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Submicron Void Formation in Amorphous NiZr Alloys
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A trilayer thin film of amorphous alloys NisZreo/Ni73Zr27/NisoZreo has been deposited on nitrided Si
surface, annealed at 200, 250, and 300°C in He, and analyzed by Rutherford backscattering spectrosco-
py and cross-sectional transmission electron microscopy. Interdiffusion occurred without crystalization.
When Ni was the dominant diffusing species, no voids were seen. When both Ni and Zr diffuse, submic-
ron size voids were observed. This indicates that self-diffusion in the amorphous alloy can be mediated
by localized vacancylike defects as well as by nonlocalized free-volume defects. Void formation as a re-
sult of the slower diffusing species is opposite to the Kirkendall effect in crystalline solids.

PACS numbers: 66.30.Fq, 61.40.+b, 68.65.+g

Interdiffusion in certain bilayer and multilayer thin-
film structures has been shown to lead to amorphous al-
loy formation. Examples are Rh/Si,! La/Au,? Ni/Zr,>*
Co/Zr,* and Ti/Si® thin-film couples. Since amorphous
alloys do not exist in equilibrium phase diagrams, their
formation by interdiffusion, which is a slow heating pro-
cess, is a kinetic phenomenon. This destruction of long-
range order with neither melting nor abrupt energy
change is currently the most challenging kinetic issue in
solid-state transformation.

Interdiffusion in a layered structure requires a long-
range diffusion across a concentration gradient, so the
amorphous alloy formed by solid-state reaction must be
able to exist over a wide composition range in order to
sustain the gradient and must allow long-range diffusion
(rather than short-range relaxation) to occur without
crystallization. Crystallization transforms the amor-
phous alloy and requires the nucleation of a crystalline
phase. The metastability of the amorphous alloy formed
by interdiffusion, therefore, relies on a rather stable
structure which tolerates a large flow of atomic fluxes
and has a high nucleation barrier for the crystalline
phase. Obviously, structural defects are of concern.

The occurrence of a long-range diffusion in an amor-
phous alloy depends on the mechanism of diffusion.
Long-range diffusion in homogeneous amorphous alloys
has been demonstrated by tracer diffusion of radioactive
Ag in an amorphous Pdg;Sijs alloy.” Long-range dif-
fusion in inhomogeneous amorphous alloys occurs during
their formation by interdiffusion. Since a lattice, and in
turn, a lattice defect such as a vacant site, cannot be
defined in an amorphous solid, the concept of free
volume, which is not a localized defect, has been pro-
posed to mediate diffusion in amorphous solids.®® Re-
cently, a defect of complex and many-body nature has
also been proposed for diffusion of Ag and Au in amor-
phous CuZr alloys.'® Their diffusion is characterized by
having a lower activation energy but a larger and nega-
tive entropy factor than those in crystals such as Cu.
Still, the atomistic picture of diffusion and the defect

which mediates diffusion in an amorphous alloy are far
from clear.

In the case of interdiffusion in Ni/Zr bilayers, the
amorphous alloy formed has a concentration gradient
which goes from about Nis7Zrs3 to NiggZr3, over a thick-
ness of several hundred angstroms'!; Ni is the dominant
diffusing species,'? and voids form in the Ni layer neigh-
boring the interface between the Ni and the amorphous
alloy.* Voids have not been found in the amorphous al-
loy nor in the Zr layer. The void formation tends to in-
dicate that Ni diffuses via defects rather than by a direct
exchange with neighboring atoms or by a rotation of a
cluster of atoms. It has been shown that Ni diffuses rap-
idly in Zr,'? similar to Au in Pb. This has raised the
possibility that the diffusing Ni atoms could enter inter-
stitially into the amorphous alloy and the vacant sites
they leave behind in the Ni lattice form voids. The Ni
atoms could diffuse into the alloy by exchanging with
nonlocalized free-volume defects and the defects must
collapse quickly since the surface of the amorphous alloy
appears smooth and free of dimples due to condensation
of the defects as viewed by cross-sectional transmission
electron microscopy. We note that in interdiffusion be-
tween Ni and Zr, no significant Zr diffusion has been ob-
served. In this Letter, we report the results of
interdiffusion between couples of amorphous NiZr al-
loys, with no crystalline phases. We have forced Zr
atoms to diffuse in order to reveal the defect picture.

A trilayer thin-film structure of amorphous alloys con-
sisting  of 725-A  NigZreo/1500-A Niz3Zr27/630-A
NigoZreo was prepared by electron-beam coevaporation
onto nitrided, (100) oriented Si wafers. The wafers were
water cooled during alloy deposition in vacuum of low
10”7 Torr. After the deposition the wafer was diced
into 1-cm? pieces for annealing at 200, 250, and 300°C
for up to 24 h in a quartz tube furnace flooded with He
gas purified by passing through a Ti filter kept at 950°C.
The samples were analyzed by Rutherford backscatter-
ing spectroscopy (RBS) and cross-sectional transmission
electron microscopy (TEM) for in-depth compositional
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FIG. 1. RBS spectra of the as-deposited trilayer structure.
The experimental spectrum is shown as the solid line. The
theoretical component spectra of Ni and Zr in each of the tri-
layers (labeled 1, 2, and 3) are shown as broken lines.

and morphological changes, respectively. Structural sta-
bility was monitored by grazing-incidence x-ray dif-
fraction, transmission electron diffraction, and in situ
resistivity measurement.

Figure 1 shows the experimental 2.3-MeV “He* RBS
spectrum (solid line) of the as-deposited trilayer struc-
ture, superimposed with a theoretical spectrum (broken
line) assuming a structure of 725-A NigZreo/1500-A
Ni73Zr7/630-A NigZreo. The theoretical component
spectra of Ni and Zr in each of the layers (labeled, 1, 2,
and 3) are indicated in the figure. Since the signals of
Ni and Zr overlap each other in the energy range of 1.6
to 1.8 MeV, it is convenient to examine the unoverlapped
regions of 1.4 to 1.6 MeV and 1.8 to 2.0 MeV for
changes in Ni and Zr, respectively, due to annealing.

In the as-deposited state, the trilayer is amorphous
with an average resistivity of 210+ 10 uQ-cm at room
temperature. The cross-sectional image in bright-field
TEM is featureless. The electron diffraction pattern re-
vealed halos only. X-ray diffraction spectra of samples
before and after the annealings showed no sharp
reflections. In situ isothermal resistivity measurements
at the three annealing temperatures up to 12 h revealed
no abrupt changes due to phase transformation. On the
other hand, compositional and morphological changes
have been observed by RBS and cross-sectional TEM,
respectively.

Figure 2(a) shows the RBS spectra of samples before
(solid line) and after annealing at 200°C for 4 h (dotted
line), for 8 h (short broken line), and for 16 h (long bro-
ken line). By comparing them, it can be seen that the
concentration of Ni in the side layers has increased from
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FIG. 2. (a) RBS spectra of a trilayer sample before (solid
line) and after annealing at 200°C for 4 h (dotted line), 8 h
(short broken line), and 16 h (long broken line). (b) RBS
spectra of a trilayer sample before (solid line) and after an-
nealing at 250°C for 4 h (dotted line) and at 300°C for 2 h
(broken line).

40% to 43% after the 8-h annealing (as indicated by the
shaded areas), yet no Zr diffusion is seen after the 8-h
annealing, and there is only a small amount of Zr
diffusion seen after the 16-h annealing. This indicates
that Ni diffuses predominantly at 200°C, and a
diffusivity of 10 ~'* to 10 ™' cm?/sec can be estimated
by applying Fick’s first law of diffusion. Figure 2(b)
shows the RBS spectra of samples as-deposited (solid
line), annealed at 250°C for 4 h (dotted line), and an-
nealed at 300°C for 2 h (broken line). After the 250°C
annealing, the side layers had a concentration of about
48 at.% Ni and 52 at.% Zr; redistribution of both Ni and
Zr had taken place. Specifically, the intensity of the Zr
signal at the front end (around 1.9 MeV) decreased, in-
dicating a loss of Zr. Such a change cannot come from
the out diffusion of Ni from the middle layer to the outer
layer alone; that may have changed the composition in
the outer layer but not the amount of Zr. For example,
in the case of annealing at 200°C for 8 h, a substantial
diffusion of Ni has occurred, yet the signal of Zr in the
outer layer (the front end) did not change [see Fig.
2(a)]l. The oxidation of Zr will reduce the signal, yet we
should have observed a step rather than the gradual
change in the Zr signal. After the 300°C annealing, the
sample was close to homogeneous as shown in Fig. 2(b).
We note that this finding agrees with the earlier observa-
tion by Hahn, Averback, and Rothman'4 that their
diffusion couple of amorphous alloys of Nij3Zrer/
Nig Zr3o embedded with a diffusion marker of Au was
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FIG. 3. Cross-sectional bright-field TEM images of an-
nealed trilayer samples (a) at 200°C for 16 h, (b) at 250°C
for 6 h, and (c) at 300°C for 2 h. The trilayer film had a
thickness of 2850 A. The long arrows indicate the film surface
and the short arrows indicate the substrate interfaces. The
variation in film thickness among the three images is due to the
difference in magnification.

nearly homogeneous after an anneal at 573 K.
Cross-sectional bright-field TEM images of the sam-
ples annealed at 200°C for 16 h, 250°C for 6 h, and
300°C for 2 h are shown in Figs. 3(a), 3(b), and 3(c),
respectively. In Fig. 3(a) the image of the trilayer is
featureless and is similar to the as-deposited state; no
voids are seen, and the surface, as indicated by the long
arrows, is smooth and flat. In Fig. 3(b) voids (about 200
A in size) are seen in the inner layer and also at the
film-to-substrate interface, as indicated by the short ar-
rows; the surface appears rough, and the matrix is still
featureless. Similar voids were seen in a sample an-
nealed at 250°C for 1 h. In Fig. 3(c) there are voids at
the film-to-substrate interface, but no voids can be found
within the film. The surface is smoother than that shown

in Fig. 3(b) and the matrix again appears featureless.

To summarize, we found no voids when Ni is the dom-
inant diffusing species, but voids were found when a
large flux of Zr diffuses. The finding that Ni diffusion
alone produces no voids is consistent with the earlier ob-
servation that voids formed in the Ni layer but not in the
amorphous layer during the reaction between pure Ni
and Zr. Together they indicate that the defect mecha-
nism of Ni diffusion in the amorphous alloy is mediated
by nonlocalized free-volume defects whose lifetime at a
given location is so short that the structure around the
defect collapses and dissipates before a number of them
can condense into a void. If we assume that Ni diffuses
interstitially in the Ni-rich amorphous alloy, we expect
to see voids in the middle layer of the trilayer sample (as
we have seen voids in the Ni layer during the reaction
between pure Ni and Zr), otherwise the atomic volume
left behind by each of the diffusing Ni atoms must have
collapsed quickly, and then in essence there is no
difference from the free-volume model. Furthermore, we
have observed that the Ni diffusion started around
200°C and Zr diffusion around 250°C. This indicates
that the activation energy of Zr diffusion is comparable
to that (1.2 to 1.4 eV) of Ni diffusion since the diffusion
process is thermally activated. Then, in a randomly
close-packed alloy of Ni-Zr, if Ni diffuses interstitially,
we would not expect Zr to diffuse the same within such a
close temperature range.

However, the evidence for a localized vacancylike de-
fect mechanism of diffusion in the amorphous NiZr alloy
is the voids seen upon Zr diffusion. The atomic volume
(or free volume) which exchanges with the Zr atom must
be sufficiently large and have a long lifetime to achieve
supersaturation so that nucleation and growth of a void
can take place. Since Zr is the slower diffusing species
in the alloy, the void formation due to Zr diffusion is op-
posite to the Kirkendall effect in diffusion couples of
crystalline solids. The indication is that if we perform
marker analysis of a diffusion couple of amorphous NiZr
alloys, the flux equation in Darken’s analysis must be
reconsidered.!>"'” In the crystalline couple of elements
A and B, it has been assumed that

Jatjstjr=0, 1)

where the net atomic flux, j4+ jg, is balanced by the va-
cancy flux, jy. In the amorphous couple, we might as-
sume two types of free volumes: one for the Ni subnet
and the other for the Zr subnet. The latter will play a
key role in the analysis, which should be studied careful-
ly by measuring the void volume with respect to marker
displacement as a function of time and temperature.

The void formation shows that the metastability of the
amorphous alloy not only can withstand a large
diffusional flux but also can allow a void surface to be
nucleated within the alloy. Clearly nucleation is an issue
here,'® and an important kinetic reason for the solid-
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state reaction to form amorphous alloys and for homo-
genization to occur in an inhomogeneous amorphous al-
loy without crystallization is the high barrier to hetero-
geneous crystal nucleation, i.e., a high interfacial energy.
Furthermore, the fact that the heat of crystallization is
typically small'®2° (about 1 to 2 kcal/mole for the NiZr
alloy) is also helpful in reducing the driving force of cry-
stallization.

The voids seen are not spherical, rather they appear
sheared. It would be interesting to investigate the dy-
namics of these voids upon annealing to see whether they
would disappear by relaxation or whether some of them
might grow by Ostwald ripening. A quantitative mea-
surement of Zr diffusion in the alloy would also be in-
teresting, especially the preexponential factor which
might provide further understanding about the localized
defects.

The authors are grateful to R. Petkie for deposition of
the amorphous alloy films, P. Saunders for RBS analysis,
and R. D. Thompson for assistance in x-ray diffraction.
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FIG. 3. Cross-sectional bright-field TEM images of an-
nealed trilayer samples (a) at 200°C for 16 h, (b) at 250°C
for 6 h, and (c) at 300°C for 2 h. The trilayer film had a
thickness of 2850 A. The long arrows indicate the film surface
and the short arrows indicate the substrate interfaces. The
variation in film thickness among the three images is due to the
difference in magnification.



