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Effects of nitrogen annealing on surface structure, silicide formation
and magnetic properties of ultrathin films of Co on Si(100)
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Abstract. Effects of nitrogen annealing on structural and magnetic properties of Co/Si (100) up to 700°C has been
studied in this paper. Ultrathin Co films having a constant thickness of 50 A were grown on Si (100) substrates
using electron-beam evaporation under very high vacuum conditions at room temperature. Subsequently, the sam-
ples were annealed at temperatures ranging from 100-700°C in a nitrogen environment at atmospheric pressure.
Sample quality and surface morphology were examined using atomic force microscopy. Silicide formation and the
resultant variation in crystallographic arrangement were studied using X-ray diffractometer. The magnetization
measurements done using a vibrating sample magnetometer indicate a decrease in coercivity and retentivity values
with increase in annealing temperature. Resistivity of the samples measured using a four-point probe set up shows
a decrease in resistivity with increase in annealing temperature. Formation of various silicide phases at different
annealing temperatures and the resultant variation in the magnetic susceptibility has been thoroughly studied and

quantified in this work.
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1. Introduction

As the size of integrated circuits decreases every year, meta-
llization of the circuits becomes an important factor to be
considered. This has fuelled the need for developing materi-
als with good mechanical properties, low resistivity and high
temperature and chemical stability. In the past few decades,
cobalt silicides has been extensively used for the metalliza-
tion of very large integrated circuits such as ohmic con-
tacts, interconnects, Schottky barriers and electrodes. The
advantages of CoSi, in forming contacts to silicon in CMOS
devices have been vastly investigated in the past few decades.
Compared to nickel, silicide formation of Co is less sensitive
to the native oxide formation at the interface (Lavoie et al
2002; Froment et al 2003). Also, the ferromagnetic nature of
cobalt makes it a suitable candidate for the magnetic record-
ing industry. It is well known that in the case of metal sili-
cides the post deposition processing plays a major role in
tuning the electrical and magnetic properties of the magnetic
nanostructures.

It is known that ferromagnetic cobalt layers deposited epi-
taxially on Si (100) substrate exhibit in plane and perpen-
dicular magnetism over a broad thickness range which leads
to complex spin reorientation mechanism (Tsay ef al 2002;
Chang et al 2007; Wernsdorfer et al 2009). Further it is
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known that most metals are not in thermodynamic equili-
brium with silicon. Hence, spontaneous and subsequent
intermixing occurs in metals films on Si resulting in the
formation of various intermediate phases (Lau et al 1978;
Joensson et al 2006). The characteristics at the interface
are dictated by uniformity of interdiffusion parallel to inter-
face, interdiffusion thickness and structural properties at the
interface. Even though a number of fundamental studies
based on these phenomena have been carried out in the past
few decades, for small thicknesses (<50 nm), the effects of
annealing in a nitrogenous environment are neither docu-
mented nor are they completely understood. It is well under-
stood that the effects of annealing of Co/Si film in various
ambients would be different.

In the present work, we have done a detailed quantita-
tive investigation of the variation in magnetic, structural and
electrical properties with respect to the annealing tempe-
rature in ultra thin Co films annealing in nitrogen ambient
at atmospheric pressures. The silicide formation at different
temperatures is also discussed in detail on the basis of XRD
data.

2. Experimental

Silicon wafers of 10 x 10 x 0-5 mm were thoroughly
cleaned using the standard RCA cleaning procedure. Accord-
ing to this procedure, the silicon substrates (1 x 1 cm) were
thoroughly cleaned and degassed using high temperature
ultrasonication in acetone.
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The deposition was carried out in a commercially pro-
cured physical vapour deposition system under a pressure
of 5 x 107 mBar. A Varian V500 turbo molecular pump
was used to establish the very high vacuum. Prior to deposi-
tion, the samples were etched using high energy argon ions
and annealed to obtain a smooth and impurity free surface.
The deposition was done within a very short time after argon
ion etching in order to reduce the oxide contamination. A
3 kV sweeping mode electron beam gun was used to colli-
mate the high energy electrons onto the high purity (99-99%
pure) bulk cobalt which was held in water cooled copper cru-
cibles. All the samples were coated with 50 A of cobalt at a
rate of 0-1 A/s. The deposition rate was controlled using an
Inficon controller and a quartz crystal based digital thickness
controller. The samples were then annealed in nitrogen ambi-
ent at atmospheric pressure at temperatures ranging between
100 and 700°C for a duration of 90 min with a progressive
increase of 100°C per sample.

Morphology of the sample was studied using Agilent
Technologies atomic force microscope (AFM). All images
were taken in contact mode using silicon cantilevers with a
force constant of 0-02—0-77 N/m, tip height, 10-15 pum. The
root mean square (RMS) roughnesses of the samples were
calculated from AFM images. The phase purity, silicide for-
mation and crystallographic orientation of the samples were
studied using PANalytical’s Xpert Pro X-ray diffractome-
ter (XRD) in grazing incidence (GI) geometry. The instru-
ment uses a CuKa radiation, (A =) and the measurements
were recorded in the 26 range of 10-60°. Resistivity of the
film was measured using the four-point probe (FPP) sheet
resistance measurement set up. For electrical measurements
of the sample, silver paste was applied at the corners of
the wafer to provide electrical contacts. Magnetic properties
of the samples were analysed using Lake Shore’s vibrating
sample magnetometer (VSM) and magnetic flux density vs
magnetizing force (B—H) loop plotter.

3. Results and discussion

The various cobalt silicide phases (Co,Si,) present in a series
of pristine and annealed samples were characterized using
XRD in GI mode. The results are consolidated in figure 1.
The X-ray diffractogram of the as deposited specimen gives
the Bragg’s peak at 45-9° and 53° corresponding to the (211)
peaks of Co,Si and the (002) peak of hexagonal Co, respec-
tively. The formation of Co,Si in the as-deposited sample
indicates that cobalt atoms were available in plenty for the
silicon atoms to form the cobalt rich silicide. The deposi-
tion of 50 A typically results in several monolayers of cobalt
deposition over the silicon substrate. This and the fact that
e-beam evaporation was used (which results in higher mobi-
lity of atoms on the surface due to high temperature) make
the formation of cobalt rich silicide the most preferred sili-
cide in the absence of any post-treatments. Also, the peak
corresponding to the substrate is visible at 55°. In samples
annealed up to 100, 200, 300 and 400°C, the intensity of the

Co (002) and Co,Si (211) peaks were found to decrease pro-
gressively. This is indicative of diffusion of cobalt atoms into
the silicon matrix, which is characteristic of the annealing
process. In the samples which were annealed up to 500°C,
along with the Co and Co,Si peaks, the (210) and (211)
phases of CoSi were also visible at 53-871° and 59-386°,
respectively. Further, there was a distinct reduction in the
intensities of Co and Co,Si peaks. This can be attributed
to the fact that, upon annealing, there is an increased diffu-
sivity and due to the resultant shortage in the cobalt atoms,
monosilicides are formed instead of di-metal silicides. At
annealing temperatures higher than 600°C, the diffraction
peaks of (220) phase of CoSi, was significantly visible at a
26 value of 57° along with CoSi peaks.

The reduced intensity of CoSi peaks denotes further di-
ffusion of the cobalt atoms into the silicon matrix at high
temperatures. Also, at this point the peak corresponding to
pure cobalt (002) was found to be completely absent. This is
indicative of the fact that all the cobalt atoms were used up
for the formation of silicides. Further, the absence of cobalt
nitride and silicon nitride peaks in XRD is indicative of the
absence of the same in the sample. This implies that nitro-
gen adsorption, if any, did not result in chemical or stoichio-
metric changes or changes in the crystalline nature of the
sample.

Figure 2 (a-h) shows AFM images of the as deposited
and annealed samples. It can be seen that the as-deposited
sample follows the standard Volmer Weber growth mode.
Initially, individual islands of cobalt are formed on the sili-
con substrate. This is typical of a nucleation driven growth
mode. Line profile analysis done on the AFM images show
that the average size of the structures is around 40 nm. Com-
pared to the as-deposited sample, samples annealed at 100°C
showed a reduction in the average density of distribution of
the particles. This was observed to decrease further in sam-
ples annealed at 200, 300, 400 and 500°C (figures 2 b, c, d
and e), respectively. Also, it was noticed that the film became
more continuous for samples annealed above 300°C. In cor-
relation with XRD data, reduction in the density of distri-
bution of the cobalt islands can be attributed to the diffu-
sion of metallic cobalt into the silicon matrix and the subse-
quent formation of silicides upon annealing. Another change
that can be noted in the structures is the increase in the ave-
rage size of the nanostructures upon annealing. This can
be attributed to the fact that upon annealing, the mobility
of the atoms on the surface of the substrate increases due
to thermal energy. These mobile atoms prefer to be in the
lowest energy state thereby nucleating and forming larger
structures by agglomerating around the nucleation sites. Fur-
ther, the annealing process tends to support the formation of
cobalt silicides rather than elemental cobalt nanostructures.
It can be clearly seen from the AFM images that in case
of the samples annealed above 500°C, both the spatial dis-
tribution of particles and the particle size distribution were
quite random. This is probably due to the prolonged pro-
cess of the nucleation and supported growth. We can see
that, in the samples annealed above 500°C instead of existing
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Figure 1. XRD data of as deposited and annealed samples.

as distinct particles, the structures were in the form of two
dimensional sheet-like structures. The sheet-like appearance
of the sample at high temperatures can be attributed to the
stress experienced by thin film as a result of the nitrogen
annealing process. Roughness histograms taken for the AFM
images (data not shown) indicate that at elevated tempera-
tures (300-500°C), there is a decrease in the roughness of
the film probably as a result of the surface atom mobility and
the formation of nanosheets. In contrast, samples annealed at
yet higher temperatures (600°C and 700°C) become rougher,
due to the formation of larger isolated grains (Agarwal et al
2007a, b). This is in good agreement with the AFM images
shown below.

Resistivity measurements done on the sample (figure
3) ascertains the fact that the grains were distinct in the
as-deposited sample whereas they coalesce into bigger nano-
structures such as two-dimensional nanosheets upon anneal-
ing. The as-deposited film shows a high resistivity which
is seen to decrease as the annealing temperature increases.
Also it is well known that, another major factor in the resis-
tivity of thin films is the adsorbed gases, if any. It is obvi-
ous that prolonged annealing would lead to the adsorption
of nickel onto the cobalt film. This would typically lead
to high resistivity as in the as-deposited films (750 micro
ohms/cm). The resistivity can be attributed to this adsorp-
tion which would severely reduce the carrier mobility. As
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Figure 3. Resistivity of Co/Si plotted as a function of annealing temperature.

the temperature of annealing increases this also allows for
the nitrogen to diffuse out in a process similar to out-
gassing which would in turn result in a decrease in the
resistivity of the film. Further, as the temperature increases
(100, 200, 300, 400 and 500°C), the grains grow bigger in
size, forming continuous films which would have signifi-
cantly lesser resistance than distinct two dimensional islands
as seen in the as-deposited films. Also, the defect den-
sity in the as deposited films would be much higher than

the annealed ones, which could also contribute to a higher
resistivity.

The magnetic properties of the samples were characte-
rized by ex-situ VSM at room temperature with the measure-
ments taken normal to the plane of the samples. The VSM
was calibrated using a nickel sphere and gadolinium oxide
powder, and the resolution of VSM was about 1 x 10~7 emu.
Measurements were performed by applying a magnetic field
of 3000 Oe in plane to the substrate. The analysis of data
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Figure 4. Magnetization loops of a. as deposited and annealed (b—h) samples.

was done after subtracting the substrate and holder offset
as described by previous works (Diaz-Castanon et al 2008;
Ramaswamy et al 2010a, b). From the recorded hysteresis
loops (figure 4 (a-h)), it has been observed clearly that all the
samples showed typical ferromagnetism as expected from the
cobalt samples.

Further, it can be seen that the hysteresis loop of as-
deposited and samples annealed at lower temperatures are
more rectangular in shape as compared to the samples
annealed at higher temperatures. That is, the squareness
of the hysteresis loop decreases with increase in anneal-
ing temperature. This is indicative of the fact that there
exists an easy axis of magnetization normal to the plane of
the sample in the as-deposited samples. This can be typi-
cally correlated as being caused due to the predominant
effect of shape anisotropy as is the case in one dimen-
sional islands (Ramaswamy et al 2010c, d; Rao et al 2010).
Further, the decrease in the squareness can be attributed
to the formation of larger magnetic clusters as can be
seen in AFM images. This in turn leads to a rotation of
the easy axis of magnetization as the cobalt rich silicides
are replaced by silicon rich silicides (Co,Si by CoSi and
CoSiy). Such changes in the crystallographic phases and the
orientation of cobalt would typically be accompanied by
changes in the magnetocrystalline anisotropy. The compe-
ting influences of the shape anisotropy of the two dimen-
sional sheets and the magnetocrystalline anisotropy originat-
ing from the sample can be attributed to the reduction of the
squareness of the hysteresis loops with increase in annealing
temperature. Further research is underway to better under-

stand this phenomenon. It can also be seen that the coerci-
vity increases and the retentivity decreases with increase
in annealing temperature. These results are consistent with
our expectation of thin films subjected to the annealing
process.

4. Conclusions

As deposited and annealed samples of Co/Si were studied
using grazing-incidence X-ray diffraction (GIXRD), vibrat-
ing sample magnetometer (VSM), atomic force microscopy
(AFM) and four-point probe resistivity measurement system
(FPP). Samples were annealed at various temperatures in
nitrogen environment at atmospheric pressures to study the
diffusivity of cobalt into the substrate layer and the subse-
quent silicide formation. XRD results revealed a metal defi-
cient disilicide (CoSi,) formation along with a minor phase
of CoSi at the interface at annealing temperatures at and
above 600°C. Further, a significant increase in the conducti-
vity has been observed for samples annealed at higher tem-
peratures which was based on the morphological changes in
the sample and the effect of nitrogen annealing on the sam-
ples. AFM images confirmed increase in the nanocrystalline
grain size and the conclusions drawn by other techniques.
The study of the magnetic properties indicated an increase
in the coercivity and rotation of the easy axis of magneti-
zation as a result of combined effect of shape anisotropy
and magnetocrystalline anisotropy caused due to the
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formation of larger grains as a result of high temperature
annealing.
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