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Effects of thermal annealing of thin Au film
on Fe4oNi3gMo4B1g in ultrahigh vacuum (UHV)
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Thin films (~20 nm) of Au were vapour-deposited on melt-spun amorphous ribbon
specimens of the alloy FeyoNizgMo4B1g at room temperature. The specimens were
subsequently annealed in UHV (~10~8 mbar) at 723 and 823 K in order to observe any
dispersion of Au as nanoparticles in the alloy matrix. The motivation for these
investigations was derived from similar experiments carried out earlier in nitrogen and in
low vacuum conditions, wherein a model based on segregation and oxidation of matrix
elements was proposed in order to explain the observed dispersion of Au in the alloy
matrix. The present investigations in UHV were carried out as a critical test of this model.
However, XPS investigations carried out on these specimens in UHV did not show any
dispersion of Au particles after annealing at these temperatures. Further examination of
annealed specimen surfaces by SEM and AFM revealed the formation of Au-rich islands on
the surface. Native oxide film underneath the Au film and crystallization of the alloy during
thermal annealing do not seem to have any effect on depth profiles of Au. These results,
when compared with those obtained after annealing the specimens in nitrogen and in low
vacuum conditions (~10~'-10~2 mbar), are suggestive of the crucial role of the annealing
atmosphere during thermal annealing. © 2004 Kluwer Academic Publishers

1. Introduction

Thermal annealing of a substrate material with a thin
metallic film in ultra high vacuum (UHV) or an inert
medium is employed to investigate interdiffusion [1].
This route has also been used to prepare metal/polymer
composite thin films, in which the metal particles are
uniformly dispersed as nano-sized particles within the
polymer matrix [2—4]. The technique relies on vacuum
vapor deposition of a thin metallic film on an amor-
phous polymer matrix and its subsequent heat treat-
ment in air or nitrogen atmosphere at temperatures
above the crystallization temperature (7) of the poly-
mer matrix. This technique, also known as Relaxative
Auto-Dispersion (RAD), results in auto-dispersion of
nano-sized metallic particles by thermal relaxation and
crystallization of the amorphous polymer matrix. It was
suggested that crystallization of the amorphous poly-
mer matrix during thermal annealing plays an important
role in the dispersion process by imparting additional

mobility to metal particles for further penetration into
the matrix [3].

The RAD method has recently been employed to ob-
tain dispersion of nano-sized Au particles in a metallic
amorphous alloy, namely Fe4oNizgMoyB g [5, 6]. Ther-
mal annealing was performed above the crystallization
temperature (T, = 820 K at 20 K min~') in nitrogen at-
mosphere. It was observed that nano-sized particles of
Au dispersed fairly deeply (up to few hundred nanome-
tres) in the metallic matrix. It was also observed that
the penetration of Au was limited to much smaller
depths if pre-crystallized specimens were employed
thus suggesting that the crystallization of the amor-
phous FeyoNizgsMo4B g during heat-treatment played
a significant role during the dispersion process like that
observed in polymers [3, 4]. Based on these investi-
gations it was suggested that the RAD technique may
apply to any amorphous matrix for obtaining the dis-
persion of nano-sized metal particles [5]. In order to
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gain a detailed understanding of this dispersion pro-
cess in metallic amorphous alloys we carried out fur-
ther investigations using specimens with thin Au film
on amorphous Fe4oNizgsMo4B 5. The results of our in-
vestigations on annealing effects of thin Au film on
Fe4oNizgMo4B g in nitrogen and in low vacuum con-
ditions (~107'-10~2 mbar) did, indeed, show depth
distribution of Au up to several hundred nanometers in
the alloy, but no significant effect of crystallization on
transport of Au atoms during thermal annealing was ob-
served [7]. It was suggested that the driving force for Au
dispersion in the alloy is provided by the surface seg-
regation and the reactivity of the matrix elements with
residual oxygen present in the annealing medium [7].

In order to test the crucial influence of the anneal-
ing medium and the ideas proposed in the above model
for the observed dispersion of Au [7], the motivation
for the present investigation was derived from the fol-
lowing: (i) if the annealing environment (i.e., nitrogen
or low vacuum ~10~'-10~3 mbar) is not important
for the process, then it should be possible to observe
this dispersion of nano-sized Au particles by thermal
annealing of a thin Au film on Fe4yNizgMo4B g (hence-
forth referred in the text as Au/Fe4oNizgMosB1g) under
clean conditions also, i.e., in ultra-high vacuum, and
(ii) no dispersion should be observed during heat treat-
ment of Au film on pre-crystallized specimens. There-
fore, the present study was undertaken with a view
to examine the above points. In addition, the role of
the native oxide film on the alloy underneath the Au
film during thermal annealing of Au/FesoNizgMo4B s
is also investigated. The results of thermal annealing of
Au/Fe49NizgMoyB g carried out in UHV are presented
in this study.

2. Experimental

Specimens (10 mm x 10 mm) were cut from an
amorphous melt-spun ribbon (25 m thick) of
Fe4oNizgMoyB1g (from Allied Chemicals sold under
the trade name Metglass 2826 MB). The specimens
were cleaned ultrasonically in iso-propanol and dried
under a jet of pressurized air and were mounted on the
substrate holder of the high vacuum vapor deposition
unit. A thin (~20 nm thickness) film of Au was vapor
deposited on these specimens using a vacuum vapor
deposition system under a vacuum of ~1 x 1075 mbar.
The deposition was controlled by using a quartz crys-
tal microbalance and the typical deposition rate was
maintained at about 0.5 nm min~"'.

The heat-treatments of Au-deposited amorphous
Fe4oNizgMo4B g specimens were carried out at 723 and
823 K in UHV conditions (~10~% mbar) in a prepara-
tion chamber attached to the photoelectron spectrom-
eter. The alloy showed two exothermic crystallization
peaks at 722 and 820 Kiin a DSC scan recorded at a heat-
ing rate of 20 K min~'. The specimens with Au film on
pre-crystallized and sputter-cleaned FesoNizgMosB g
were prepared in-situ inside the preparation chamber.
The pre-crystallized specimens were obtained by sub-
jecting the amorphous specimens to a heat-treatment at
823 K for 120 min in UHV. The specimens were sputter
cleaned with 5 keV Ar™ ions in order to remove the na-
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tive oxide film before depositing ~ 20 nm thick Au film
using the Au evaporator inside the preparation cham-
ber. The removal of the native oxide film was checked
by measuring the O 1s XPS peak intensity which was
reduced to a minimum background level after sputter
cleaning of the specimen. It was, however, not possible
to completely get rid of these impurities and the obser-
vation of very small signals of oxygen and carbon even
after prolonged sputtering may perhaps indicate their
presence in the alloy in dissolved form in trace amounts
(cf. Fig. 3 given later).

The depth profiles of Au from as-deposited and an-
nealed specimens were obtained by recording XPS
peaks of the alloy constituents using an Electron Spec-
trometer (Model Omicron Fullab) in conjunction with
argon ion sputtering. The sputtering was performed us-
ing Ar" ions of 5 keV energy at a typical beam cur-
rent of about 70 nA under argon gas pressure of about
6 x 107° mbar. At this ion beam energy and current
a sputter rate of about 0.25 nm min~! was gravimetri-
cally estimated. The spectrometer was equipped with a
electrostatic hemispherical analyzer and a dual anode
source with a possibility to use either Al K, (energy =
1486.6 eV) or Mg K,, (energy = 1253.6 eV) X-rays.
The XPS peaks of Au 4f, Fe 2p, Ni 2p, O 1s, C Is
and other alloy constituents were recorded using Mg
K, X-rays at an analyzer pass energy of 100 eV. The
XPS O 1s peak was recorded using Al K, X-rays as
the Ols peak interferes with Auger peak (LMM) of
Fe when recorded using Mg K, X-rays. Surface mor-
phologies of some of the specimens were examined by
scanning electron microscopy (SEM) using a Philips
SEM (Model No. Philips XL 30) which also had an
attached EDAX (spatial resolution 1xm) unit for car-
rying out energy dispersive X-ray analysis from regions
of interest in the SEM micrograph.

3. Results and discussion

Fig. 1 depicts the plot of the intensity of Au 4f peak from
the as-deposited and annealed specimens (annealed at
823 K for 120 min) as a function of sputtering depth.
The intensity ratio was normalized by its value on the
as-received surface of the specimen in each case, i.e.,
the value before sputtering the specimen with Ar™ ions.
The following observations are made from this figure:

—m— as-deposited

--0-- ann. 823 K 120 min UHV (nat. oxide)
--0-- ann. 823 K 120 min UHV (spt. clean)
—e—ann. 823 K 120 min (pre-cryst./spt. clean)

Normalized Intensity of Au Peak

Sputter Depth [nm]

Figure 1 Depth profiles of Au after heating of Au/FeqoNizgMosB g at
823 K for 120 min in UHV.



(i) there is no long range diffusion or dispersion of Au
after annealing the specimens at 823 K for 120 min
in UHV as seen from the depth profiles for annealed
specimens. A slight profile broadening as seen in pro-
files from annealed specimens may as well arise from
the surface roughness introduced after annealing [8];
(i1) depth profiles from the specimens with native ox-
ide underneath the Au-film and that from the Au-film
on the sputter cleaned (without native oxide) specimen
are practically similar thus suggesting that the native
oxide layer seems to play no significant role during the
heat treatment, i.e., it does not lead to any significant
changes in the depth profiles of Au, (iii) depth pro-
file from the pre-crystallized specimen is also similar
to those observed from amorphous specimens and this
observation clearly shows that the crystallization dur-
ing heat treatment at 823 K for 120 min in UHV does
also have no influence on the depth profile of Au. It
can thus be concluded from these observations that the
thermal annealing of thin Au film on Fe49NizgMo4B g
at 823 K in UHV does not result in any long range
diffusion or dispersion of Au in the alloy matrix. This
observation is in sharp contrast to the long-range disper-
sion of Au observed in the same alloy after annealing
in nitrogen atmosphere and in low vacuum conditions
(~10~'-1073 mbar) at the same temperature [5-7]. It
is thus suggested that the annealing environment, i.e.,
nitrogen or low vacuum (~10~'=1073 mbar) may per-
haps be crucial for obtaining dispersion of Au particles
in this alloy.

Fig. 2 shows the plot of the (Au/Fe) intensity ratio de-
rived from the peak areas of the XPS peaks of Au 4f and
Fe 2p as a function of annealing time for the specimen
annealed at 823 K in UHV. The Au film was deposited
on this specimen after cleaning it in iso-propanol ultra-
sonically and no sputter cleaning was done to remove
the native oxide before Au deposition. Itis interesting to
note from this figure that a sharp decrease in the (Au/Fe)
intensity ratio is observed after 30 min of annealing
and further annealing for longer times shows only little
changes in the intensity ratio. These observations point
to the following: the Au-film is no longer continuous af-
ter thermal annealing and perhaps has transformed into
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Figure 2 XPS intensity ratio (Au/Fe) derived from peak area of Au 4f
and Fe 2p XPS peaks as a function of annealing time after heating a
Au/FeqoNizgMoyB1g specimen at 823 K in UHV.

(a) before heating (as-deposited, specimen with nat. oxide)
T T T (b) ann. 823 K for 160 min in UHV
(c) sputter cleaned (virgin alloy specimen)

FeMM) i (v
(AN N

el
S,
2
‘@
[ =
Q
<

T T T T T T T T

900 800 700 600 500 400 300 200 100

Binding Energy [eV]

Figure 3 XPS survey spectra recorded from: (a) as-deposited specimen,
(b) after heating at 823 K for 150 min in UHV and (c) virgin sputter
cleaned specimen.

Au islands/clusters and hence a sharp decrease in Au
intensity and arise in Fe intensity from the matrix could
be explained. The second possibility could be that Fe
segregated to the Au surface through the grain bound-
aries of Au-film during annealing. In this context it is
worth mentioning here that intensity of Ni also followed
the same trend as that of Fe, but no peaks due to other
matrix elements, i.e., Mo and B could be detected on
the surface after annealing (cf. Fig. 3 given later). Be-
fore commenting further on these possibilities, it would
be interesting to look at some more observations in the
following.

Fig. 3 shows the XPS survey spectra from a Au-
deposited specimen (with native oxide) before and af-
ter heating at 823 K in UHV along with a spectrum
after prolonged sputtering of a virgin specimen. The
spectrum before heating (Fig. 3a) shows Au peaks as
major peaks in addition to small peaks due to C and O,
while in the spectrum after heating at 823 K for 150 min
(Fig. 3b) additional clear peaks due to Fe and Ni can
also be seen. Interestingly, no peaks due to B and Mo
(which are also matrix constituents) are visible in the
spectrum after heating (Fig. 3b), which, however, can
be clearly seen in the spectrum recorded from a sputter
cleaned specimen (Fig. 3c). The role of temperature in
controlling the segregation of the matrix elements Fe
(or Ni) is obvious from the next figure (Fig. 4) which
depicts a typical plot of the normalized peak intensity
for Fe 2p XPS peak (Ig.) (normalized by sum of the
peak intensities of Fe 2p (Ig.) and Au 4f (Ipy), i.e.,
the intensity ratio Ige/(Ige + Iay), from specimens an-
nealed at 723 and 823 K for the same annealing time
(300 min). It is seen from this figure that no Fe is found
on the surface after annealing at 723 K in contrast to
that shown by the specimen annealed at 823 K and an
increased amount of Fe is seen on the specimen an-
nealed at higher temperature. It is worth mentioning
here that in addition to temperature (Fig. 4) and time
(cf. Fig. 2) in governing the kinetics of the process dur-
ing annealing, the other important controlling factors
include annealing environment and film thickness. The
effect of Au film thickness during annealing has, how-
ever, not been investigated.

The individual peaks for Au 4f, Fe 2p and Ni 2p are
shown in Fig. 5a—c and the peaks due to Au 417/, Fe
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Figure 4 A typical plot of the intensity of the Fe 2p XPS peak (Ire)
normalized by sum of the intensities of Fe 2p (Ir.) and Au 4f (I5,) XPS
peaks, i.e., the XPS peak intensity ratio Ige/(Ire + Iau). as a function of
depth for two specimens annealed at 723 and 823 K for the same time,
i.e., 300 min.

2p3,2 and Ni 2p3,, appeared at 83.8 eV, 707.6 eV and
852 eV, respectively. There is no change in the peak
position or shape of the Au peak (Fig. 5a), but a clear
broadening and a hump towards high binding energy
side in the peaks of Fe 2p and Ni 2p (Fig. 5b and c) after
heating is quite noteworthy. It suggests that after heat-
ing Fe and Ni partly get transformed into oxide form
[7, 9], picking up oxygen most likely from the residual
oxygen in the chamber. The other possible sources of O
could be the oxygen in the native oxide film between Au
film and the alloy and the oxygen present as impurity
in trace amount in the alloy matrix in dissolved form
(cf. Fig. 3c). In order to check this point O 1s peak was
also recorded after heating which appeared at 533 eV
(Fig. 5d). The Fig. 5d also shows the O 1s peak appear-
ing at 531.3 eV recorded from a virgin alloy specimen
after a prolonged sputter cleaning with 5 keV Ar™ ions.
Therefore, the peak position of O 1s peak at 533 eV
and the observed humps at high binding energy side
in Fe 2p and Ni 2p spectra are suggestive of a partial
oxidation of these elements after heating [7, 9].

The above discussion suggests that the heating of
Au/FeysoNizgMoyB1g at 823 K for 150 min in UHV
results in a drastic reduction in the intensity ratio of
(Au/Fe) and in the appearance of additional peaks due
to the matrix elements Fe and Ni which exist partly in
non-metallic (oxide) form. In order to seek further ex-
planation for these effects the surface morphology of
the specimen was examined by SEM. This is shown
in the micrograph in Fig. 6 where some island forma-
tion on the surface is clearly seen. An EDAX analysis
(Fig. 7) of these island regions confirmed them to be
Au-rich (Fig. 7a), while the surrounding matrix was
depleted in Au and richer in matrix elements Fe and
Ni (Fig. 7b). It thus becomes clear from Figs 6 and 7
that heating the specimen in UHV resulted in transfor-
mation of Au film into small Au-rich islands on the
surface. This observation also explains the conclusions
drawn earlier from Figs 1 and 2.

In order to understand the formation of Au-rich
islands on the surface after thermal annealing, it is
noteworthy that Au has low solubility in both Fe and
Ni at these temperatures and there is a large miscibil-
ity gap in Au-Ni system [10]. Also the heat of mixing
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for liquid binary alloys of Au with Fe (AHpix =
+8 kJ mol™") or Ni (AHpix = +7 kJ mol~!) is pos-
itive [11] suggesting repulsive interaction of Au with
these elements and thus clustering tendencies of Au
after heating Au/FesoNizgMoyB ;g can be understood
[12]. It is thus suggested that as a result of heating
Au/Fe4oNizgMoyBg at 823 K in UHV, both Fe and Ni
diffuse out through grain boundaries of Au film and any
presence of oxygen during heating (e.g., residual oxy-
gen in the chamber) provides additional driving force
for segregation of these elements to the surface due to
their much stronger affinity for oxygen (residual oxy-
gen in the chamber) than that of Au and at the same
time some surface alloying between Au-Fe and Au-Ni
is not ruled out. However, the absence of segregation
of another reactive and small-sized matrix element B is
certainly quite noteworthy and needs explanation. It is
difficult to pin-point the exact reasons for the absence
of B segregation, it is possible that the reaction kinet-
ics is predominantly controlled by the out-diffusion of
Fe and Ni and the tendency of Au for clustering which
results in the break-up of Au film into small Au-rich
islands. Further, it is likely that there is no enough
chemical driving force available for segregation of B
to the surface during thermal annealing in UHV due to
its strong tendency for oxidation and in such a case an
oxidation-driven strong segregation of B might occur if
annealing was carried out in an environment containing
reasonable amount of oxygen required for sustaining
this reaction. This, indeed, was observed during ther-
mal annealing of these specimens in nitrogen and in
low vacuum conditions (~107'=10~3 mbar) and was
attributed to the presence of residual oxygen in the an-
nealing media [7]. The amount of residual oxygen in
the annealing medium thus has a strong influence in
controlling the kinetics of the observed segregation of
the matrix elements.

It is interesting to note here that the depth profiles of
Au in Fig. 1 are not suggestive of any significant diffu-
sion of Au into the alloy Fe49oNizgMo4Bg. On the other
hand, based on the reported Au diffusivity data in some
Fe-based amorphous alloys [13, 14] a significant profile
broadening due to diffusion would have been expected.
In this context, it should be noted that the reported data
for Au diffusion in Fe-based amorphous alloys [13, 14]
were obtained after diffusion annealing in high vac-
uum (~10~ mbar) and not in UHV (~10~® mbar) as
carried out in the present investigation. This contrast-
ing difference in the diffusion behavior in UHV and in
high vacuum again point to the possibility of the cru-
cial effect of annealing medium on diffusion behavior
of Au in Fe-based amorphous alloys. In this context,
it is further interesting to note that no diffusion of Ag
was observed in FeyoNizgMo4B g at these temperatures
[15]. These measurements were carried out using a thin
silver tracer film on the alloy and its subsequent anneal-
ing in ultra high vacuum conditions [15]. These obser-
vations are similar to those made in the present study
where no significant diffusion of Au was observed after
thermal annealing of thin Au film on Fe49NizgMoyB g
in UHV. The absence of significant Au diffusion in the
alloy Fe49NizgMo4B g after thermal annealing in UHV
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further supports the view that the reaction kinetics at
these temperatures and under our experimental condi-
tions is controlled by the faster diffusing and smaller Fe
and Ni matrix atoms than the bigger Au atoms. There-
fore, it can be concluded from the above discussion that
the low solubilities of Fe and Ni in Au and their pos-
itive heat of mixing with repulsive interaction and the
tendency of Fe and Ni for surface segregation are ma-
jor factors that more likely lead to the transformation
of initial Au film into small Au-rich islands after ther-
mal annealing in our investigations. Such formation of
Au-rich islands in Au-Ni thin films during annealing at
similar temperatures has earlier been reported [16—18].

4. Summary

To summarize, our observations on heating of a thin
Au film on amorphous Fe4oNizgMoysBg in UHV at
823 K revealed the formation of Au-rich islands on the
surface, but no long range diffusion or dispersion of
Au as nano-particles in the alloy was observed, which
is in sharp contrast to the results of some investiga-
tions when annealing was done in nitrogen atmosphere
and in low vacuum conditions (~107!=1073 mbar)
[5-7].1tis thus suggested that the annealing atmosphere
(other than UHV) plays a crucial role in dispersion of
metal particles during thermal annealing and the re-
sults of the present study corroborate our ideas in the
proposed mechanism for observed Au dispersion ef-
fects after annealing Au/FeqoNizgsMoy4B g in annealing
environments, like nitrogen and low vacuum (~10~!—
1073 mbar) which contain increased amounts of resid-
ual oxygen [7]. More details on the effects of annealing
Au/Fe49NizgMoyB g in nitrogen atmosphere and in low
vacuum conditions (~ 10~'=1073 mbar) leading to dif-
fusion and dispersion of metal particles in this alloy can
be found in [7].
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