
served film morphology, it is expected that magnetization reversal is
driven by a nucleation event followed by domain wall motion. This
is a low energy process which is associated with low coercivity.
At 673 K, the volume fraction of crystallites is expected to increase
[50], which further impede domain wall motion, resulting in an
increase in coercivity as well as remanence.

4. Conclusion

Thin films based on CoFe were prepared via thermal evaporation
from a composite target of composition Co;sFe;4Ni4SisB,. Post-
annealing of these films resulted in nanocrystallites of CoFe in a residual
amorphous matrix. Glancing angle X-ray diffraction of thin film samples
annealed at 573 K and 673 K showed signatures of crystalline bcc
CoFe phase. HRTEM studies further supported this finding. The as-
deposited and post-annealed films were characterized using atomic
force microscopy and it was found that a surface smoothening occurs
in samples on thermal annealing. On annealing, crystallization together
with surface smoothening influences the magnetization reversal.
Magnetic measurements indicated that in as-deposited island-like films,
magnetization reversal is via coherent rotation and the demagnetizing
field significantly influences the reversal processes. Whereas, in films
annealed at 573 K, the magnetization reversal is guided by a nucleation
event followed by domain wall motion, resulting in low coercivity.

Annealing at 673 K further resulted in an increase in coercivity as well
as remanence.
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