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Growth kinetics of solid-state-reacted Fe-Zr muitilayer films
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Rio Grande do Sul, Brazil
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Muitilayers of Fep 3372167, prepared by electron beam evaporation, have been characterized
by conversion electron Mdssbauer spectroscopy, Rutherford backscattering

spectroscopy, and x-ray diffraction. Two phases, one amorphous and another crystalline
(FeZry), occur by solid-state reaction. For temperatures of 350 and 500 °C and annealing times
ranging from 10 min to 72 h the growth rates of both phases had been obtained. From

these results we suggest a model to describe the phase growth kinetics of the amorphous-

crystalline Feg 3371 ¢; multilayer thin film.

I. INTRODUCTION

Since it was established by Schwarz and Johnson' that
amorphous phases can be obtained by solid-state reaction
in multilayer thin films, this process has been the subject of
considerable investigation, not only as a new method of
forming amorphous alloys, but also in order to get new
insights into the underlying kinetic and thermodynamic
aspects of amorphous states of matter.

Among other systems, the iron-zirconium couple was
reported in some studies. The first one due to Clemens and
Suchoski? describes the partial amorphization of a multi-
layered film of average composition FegZrsq by annealing
at 623 K for 2 h. :

Amorphized films with concentration of 50 at. % Fe
have also been obtained by Krebs er al.® using solid-state
reactions and co-sputtering processes. They showed that
there are differences in the as-prepared samples according
to the method of amorphization. However, despite the dif-
ferent starting point, after additional annealing, the sput-
tered film reaches the same two-separated amorphous
phases observed in the reacted film. This two-phase sepa-
ration could be explained as a result of two local minima in
the free-energy diagram. In another study,* also with over-
all composition in the middle of the concentration range,
using in situ x-ray diffraction and magnetization measure-
ments it was observed amorphization with two clearly dif-
ferent diffusion mechanisms. Anomalous x-ray scattering
experiments were done to compare,s’6 in more detail, an
amorphous Fe-Zr system prepared over wider concentra-
tion ranges using sputtering, solid-state reaction, and melt-
spinning amorphization methods. As the fastest cooling
rate occurs in a sputtered process, a larger amorphization
range (20 <x <93 at. 9% Fe) is observed, while there is a
limit of range achievable by the two other techniques, 20
<x<43 and 89 <x <91 at. % Fe for melt-spun ribbons
and 45 < x <55 at. % Fe for the solid-state reaction.

Another study, at the FeqZr;y concentration, was
done by Williamson and Clemens,” with magnetron sput-
tered and e-beam evaporated multilayer samples. From
conversion electron Mossbauer results it was found a com-
plete formation of amorphous films when the number of
monolayers of each constituent is lower than ten. This
amorphous phase is paramagnetic, at room temperature,
and the Mossbauer parameters are similar to alloys pre-
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pared by melt spinning, spuitering, and e-beam evapora-
tion. Furthermore, noticeable differences in the x-ray dif-
fratogram are again reported.

On the other hand, a lot of theoretical approaches for
multiphase layer growth have been presented in the
literature 27 Considering the influence of interfacial reac-
tion barriers Gosele and Tu'® have pointed out large dif-
ferences between thin films and bulk materials. While in
the latter the interdiffusion produces simultaneously sev-
eral intermetallic compounds, a sequential nucleation and
growth of compounds have usually been observed in thin
films. More recently it was also investigated by them!’
whether this concept can also be applied when the first
growing phase is a metastable amorphous alloy.

However, a more close interplay between these theo-
rectical predictions and experimental results mentioned
above seems to be difficult, mainly because the usual x-ray
and Rutheford backscattering spectroscopy technique used
to identify phase formations, often do not permit a clear
quantification of the growth of these phases. In particular,
this is more evident for the solid-state reaction of multilay-
ered thin films where the grain size of the crystalline phase,
if it occurs, can be sufficiently small to be not detected by
an x ray. Therefore, to gain new informations in the solid
reaction of Fe-Zr multilayers it is interesting to use com-
plementary techniques of analysis, preferably local tech-
niques.

In this sense, we studied a Fe, Zr; _ , thin-film multi-
layered system using Mdssbauer spectroscopy as well as
Rutherford backscattering spectroscopy and x-ray diffract-
ometry. Our previous study on the x = 0.67 and x = 0.50
concentrations'® established that only an amorphous phase
is obtained during solid-state reaction. This work reports
on the results of the Zr-rich concentration. Unlike the Fe-
rich side, the system at the concentration of x = 0.33 dis-
plays the same amorphous phase but in competition with a
new one, the crystalline FeZr;. For temperatures of 350
and 500 °C and annealing times ranging from 10 min to 72
h, the growing rates of both phases had been obtained.
Besides this experimental systematic for the sequence of
phase formation, we propose some modifications of the
approach due to Gosele and Tu'® in order to derive new
expressions for the growth kinetics of this amorphous-crys-
talline Fe-Zr system.
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il. EXPERIMENTAL DETAILS

The Fe-Zr multilayer samples were prepared by se-
quential evaporation on oxidized silicon substrate using a
dual e-gun system (Balzers UMS 500P) in an ultrahigh-
vacuum chamber with a base pressure of 1 X 10~ % mbar
at room temperature. For an overall composition of
Fey 3371y 67 the multilayer films were constructed by a su-
perposition of five bilayers of 50-A Fe and 200-A Zr. All
the thermal annealings were performed under a vacuum of
better than 2 X 10~ 7 mbar.

Rutherford backscattering (RBS) analysis was done
using an alpha particle beam of 760 keV with incident and
scattering angle of 0° and 160°, respectively. The overall
resolution of the RBS spectrometer was 13 keV. The x-ray
diffractograms were obtained using the Cu K, radiation in
a conventional Siemens diffractometer.

Conversion electron Mdssbauer spectroscopy (CEMS)
measurements were obtained in a backscattering geometry,
using a source of *’Co in a rhodium matrix. All the CEMS
spectra were measured at room temperature using a con-
ventional constant acceleration Mdssbauer setup.

lil. RESULTS
A. Rutherford backscattering

The RBS spectrum of the as-deposited sample [Fig.
1(a)] shows a well-defined multilayered structure. From
the five Zr layers the uppermost three are distinguishable
on the high-energy side of the spectrum. From the low-
energy side, three of the five Fe layers can be counted. The
two higher peaks appearing at the middle part of the spec-
trum correspond to the superposition of the last two peaks
of Zr with the two uppermost external peaks of the Fe.

A typical RBS spectrum for the annealed samples at
350 °C is shown in Fig. 1(b) where a reaction between the
Fe and Zr layers occurs, although the multilayer structure
still remains. The more pronounced modifications occur in
the low-energy side, as indeed is expected, because the iron
is the dominant moving species.® Figure (1c), shows the
characteristic RBS spectrum for the samples annealed at
500 °C. Further decreases in the multilayered structure are
then observed.

B. X-ray analysis

A typical x-ray diffractogram of the as-deposited sam-
ples is shown in Fig. 2(a) where the peaks corresponding
to Fe(110), Zr(100), Zr(101), and Zr(002) can be iden-
tified.

Figure 2(b) displays the x-ray diffractogram corre-
sponding to the sample annealed at 350 °C during 24 h. We
observe the complete disappearance of the Fe(110) peak.
The annealing of the sample at 500 °C for 3 h shows the
appearance of a new phase. Following the established
phase diagram? for the Fe-Zr system, this phase can be
assigned as the FeZr,*! crystalline compound. The more
pronounced reflections of x-ray spectrum are indicated on
the Fig. 2(c). The diffraction lines of this crystalline phase
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FIG. 1. RBS spectra for the Feg 33Zr ¢; multilayer film: (a) as-deposited,
(b) after annealing at 350 °C during 24 h, (c) after annealing at 500°C
during 3 h.

also appear in diffractograms of samples annealed at 350 °C
for times as long as 72 h.

C. Mossbauer spectroscopy

The Mossbauer spectra of the as-deposited and reacted
samples are shown in Figs. 3, 4, and 5. The as-deposited
spectra [Fig. 3(a)] show a predominant sextet correspond-
ing to metallic iron. Figure 3(b) shows the spectrum of the
sample annealed during 10 min at 350 °C. Besides the lines
of iron sextet it is possible to see superimposed resonances
corresponding to reacted phases.

Figures 4 and 5 display the spectra of the samples
annealed during 1 h and 72 h, at 350 °C, and during 20 min
and 3 h, at 500 °C respectively. From these spectra we can
see that there is no more unreacted metallic iron, but only
two paramagnetic superimposed spectra. Then, the mea-
sures were taken within a smaller velocity range in order to
get a better resolution of the central part of the spectrum.

A good fit can be obtained by taking two quadrupole
splittings. The first subspectrum (site A) corresponds to
the typical amorphous phase described in the
literature,?>*° while the second one (site B) identifies the
FeZr; crystalline intermetallic compound.m'23’24’3 132 Table
I shows the obtained hyperfine parameters and the relative
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FIG. 2. X-ray diffractograms for the Fe;;Zr; 47 film: (a) as-deposited,
(b) after annealing at 350 °C during 24 h, (c) after annealing at 500 °C
during 3 h.

fractions of the amorphous phase are plotted in Figs. 6(a)
and 6(b) for 350 and 500 °C.

These results, i.e., the increase of the amorphous phase
fraction at 350 °C [Fig. 6(a)] and the decrease at 500 °C
[Fig. 6(b)] will be discussed in the next section.

IV. DISCUSSION

The x-ray and Mdossbauer results indicate that we have
an amorphous phase (site A) and a crystalline intermetal-
lic compound FeZr, (site B), after the solid-state reaction
of Fey33Zry¢; multilayers. This reaction, which occurs in
both temperatures (350 and 500 °C), may be represented
in a Gibbs free energy versus composition diagram for the
Fe-Zr system, as schematically drawn in Fig. 7. The path-
way followed by the reaction is the OB line segment. Ini-
tially, the sample has only unreacted material. The Gibbs
free energy of the as-deposited Fey3;3Zry¢; multilayer is
represented by the O point. As the annealing proceeds and
the diffusion process goes on, the free energy of the system
decreases by the formation of the two phases, a-FeZr and
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FIG. 3. CEMS spectra measured at room temperature for the
Feg 3321067 film: (2) as-deposited, (b) after annealing at 350 °C during 10
min.
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FIG. 4. CEMS spectra measured at room temperature for the reacted
samples: (a) after annealing at 350 °C during 1 h, (b) after annealing at
350°C during 72 h.

Paesano, Teixeira, and Amaral 4872



102
500°C/20min
1011
5
3 1.00| s
Y 102} ;
; 3
e 500°C/3h
SITE B
101
1.00f

VELOCITY {mm/s)

FIG. 5. CEMS spectra measured at room temperature for the reacted
samples: (a) after annealing at 500 °C durmg 20 min, (b) after annealing
at 500 °C during 3 h.

c-FeZr;. As stated by the common tangent rule, this pro-
cess occurs until all the elemental iron and zirconium have
reacted, when the system reaches point B in the free-energy
diagram. At this point, the amorphous portion of the sam-
ple has concentration C{? and the crystal layers have also a
homogeneous concentration C3%. Here C{ and C33 repre-
sent the equilibrium concentrations between the crystal
(FeZr;) and the amorphous phases, Point B is a metasta-
ble equilibrium state where the relative quantities of crystal
and amorphous phases can be estimated by the lever’s
rule. 3 i :
The first stage of the process already shows two re-
acted phases [see CEMS spectrum of 350 °C/10 min in Fig.

TABLE 1. Mdssbauer parameters used to fit the CEMS data. The isomer
shift refers to the metallic iron.

Site 4 Site B
Annealing IS Eq IS E,
time . (mm/s) =~ (mm/s) (mm/s) (mm/s) Temp.
10 min —0.16 0.32 —0.23 0.88 350°C
1h —0.16 0.32 - 0.32 0.88 350°C
3h —0.15 0.30 —0.31 0.90 350°C
24 h —0.16 0.28 —0.32 0.86 350°C
48 h —0.15 0.32 —0.28 1.06 350°C
72 h - 0.16 0.30 —0.32 0.88 350°C
20 min —0.16 0.32 —0.29 0.96 500°C
1h -0.17 0.32 . —0.28 0.98 500 °C
3h —0.17 0.30 —0.29 1.12 500°C
4h —0.19 0.28 —0.30 1.12 500°C
4873 J. Appl. Phys., Vol. 70, No. 8, 1 November 1991
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FIG. 6. Mossbauer relative area fraction for the amorphous phase as a
function of the annealing time: (a) at 350 °C, (b) at 500°C.

3(b)] but the elemental iron and zirconium are still
present. Assuming that the reactions occur only at inter-
faces, shown in Fig. 8(a) is a profile of iron concentration
as a function of position in a schematic representation of
both phases between Fe and Zr elemental layers. These two
phases (a-FeZr and c-FeZr;) compete among themselves,
growing or shrinking between the saturated phases (a-Fe
and a-Zr). This picture, probably, in the beginning of the
process, is the same at 500 °C. With a similar concentration
profile scheme, Gosele and Tu' derive a model for the
kinetic of growth of competitive phases. In this model, a
critical thickness (XC‘“) of the first formed phase, eventu-
ally an amorphous phase,!” is established as a condition for
the growth of a second nucleated crystalline phase.
The equations of phase growth are given by:

dx '
7 =GpJ}— Gg, J1, (1)
dx,
A A
=G I3 — Gy Jj. )

Here, y is the first formed phase that must overcome the
critical thickness X°™. The B is the second formed phase
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FIG. 7. Gibbs free-energy G as a function of the Fe concentration in the
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phous phase (C§?), amorphous and crystal phase (C{? and C3%), crystal
and zirconium (C3%).

that can nucleate, but only grows if X exceeds X°¥, at
least, while any of two supply elements are not exhausted.
Jﬁ and Jg are the fluxes of 4 atoms in the ¥ and B phases,
respectively. The quantities Gp, G,, Gp,, and G, are func-
tions of the composition at the interfaces.

This analysis (#3 of Ref. 15) can be strictly applied to
describe the first stage of the reaction in our Fe-Zr multi-
layers. Nevertheless, for longer annealing times the iron is
exhausted although zirconium is not. In some instances the
two adjacent amorphous layers touch themselves forming a
single one. The entire layer has, in principle, a symmetrical

CFe
.Co
Col
\?\\ ,
Cf d\\ng
Cal>\
— c
\\ 3
Jcse
Fe | a-FeZr |c-Felrs | Zr

>

o

FIG. 8. Schematic of concentration profile of Fe atoms as a function of
position, in the beginning of the solid state reaction (#= 10 min).
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FIG. 9. Schematic of concentration profile after the complete exhaustion
of the Fe layer.

iron concentration profile, not constant along it. Figure 9
shows a schematic concentration profile of Fe atoms in
some portion of the film where there now appears only half
of the amorphous layer. Since the iron is exhausted, a new
regime of diffusion is established. In this case, the predic-
tions of approach of Gésele and Tu!>!” cannot take into
account our results. However, with some modifications we
are able to describe the measured area fractions [Figs. 6(a)
and 6(b)].

To summarize, we have now a compound layer {c-
FeZr,) growing or shrinking between another layer (a-
FeZr) (with variable profile concentration) and a homo-
geneous phase of a-Zr (see Fig. 9).

The equations for the change of position of the two
interfaces can be rewritten as:

dx,
(Cl - CZ) ':{;=Jac —Jew (3)

where now J, = :5,,(dCa/dx)A and J,
= — DJ(dC./dx) 4 D, and D, refer to the interdiffusivity
coefficients in amorphous and crystal phases, respectively,
and

dXp
C3 ‘_dT = J cn (4 )
where J., = — D,(dC,/dx)p

J. and J,, (see Fig. 9) are the fluxes at interface A,
from amorphous phase and to crystal phase, respectively.
J,, is the flux from crystal phase at interface B. X, and
X p are the positions of the amorphous-crystal and crystal-
zirconium interfaces, respectively.

The difference relative to the result of Gosele and Tu
[Egs. (1) and (2) of Ref. 15] is the first term in the right-
hand side of Eq. (3), which is identified with the flux J,,
from the amorphous phase at interface 4. It arises from the
nonuniform iron concentration profile in the amorphous
phase. B

If the barriers of diffusion at each interface are consid-

ered and using usual definitions,!* the fluxes are given by
Jac=Kac(Cl - Celq)’ (5)
Joo= — Keo(Cy — ng)s (6)

Paesano, Teixeira, and Amaral 4874



ch=Kcz(C3 - ng)’ N

where K, K, and K, are the reaction constants at inter-
faces.

Assuming a steady-state diffusion in the intermediary
layer we have

J=J ,=J,=D(C, — C3)/X. (8)

Calculating the change of layer with time by using Eqs.
(3), (4), and (8), results in

o e ] )
where
PR
G (G-’
or
dX J  (J—=Jp) 10

@G T G-y
The flux J, by combining Egs. (6), (7), and (8), can
be rewritten as'

JeACT— (11)
(1 +XK/D,)
where
1 1 1
M S S
ACI=GI-GY ¥R TR

The term 1/K is related to the magnitude of barrier against
the diffusion through the interfaces of the crystal layer. G,
on the other hand, is an interface compositional dependent
(through C;, C,, and C;3) and, therefore, must vary with
time.

Comparing J,,, with J [Egs. (3) and (10)], three cases
may be analyzed:

Jac
D) <1 (12)

When this happens, dX,/dt < 0 and dX/dt> 0, which
means the amorphous phase shrinks and the crystalline
phase grows at the expense of that phase;

. JGC

(i) 1< < GG - G). (13)

Now, both phases can grow. In each limit of the un-
equality each phase has null growth;

ese JGC

(iii) - > G(C; — Cy). (14)

In this case, the situation is such that the intermediary
phase (crystal) shrinks and the amorphous layer can grow
at its expense. This interesting possibility is not, foreseen
when the amorphous is constrained to be a saturated
phase. All the possibilities are schematically indicated in
Fig. 10. It must be reinforced that when one phase grows,
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FIG. 10. Schematic of various growth and shrinkage regimes for the
competing amorphous and crystalline phases.

the other not necessarily shrinks but when a phase shrinks
the other certainly grows.

Then, looking at the graphics in Figs. 6(a) and 6(b)
we can see, in both temperatures, the variation of the
Méssbauer fraction (F,) of the amorphous phase. As we
are dealing with fractions it is clear that

dF, —dF,
e dt ’

where F, is the M9ssbauer fraction of crystal phase.
If we can relate an average concentration of iron atoms

to each of the two phases present in the Mdssbauer spectra,
the fraction of amorphous phase is given by

£G4
_(faCaXA +chcX) ’

where C,, C,, f,, and f, are the average concentrations and
the f factors of the amorphous and the crystal phases,

(15)

F,

(16)

respectively.
Taking the time derivative of F,, we are left with
dF, 1 dX, dX¢
dt (X +Xc)? (XCW“ 47)’ an
where
C,
Xe= (;:E,i) X.

Using Egs. (3), (9), and (17), it is straightforward to
show that when dF,/dt > 0, then

JGC
(a) Ui gG(Ci—C) + (1 —q), (18)
where
X4 :
q—E< ’
otherwise
Jac
(D) 7<¢1G(C1 —G)+(1—gq), (19)

when dF,/dt < 0.

As G(C; — G,) is greater than unity, the value of the
right side of the above unequalities is constrained in the
interval [1, G(C; — C,)] and is represented by the P point
in the axis of Fig. 10. Above this point, the ratio between
J,. and J implies an increase of the Mdssbauer fraction of
the amorphous subspectrum. Below the P point, crystal
phase has a positive fraction time rate (ie,
dF./dt > 0).

Paesano, Teixeira, and Amaral 4875



At 350°C, as is shown in Fig. 6(a), the amorphous
phase thickness grows more than the crystalline phase
thickness [i.e., (1/X4)(dX/dt) > (1/X)(dX/dt)] until
50 h of annealing, when it attains 70% of the Mdssbauer
spectral area. During this time interval, the crystalline
phase can grow or not, or shrink. More annealing time
(~72 h) does not substantially change the relation be-
tween Mossbauer areas, showing that the system has
reached the thermodynamical metastable point B (Fig. 7).
In this state, Zr is also totally consumed and the two
phases have homogeneous concentrations. Unfortunately,
it is not possible to observe the consumation of Zr by x-ray
analysis, due to the superposition of its reflection lines with
those of FeZr; present in the diffractograms.

At 500 °C, the relation among thickness growths is in-
verted and the crystal grows more than the amorphous
phase. As expected, the process is faster than that at
350 °C. After 4 h of annealing no significant changes occur
in the Mossbauer spectrum anymore.

The rate of phase growth is determined by kinetic and
thermodynamical parameters like the interdiffusivity con-
stants (D, and D_), interface reactions constants (K’s) and
equilibrium concentration (C’s), which are functions of
temperature. This can explain why the time derivative of
the Mdssbauer fraction of amorphous phase is different, for
T'=500°C, from the analog curve obtained for T
= 350 °C. It is important to remember that not only the
values of D’s and K’s are unequal for different tempera-
tures, but also the Cs because the curves of free energy
(Ggey G2y Gy G4, G, in Fig. 7) have, at least, different
positions for the two temperatures.>*

Once again, we can not establish a priori if the other
phase (amorphous) is growing, stopped, or shirinking
away. It is only possible to say that the crystalline phase
thickness grows more than the amorphous phase thickness
[i.e., (1/X)(dX/dt) > (1/X,)(dX /dt)]. 1t is clear that
to obtain values from Eqgs. (15)—(17) to the growing rates
of the phase layer thickness, is necessary to know the dif-
fusion parameters (J’s, C’s, and K’s), which are not com-
pletely determined for the Fe-Zr multilayer system.

V. CONCLUSIONS

The solid-state reactions of Fegi3Zry¢; multilayers
taken at 350 and 500 °C result in a formation of two
phases: an amorphous phase and a crystalline phase corre-
sponding to the intermetallic compound FeZr;.

At first, the two phases (a-FeZr and ¢-FeZr;) compete
among themselves growing between the Fe and Zr layers
until a new regime of diffusion is defined when the iron
layer is exhausted. Then, the crystalline layer lies between
an amorphous layer (with variable concentration) and a
Zr layer.

At this stage the rate of reaction for both temperatures
are diferent and also, may lead to.-a formation of amor-
phous phases with diverse stoichiometry formula. At
350 °C, the amorphous phase grows up until this includes
70% of the total number of Fe atoms. On the other hand,
at 500 °C the crystal phase has grown until 68% of the Fe
atoms are envolved.

4876 J. Appl. Phys., Vol. 70, No. 9, 1 November 1991

Finally, we mention that as a function of the Fe con-
centration profile a model to the growing or shrinking of
both phases was proposed. The rate of the growth of the
amorphous-crystalline phases, expressed in terms of kinetic
and thermodynamical parameters, is obtained in order to
describe the experimental behavior of the Fe 3371y ¢y mul-
tilayered film.
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