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Crystallization of Co-rich amorphous alloys via thermal and laser annealing has been
studied using X-ray diffraction and high resolution electron microscopy techniques. It has
been found that microstructural properties of the resulting alloys can differ significantly for
the two thermal treatments depending on their Co content. Co7gFesMn,SigBg, Co72FegBog
and CosgoFe,sSiigB12 amorphous alloys have been studied and only Coy,FegB,y has shown
very different crystallization processes after thermal and laser annealing. The results of
comparative analysis of the influence of laser and thermal annealing on optical and
structural properties of the samples are discussed. © 2002 Kluwer Academic Publishers

1. Introduction

Amorphous ribbons of soft ferromagnetic alloys have
attracted considerable attention over the past few years
because of their unique physical properties and poten-
tial technological applications. For application of these
materials a detailed knowledge of the crystallization
and kinetic behavior is very important [1]. Anneal-
ing process of metallic ribbons at temperatures consid-
erably below the crystallization temperature produces
irreversible structural changes in the material, resulting
in changes in many of the physical properties, some
drastically and other only to a moderate degree [1, 2].
For example, Co-rich amorphous alloys have shown
a five-fold increase in initial magnetic permeability
and in the giant magnetoimpedance effect upon con-
trolled thermal annealing at temperatures lower than the
crystallization temperature [3, 4].

The crystallization processes in Co-rich amorphous
ribbons under thermal annealing are well studied, but
process occurring during laser annealing is still not fully
understood. Laser annealing can play a major role in
the formation of the nanocrystallites in Co-rich amor-
phous alloys and be essential in changing the physi-
cal properties of the ribbons. The main advantages of
laser annealing are rapid change of the properties in air
and easier operation compared to thermal annealing.
Laser annealing allows the conditions of the incident
energy (pulse power, pulse duration, wavelength) to be
changed over a wide range, that makes possible the for-
mation on nanocrystallites of various sizes and shapes.

In this paper we report a characterization of the crys-
tallization processes in Co7gFe;Mn;SigBg, Co7,FegBog
and CosgFeygSijoBj, amorphous alloys transformed
using thermal and laser annealing. Based on the as-
sumption that the effect of laser irradiation is to increase
temperature locally and very rapidly, we have compared
the laser irradiated spot with films which were instan-

00222461 © 2002 Kluwer Academic Publishers

taneously annealed. In this work we showed that laser
annealing is a good alternative method to produce con-
trolled crystallization of amorphous materials. Laser
heating can create uniform crystallization at tempera-
ture which is much higher than that reached by other
methods. We demonstrated that the obtained film con-
tains very fine grains and also new compositions. In this
connection it should be expected to obtain nanocrys-
talline ferromagnetic materials with improved soft
magnetic properties in comparison to similar composi-
tion materials with crystalline or amorphous structure.

2. Sample preparation and experiment
Ribbon samples of amorphous alloys were prepared
by the melt spinning method. The amorphous structure
of the ribbons was checked by X-ray diffraction. The
composition of the alloys investigated was determined
by Auger electron spectroscopy (AES). The content of
each element in the samples corresponds to their chem-
ical formula with an accuracy of 0.5%. Auger electron
spectra were obtained with the sample at normal inci-
dence to the analyzer and employing a primary beam
voltage of 3 kV and a modulation of 3 eV peak-to-
peak. The as-grown samples showed a contamination
of the surface by C and O. The spectra of the polished
samples of these alloys showed Auger peaks which are
characteristic for the metals (Co, Fe) plus Si and B.
A residual C peak was observed in the spectrum of the
polished samples of CoFeSiB alloys with a very low in-
tensity. The quantification was performed by measuring
the peak heights for the LMM transitions in Co, Fe and
the KLL transitions in C and O within the 500-900 eV
range, and for the LMM transitions in Si and B at
50-400 eV. After correction using literature values for
the relative sensitivity factors, the surface stoechiom-
etry was found to be consistent with the nominal bulk
composition.
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The samples were irradiated along its longitudinal
axis at a programmable velocity in air by Nd-YAG
laser at wavelength of 1064 nm. The spatial profile
of the beam at the sample site was determined by
maximal and minimal beam width as 1.5 and 1.0 mm
respectively. The running velocity of the laser beam
was fixed at 5 cm/s, so that any point along the sample
was directly irradiated during 0.03 s. The fluences at
the maximum of laser power distribution were within
the range of 0—150 mW. The fluence was determined
to within 5-8%.

The temperature rise at the irradiated site for a ribbon
is given [5-7]:

T(r,2) = {Potpul exp(—(r/ro)z) exp(—az)}/
{mpevrgd} (1)

where P, is the laser power, f, is the pulse duration, ¢
is the heat capacity of amorphous alloy, p is the mass
density, « is the absorption coefficient of the material
at the given laser wavelength, d is the film thickness
and r is the laser beam radius. The temperature rise
falls exponentially as one moves along the film thick-
ness away from its surface at z=0. The values of «
for all three samples were found from ellipsometrical
measurements in the near IR region. We have calcu-
lated the temperature enhancement at the center of the
laser-irradiated spot, using Equation 1. For a laser den-
sity energy of 50 mJ/cm? the temperature estimated is
about of 350°C. The ribbons which have been thermally
annealed at about of 350°C during 1 hour have been
kept in vacuum of (1-3) x 107> Torr. The annealing
temperature was always lower than the crystallization
temperature.

The evolution of the reflectivity and the complex re-
fractive index n’ =n — ik of the irradiated surface are
measured at wavelength A =632.8 nm using ellipso-
metry [8, 9]. The reflection coefficient is proportional
to the degree of the crystallization y which may be
expressed by ratio:

X = (R —Ra)/(Rc — Ra) 2

where R4, and Rc are reflectivities for amorphous and
crystalline phases, respectively. R is the reflectivity
of the nanocrystallite alloys, which was obtained after
laser annealing. Accurate ellipsometry measurements
were performed to determine the functions Ra, R and
Rc.

The ribbon microstructure was investigated using
X-ray diffraction and high resolution electron mi-
croscopy (HREM) with a JEOL 4000EX microscope
(point-to-point resolution limit of 0.16 nm) operated at
400 kV. The ribbon was glued on a copper ring and then
ion-beam milled to electron transparency. All the TEM
images presented below are plan-view images.

3. Results and discussion

As an example, Fig. 1 shows the composition distri-
bution of CO, Fe, Siand Bin a CO50F628Si10B12 ﬁlm,
obtained using AES. It can be seen that from 20 nm
below the surface, Co, Fe, Si and B are homogeneously
distributed, and the amount of every element is con-
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sistent with the nominal bulk composition. The chem-
ical composition for the three samples is essentially
the same and remains so for varying film thicknesses.
The sample surface is enriched by metalloid Si and B
atoms. It can be seen that the Si(B) : Co, Si(B) : Fe ratio
decrease with the film depth.

Fig. 2 shows the value x as a function of
the energy density of the incident laser pulse
(curve 1—CorgFe,Mn,SigBg; curve 2—Co7,FegBog
and curve 3—CosgFeysSij0B12). At low laser en-
ergy density the reflectivity changes only slightly for
Co7yFegByy and CosgFesgSijoBiy alloys. For sample
of CozsFe,Mn;SigBg alloy the reflectivity seems to be
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Figure 1 The composition distribution of Co (1), Fe (2), Si (3), and B
(4) in a CosgFe)gSijoB12 film, obtained using AES.
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Figure 2 The degree of the crystallization y as a function of the energy
density of incident laser pulse (curve 1—Co7gFe,Mn;SigBg; curve 2—
Co7FegByg, curve 3—CosoFessSijoB12).



changed at all incident laser energy densities. By in-
creasing the energy density of the laser pulse, a lin-
ear rise in the reflectivity signals and x is observed.
The reflectivity is rapidly changed whereas laser den-
sity energy is about of 37 mJ/cm? and 60 mJ/cm?, for
CorFegByy and CosgFepgSijoB, alloys respectively.
The function x (J) consists of two different lines, which
have distinct slopes for these alloys (Fig. 2). One may
see that process of crystallization occurs in two stages.
By extending these lines towards the abscissa axis, as
shownin Fig. 2 by dashed lines, the intersection with the
abscissa for each slope can be determined (labeled as
Ef). We may assume that these energies correspond to
the appropriate activation energy values for crystalliza-
tion in each case. We can see that the process of crystal-
lization occurs in two stages. The value of the activation
energy for the crystallization process under laser irradi-
ation in CosgFe;3Si19B 2 alloy may be estimated as one
from 2 to 3.5 eV. For Co7,;FegB, alloy this value is or-
der of (2.6 & 0.6) eV. The activation energies obtained
in this manner for laser annealing process of Co-rich
amorphous ribbons show a decrease of second crystal-
lization step in comparison with CosoFe,3SijoB; alloy.
For the latter the highest value of the activation energy is
observed that agrees with datain work [ 10]. A two-stage
process of crystallization must be accompanied by the
formation of «-(Co, Fe) phase, in a first step, and also
by the formation of an eutectic intermetallic phase (Co,
Fe);(Si, B) [10-12]. Depending on the chemical com-
position of these metallic glasses, a suitable sequence
for the crystallization process was proposed and the
activation energies of the first (3.5-5 eV) and second
(2-3.5 eV) crystallization stages were also estimated.
Figs 3-5 show plan-view TEM and HREM im-
ages and selected area electron diffraction patterns for
COsoFezgSiloBlz, CO72F68B2() and CO73F€2MDQSi9B9,
respectively, after heat treatment at 350°C for 1 hour
(Figs 3a, 4a, and 5a) and after laser annealing at
50 mJ/cm? that corresponds to about 350°C (Figs 3b,
4b and 5b). In a first approach, one can notice that for
Co-rich alloys, laser annealing produces greater struc-
tural changes in comparison with thermal annealing
especially for the Co7,FegByg and CozgFe,Mn,SigBg
alloys. TEM observations confirm the crystallization
of small grains in these alloys. In Fig. 3 one can notice
the very similiar configuration of the CosgFe,gSijoB 12
ribbons after thermal (Fig. 3a) and laser (Fig. 3b)
annealing. The films are polycrystalline with an av-
erage grain size of about 50 nm. For Co7FegByg
ribbons, the two annealing processes lead to very dif-
ferent structural properties as shown in Fig. 4a (thermal
annealing) where big grains (~70 nm) are formed,
whereas much smaller grains (~20 nm) within much
bigger grains (~1 pum) have grown after laser anneal-
ing (Fig. 4b). Thermal annealing performed on the
CozgFe,Mn,SigBg ribbons leads to a polycrystalline
film with very small grains of a few nanometers (some
are indicated by arrows in Fig. 5a) and laser anneal-
ing (Fig. 5b) gives rise to much larger grains (~50 nm)
embedded in an amorphous matrix according to the se-
lected area diffraction pattern shown inset in Fig. 5b.
The intensity of the diffracted rings in the electron
diffraction patterns in each case, allowed an identifi-

TABLE 1 Diffraction patterns of crystallized CosoFesSijoBi2
ribbons

Thermal annealing 350°C Laser annealing

dobs (nm) (hkl) Phase dohs (nm) (hkl) Phase

0.353 111 fec Co 0.353 111 fec Co

0.288 110 «-Fe 0.288 110  «-Fe

0.283 111 bee a-Fe(CoSi) 0.283 111 bee a-Fe(CoSi)
0.203 111 B-Co 0.203 111 p-Co

0.201 021 CoB 0.201 021 CoB

0.201 210 Co3B 0.201 210 CosB

0.127 110  «-Co 0.127 110  «a-Co

TABLE II Diffraction patterns of crystallized Co7,FegByg ribbons

Thermal annealing 350°C Laser annealing

dobs (nm)  (hkl) Phase  dops (nm) (hkl) Phase

0.353 111 fccCo 0.353 111 fcc Co

0.308 111 Co3B  0.288 110 «-Fe

0.288 110 «a-Fe 0.283 111 bee a-Fe(CoSi)
0.258 200 Co,B  0.258 200 CoB

0.252 {01 10}pep Co 0.245 021  CosB

0.245 021 Co3B  0.240 200 CoB

0.240 200 Co;B

0.220 002 Co,B  0.220 002 Co;B

0.203 111 B-Co

TABLE III Diffraction patterns of crystallized Co73Fe;Mn;SigBg
ribbons

Thermal annealing 350°C Laser annealing

dobs (nm)  (hkl) Phase dons (nm)  (hkl) Phase
0.353 111 fcc Co 0.353 111 fcc Co
0.288 110  «-Fe 0.288 110 «-Fe
0.240 200  Co;B (CoFe),B
0.203 111 g-Co 0.203 111 B-Co

cation of the present phases after laser and thermal
annealing. The phases associated with the measured
interplanar distances from HREM images (not shown)
are presented in Tables I-II1.

The corresponding X-ray diffraction patterns are
shown in Figs 6-8 (a—thermal, b—Ilaser annealing).
It is noteworthy that crystal growth is quite complex.
The identification of the individual crystalline phases in
hard because of the numerous lines in the X-ray diffrac-
tion spectra (see Figs 6-8). At first approximation it
can be said that the crystalline phases are rather com-
posed of «-Fe, «-Co, 8-Co and various metal-metalloid
phases. It may be seen that the X-ray diffraction patterns
(Fig. 6a and b) and the TEM images (Figs 3a and b) ob-
tained for thermal and laser annealed CosoFeygSij9B 12
alloys are very similar. This result confirms that the
temperature reached upon laser annealing, which was
estimated by Equation 1, was rather the same as for
thermal annealing (350°C). The two major final prod-
ucts of the crystallization are «-Fe(Co, Si) and body-
centered tetragonal (CoFe);B phases (Figs 6-8), as
usually found for CoFeSiB alloys [10-15]. For higher
iron concentration (>8 at.%) the formation of «-Fe has
been preceded the crystallization of Co-based phases.
According to [14] the CoFeB alloys with more than
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Figure 3 Plan-view HREM images and selected area electron diffraction patterns for CosoFex3SijoBi2 (a) after heat treatment at 350°C for 1 hour;

(b) after laser annealing at 50 mJ/cm? that corresponds to about 350°C.

8 at.% of iron have been revealed the presence of o-
Fe crystals with a distinctive shape (see Figs 6a and b)
and then the formation of “eutectic” grains of 8-Co +
Co3B. For the alloys containing the highest Co con-
centration (>60 at.%) the presence of the Co,B phase
was detected after crystallization of Co7,FegByp and
CorgFe,Mn,SigBg alloys. We may also see the pres-
ence of B-Co phase in these alloys, which had been
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previously revealed in [10-12], for low-iron CoFeBSi
contained alloys. Transmission electron microscopy
(TEM) and diffraction analyses have shown «-Co phase
with a lattice parameter close to a ~ 0.35-0.36 nm.
For Co7sFe,Mn;SigBg alloy (Fig. 8) one can see a
broad peak for 20 =46° in both annealing processes.
As it is known [10], thermal stability of amorphous
alloy against crystallization monotonically decreases



Figure 4 Plan-view HREM images and selected area electron diffraction patterns for Co7pFegBoo (a) after heat treatment at 350°C for 1 hour;

(b) after laser annealing at 50 mJ/cm? that corresponds to about 350°C.

with the cobalt content in the material, as evidenced by
the shift of the crystallization onset to lower temper-
ature. However, the temperature of the crystallization
increases essentially in CoFeBSi alloys doped by Mn,
Ti and Cr. The samples partially crystallized show the
presence of some crystalline phase lines identified as
belonging to solid solution «-Fe, 8-Co; (CoFe),B, and
Co,B [10-12]. These features are in good agreement

with our result observed for the CojgFesMn;SigBg
alloy where the crystallization process has not been
fully completed. Nevertheless, it is worth noting that
after laser annealing the CosgFe,Mn,SigBg ribbon is
characterized by a greater degree of crystallization than
after thermal annealing. We can see in Fig. 8b and in
Table III, that the laser annealing process is accompa-
nied by the formation of metal and metalloid phases.

2777




Figure 5 Plan-view HREM images and selected area electron diffraction patterns for Co7gFe;Mn;SigBg (a) after heat treatment at 350°C for 1 hour;

(b) after laser annealing at 50 mJ/cm? that corresponds to about 350°C.

We suggest that this is a result of the fact that during
the process of laser annealing, the metal atoms absorb
the most part of the energy that increases their mobility
and diffusivity, and allows «-Fe, 8-Co; (CoFe),B, and
Co,B phases to be produced. Metallic atoms in alloys
can absorb more laser energy than metalloids atoms.
For this reason the reflection coefficient changes to a
greater degree for the CosgFe;Mn,SigBg alloy than for
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the CosgFepgSijoB12, because the Co-rich amorphous
alloys have a large absorption coefficient. We can see
these changes by determining R as a function of laser
energy (Fig. 2).

The structural properties of Co7,FegByg alloy distin-
guish significantly after both thermal (Figs 4a and 7a)
and laser (Figs 4b and 7b) annealing processes. After
thermal annealing large uniform grains have grown
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Figure 6 The intensity of X-ray diffraction pattern for CosoFessSijoB12
alloy after thermal (a) and laser (b) annealing: a-peak—aw-Co; b-peak—
B-Co; c-peak—a-Fe; d-peak—(CoFe);B; e-peak—Co,;B; f-peak—
Cos3B.

400
—
= 35
« 300
“euer’
>, 250
.E 200
= 150
8 00
,5 50
0
450
—
o 40
“: 350
300
P 250
~—
200
= 150
S 100
= 5o
[
10 20 30 40 50 60 70
20

Figure 7 The intensity of X-ray diffraction pattern for Co7aFegBg alloy
after thermal (a) and laser (b) annealing: a-peak—a«-Co; b-peak—f-Co;
c-peak—ua-Fe; d-peak—(CoFe),B; e-peak—Co,B; f-peak—Co3B.

(Fig. 4a) whose grain size is comparable to that of the
grains formed after thermal or laser annealing for the
CosgFe,gSi 9By alloy (Fig. 3a and b). The formation
of small grains within very big grains occurs only upon
laser annealing process (Fig. 4b). These results show
clearly the two steps crystallization process in these
materials. As the Co content has increased, the activa-
tion energy has also increased and the thermal anneal-
ing procedure has not reached the two step crystalliza-
tion process needed to obtain the full crystallization
of the film. Laser annealing due to the rapid temper-
ature change can produce uniform crystallization at a
temperature which is much higher than that reached
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Figure 8§ The intensity of X-ray diffraction pattern for

Co73FeaMn;SigBg alloy after thermal (a) and laser (b) anneal-
ing: a-peak—a-Co; b-peak—p-Co; c-peak—a-Fe; d-peak—(CoFe),B;
e-peak—Co;B; f-peak—Co3B.

by other methods. Moreover, very fine grains and also
new compositions appeared [16]. Our experimental re-
sults for Co7,FegByy and CosgFesMn,SigBg confirm
the formation of (CoFe),B and «-Fe phases after laser
annealing. The Co (Fe) atoms in laser annealing pro-
cess can diffuse over long distances and therefore in-
duce the growth of such phases as CoB, Co,B, CosB
and (CoFe);B in Co7;FegBy( alloy. One may see from
TEM measurements (Fig. 4b), that after laser annealing
Co-rich alloys contain large grains with smaller pre-
cipitates. Our TEM and diffraction analyses have also
shown the presence of the «-Co phase with a lattice pa-
rameter close to a ~ 0.35-0.36 nm in Co7,FegB, alloy.

4, Conclusion

1. It was shown that the laser annealing causes changes
of the optical and structural properties of Co-rich amor-
phous alloys in a greater degree than thermal annealing.

2. The processes of crystallization under laser irra-
diation for CoFeSiB amorphous alloys consist of two
stages. For Co-rich amorphous alloys after laser an-
nealing the value of the activation energy is found to be
smaller than for the Fe-rich amorphous alloys.

3. The Co-rich ribbon films for both annealing treat-
ments have been found to be not fully crystallized but a
greater degree of crystallization has been noticed after
laser annealing.
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