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The quality of a tunnel barrier is of critical importance for the success of a magnetic tunnel junction.
An amorphous state of the precursor metal films is beneficial for the formation of an ultrasmooth
and likely defect-free oxide tunnel barrier layer, thus leading to an improved performance of a
magnetic tunnel junction. However, prior to oxidation, most sputter-deposited thin films of pure
metals are polycrystalline instead of amorphous. In contrast, a sputter-deposited alloy thin film
could have a better amorphous-forming ability than a pure metal. Using an Al-Zr binary as an
example, the amorphous-forming ability of alloy thin films was investigated thermodynamically and
experimentally. A thermodynamic model was formulated to predict the compositions of a binary
alloy exhibiting favorable amorphous-forming abilities when sputter-deposited alloy thin films are
made. The thermodynamically calculated compositions of Al-Zr alloys with great tendencies to
form amorphous metallic thin films were confirmed experimentally. The sputter-deposited alloy thin
films were characterized using transmission electron microscopy and x-ray diffraction. The
thermodynamic argument, applicable to any binary systems, can serve as a guide to preselect alloy
compositions of any selected metallic binary with high amorphous-forming ability as precursor
metals to form an oxide tunnel barrier used in a magnetic tunnel junction. © 2005 American

Institute of Physics. [DOI: 10.1063/1.2084313]

I. INTRODUCTION

Magnetic tunnel junctions (MTJs), comprised of two fer-
romagnetic metal electrodes (e.g., Co) separated by a thin
tunnel barrier (e.g., Al,O3), are being widely considered for
possible use as sensitive magnetic sensors and nonvolatile
storage cells in magnetic random access memories
(MRAM).'~* However, one of the major challenges is to fab-
ricate these junctions with both high MR ratio and low prod-
uct of junction resistance and area (RA) for practical
applications.s It has been shown that the quality of the tunnel
barriers plays a critical role in the success of spin-dependent
tunneling in MTJs.>” Considerable effort has been made to
control the oxidation process of a thin Al layer in order to
fabricate a high-quality tunnel barrier.*'? Alternative mate-
rials have also been actively studied to improve the quality
of the tunnel barriers.'*** Among them, some alloy oxides
show attractive properties to be used as MTJ tunnel barriers.
The superior performance of these alloy oxide barriers is
attributed to the formation of an amorphous structure in the
preoxidation state in addition to a relatively low-energy band
gap. As the tunnel barrier thickness is reduced in order to
obtain low RA in MTIJs, a rapid degradation of the MTJ
properties is observed, including low TMR and high cou-
pling fields between magnetic layers.23 This degradation is
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often attributed to a lack of uniform interfaces and other
defects as a result of the presence of columnar grain bound-
aries in the polycrystalline precursor metal films prior to
oxidation.”** Since a precursor metallic phase in the amor-
phous state has no grain boundaries,? it is reasonable to
expect that a continuous thin layer of oxide would form
when exposed to an oxidizing atmosphere, causing an im-
proved performance of a MTJ. Indeed, Bae et al. reported the
initial oxidizing paths of the crystalline precursors were the
grain boundaries and then through the grains, leading to the
formation of nonuniform interfaces and other defects”®?’ as
well as the partial oxidation of the ferromagnetic layer below
the tunnel barrier layer before completion of the Al
oxidation.”®

However, since an amorphous phase was found in Al-Zr
alloys via different experimental techniques,zz’zgf33 we
choose to use this binary as a model system for both theo-
retical and experimental investigations in the present study.
We will first present a thermodynamic formulation to predict
alloy compositions of Al-Zr with tendencies to form amor-
phous thin films when these films are prepared using rapid
quenching techniques such as sputter deposition. We will
next carry out experiments to validate the thermodynamic
predictions using co-sputter deposition of these alloy films.
The microstructures of the alloy thin films will be character-
ized by transmission electron microscopy (TEM) and x-ray
diffraction (XDR) as given below. When the thermodynamic
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formulation is validated, we can then use this approach to
make predictions of alloy compositions of any metallic
binaries.

Il. EXPERIMENT

The alloy thin films were co-deposited on rotating sub-
strates by dc magnetron sputtering from two targets of pure
Al and Zr with 6 mTorr Ar as the processing gas. The base
pressure of the process chamber was less than 5
X 1077 Torr. Different compositions of the alloy thin films
were realized by varying the relative powers of the two sput-
ter guns, which result in different sputter rates of the Al and
Zr targets. The thin-film compositions were confirmed by
PHI 5400 x-ray photoelectron spectroscopy (XPS) and PHI
670 Auger electron microscopy (AES). The microstructures
of the thin films were characterized by Philips CM200UT
transmission electron microscopy (TEM) and Panalytical
X’pert x-ray diffraction (XRD). Plan view TEM samples
were deposited on NaCl crystals or polymer substrates,
which were then placed into water or a solvent, to let the
films peel off. Thicker films were deposited on glass sub-
strates for XRD characterization.

lll. THERMODYNAMIC FORMULATION

Since fabricating thin films by sputter deposition is a
rapid quenching process, as noted earlier, it is likely that the
intermetallic compounds normally stable in a binary such as
Al-Zr will not form under this condition due to kinetic con-
straints! Accordingly, we are only concerning ourselves with
the relative thermodynamic stability of the (Al, Zr) amor-
phous phase with those of the various crystalline alloy
phases. This simple model is formulated based on the bilayer
structure used widely in the MTJs, but it can be used as a
general model to predict the amorphous forming ability of
alloy compositions in any metallic binary. A schematic dia-
gram of a bilayer structure is given in Figs. 1(a) and 1(b),
with a Co layer as the substrate and a top (Al, Zr) alloy either
in the amorphous or a crystalline state. The physical dimen-
sions of these two-layer structures are given in these figures.

The Gibbs energy of such a bilayer structure consists of
three parts: the bulk Gibbs energy, the interfacial energy, and
the surface energy. We will first derive the bulk Gibbs energy
of such a system and then discuss the contributions from the
other two parts later. The bulk Gibbs energies of the
(Co)/(Al,Zr) bilayer structure, as presented in Figs. 1(a) and
1(b), are shown schematically in Fig. 1(c) as a function of
the Co composition for the crystalline (Co)/crystalline (Al,
Zr) and crystalline (Co)/amorphous (Al, Zr) bilayered struc-
tures, respectively. The symbols “cryst” and “am” denote the
crystalline and amorphous states, respectively. As noted ear-
lier, since we assume that the stable intermetallic compounds
do not form in fabricating these films via sputter deposition
due to kinetic constraints, we are only considering the (Al,
Zr) solid solutions, either in a crystalline state such as the fcc
in the present case denoted by “cryst,” or in an amorphous
state denoted by “am.” Furthermore, the Gibbs energy curves
of (Co) and (Al, Zr)-am or (Al, Zr)-cryst are represented by
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FIG. 1. Schematic diagram of the unit bilayer structures with the Al-Zr
layer in (a) a crystalline state; (b) an amorphous state; (c) the bulk Gibbs
energy versus the composition of Co of the bilayer in (a) and (b) for the case
that (Al, Zr)-cryst is more stable than (Al, Zr)-am. [,k refers to the length
and height, respectively.

sharp curves at the two ends of this figure because the mutual
solubilities between Co and (Al, Zr)-am or (Al, Zr)-cryst are
negligible at low temperatures (<500 °C). The tangent line
to the (Co) and (Al, Zr)-cryst represents the metastable phase
equilibrium between Co and (Al, Zr)-cryst. Similarly, the
tangent line to the (Co) and (Al, Zr)-am represents that be-
tween Co and (Al, Zr)-am. The Gibbs energy of the amor-
phous phase is approximated to be that of the undercooled
liquid and the volume Gibbs energy of (Al, Zr)-cryst can be
either lower or higher than that of amorphous phase depend-
ing on the relative stabilities of these phases. The case, as-
suming that (Al, Zr)-cryst is more stable, is shown in Fig.
1(c), where the overall composition in the amorphous and
crystalline cases are taken to be the same, in other words,
xE¥t=x¥". Thus, a vertical line can be drawn at x03* or xgn
and it intersects two dashed tangent lines at two points “am”
and “cryst.” The energy difference defined by the vertical
distance between “am” and “cryst” is represented by
AG M [=AG R ™"/ (1-Xc,)], defining the energy bar-
rier needed to overcome in order to form the amorphous
structure. The analytical equation of AGYS'™3™ at the as-
deposited temperature is described by (a detailed derivation
is shown in the Appendix):
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FIG. 2. The Gibbs energy difference between the fec (Al, Zr) solution and
the amorphous (Al, Zr) phases versus the composition of Zr. Co-sputter-
deposited alloys were made at composition points labeled (a)—(h).
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In Eq. (1), xc, represents the overall composition of Co in
the bilayer structure; T, is the film deposition temperature;
yal and y7 represent the composition of Al and Zr in the
amorphous (Al, Zr) layer, and their summation equals unity.
Since the (1 -x¢,) term is always positive and does not affect
the sign of AG®Y7*™ the Co layer in the model can be
replaced by other materials without changing the validity of
the conclusions. The symbols T; % and T,% refer to the
transition temperatures from the pure crystalline Al and Zr to
their liquid state, respectively. Similarly, "AH and "AHL
represent the enthalpies of fusion of Al and Zr at their re-
spective melting temperatures. The symbols ““G(}) ,,, and
G (Rzn denote the excess Gibbs energy of the (Al, Zr) alloy
in the amorphous and crystalline state. In order to evaluate
the energy barrier from the (Al, Zr) crystalline to the (Al, Zr)
amorphous structure, a prerequisite is to know which crys-
talline structure is the most stable structure. Based on the
Gibbs energy of solution phases calculated from the thermo-
dynamic description of the Al-Zr system developed by Wang
et al.,’* the Gibbs energy of the (Al, Zr) solution with the fcc
structure is found to be the most stable crystal structure,
which is consistent with the experimental results in the cur-
rent study to be presented later! Therefore, the “cryst” in the
aforementioned thermodynamic model can be replaced by
fcc. By utilizing the lattice stability data of pure Al and Zr
from SGTE (Scientific Group Thermodata Europe)® and the
excess Gibbs energies of the undercooled liquid (Al, Zr)-am
and the fce (Al, Zr)-cryst phases calculated from the thermo-
dynamic description developed by Wang et al.,* the value of
AGEYSt7am yersus the composition of Zr in the top layer is
plotted in Fig. 2. This plot clearly shows that the energy
barrier of AG®Y'7*™ becomes negative within a certain
range of the composition of Zr, as denoted by the shaded
area. The overall Gibbs energy of the bilayer is lowered
when forming the amorphous state instead of the crystalline
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one. In other words, there is no energy barrier to form the
amorphous phase!

IV. RESULTS AND DISCUSSION

Co-sputter-deposited Al-Zr alloy films with different
compositions were grown to verify the thermodynamic pre-
dictions, labeled (a), (b), etc. to (h), as shown in Fig. 2. Plan
view TEM micrographs and selected area diffraction (SAD)
patterns of these alloy thin films are presented in Fig. 3. At
the compositions (a) and (b), crystal grains and dotted SAD
patterns can be clearly seen, suggesting that the Al-Zr films
are polycrystalline up to 7 at. % Zr. However, at point (c)
with 22 at. % Zr, most grains disappear in the micrograph
and multiple diffraction rings fade with a halo ring becoming
clear in the SAD patterns. This indicates a transition region
from a crystalline structure to an amorphous state, which
agrees with the thermodynamic calculated results that the
energy barrier for an amorphous transition is close to zero at
the composition of 23.5 at. % Zr. With increasing Zr con-
centrations the Al-Zr alloy films become a single amorphous
phase, which can be seen from the single diffuse ring in SAD
patterns and typical amorphous micrographs36 (defocused to
enhance the contrast) at the composition points (d), (e), (f),
and (g), consistent with values predicted by the thermody-
namic calculations. At point (h), the Zr composition reaches
100 at. % and a polycrystalline fcc structure can be clearly
observed from the micrograph and SAD pattern. This sug-
gests another transition region located in between points (g)
and (h), where the films transform from an amorphous state
back to a crystalline structure again. Thicker films with typi-
cal compositions were deposited on glass for the XRD struc-
ture characterization, as shown in Fig. 4. In the three XRD
diffraction patterns, the big humps at about 24° result from
the glass substrate, which was adopted to exclude any pos-
sible peaks from the substrate. The crystal diffraction peaks
of Zr and Al can be clearly seen in the 260 nm pure Zr and
Al films, respectively, while no diffraction peak can be ob-
served in the 300 nm Al ;Zr, 33 alloy film, which is consis-
tent with the TEM observation.

In view of the simplicity of the thermodynamic forma-
tion, it is indeed surprising that there is such a good agree-
ment between the calculation and the experimentation in
terms of the alloy compositions for an amorphous formation
ability. It is worth noting that Yoshioka et al. reported larger
alloy compositions, i.e., 17-71 at. % Zr, for amorphous
phase formation in this binary.32 Since they made their films
by sputter deposition from an Al target with Zr chips instead
of co-sputtering, it is likely that the XRD structure charac-
terization method is not sufficiently sensitive to characterize
the presence of a small amount of crystalline materials in the
alloy films. On the other hand, the TEM is a more suitable
tool for structure characterization in this case.

The reason why the amorphous phase is more stable than
the crystalline phase will be addressed below. According to
Eq. (1), two factors contribute to the relative stability of
these two phases, i.e., the fusion enthalpies of pure Al and
pure Zr and the relative excess Gibbs energies of the amor-
phous phase versus that of the crystalline phases. Since the
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100 nm

fusion enthalpies of pure Al and Zr are positive, the negative
value of AG{R,"" requires that the excess energy of the
crystalline phase must be more positive than that of the
amorphous phase. From a thermodynamic point of view, the
excess energy consists of two parts, i.e., chemical interaction
and elastic energy. The chemical interaction in the amor-
phous structure is expected to be comparable with that of the
disordered solid solution since both structures are chemically
disordered. Therefore, the important source to increase the
excess energy of the fcc phase is due to an increase in the
elastic strain energy induced by lattice mismatch, i.e., large
size differences between the two component elements. When
the elastic strain energy reaches a critical level, it will lead to
a topological instability of the crystalline lattice. The amor-
phous phase will not accumulate too much elastic strain en-
ergy due to its inherently more flexible bonds and long-range
topological disorder. The atomic radii of Al and Zr are
0.182 nm and 0.216 nm, respectively. The size mismatch of
18.8% between them is significant enough to produce large
strain energy.

It should be pointed out that the Gibbs energy contribu-
tion from the surface and interfacial energies in the thin film
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FIG. 3. TEM micrographs and SAD
patterns of Co-sputter-deposited Al-Zr
alloy films with compositions of (a)
0 at. %, (b) 7 at. %, (c) 22 at. %, (d)
33 at. %, (e) 39 at. %, (f) 52 at. %,
(g) 66 at. %, and (h) 100 at. % Zr.

with nanoscale thickness should not be ignored. However, it
has been reported in the literature®’ that the surface and in-
terfacial energies involving amorphous phases are generally
lower than those of the crystalline counterparts, and thus

Zr fee(111) Zr 260nm on glass

2Zr fcc(220)
e e |

Al .Zr .. 300nm on glasg

Al 260nm on glass|
Al fec(111)

Diffraction Intensity

Al fcc(200)
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FIG. 4. The XRD results of three typical films on glass: pure Zr 260 nm,
Al 6771933 300 nm and pure Al 260 nm.
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these energies actually favor the formation of an amorphous
phase. Therefore, the surface energy and interfacial energy
will not violate the conclusion drawn from the bulk Gibbs
energy calculation.

The thermodynamic characteristic of the Al-Zr system
gives a clue to the formation of the amorphous phase and
enables us to select other binary systems and compositions
for oxide tunnel barrier applications. Based on the above
thermodynamic argument for the Al-Zr model system and
available thermodynamic data as well as the low band gap
consideration of the metal oxides, the metallic elements of
Al, Mg, Ti, Nb, Ta, Hf, Zr, Y, and some rare earth metals
could be alloyed with each other for the use of precursor
metals of an oxide tunnel barrier in MTJs.

V. CONCLUSIONS

Within a composition range of 23.5-67.5 at. % Zr in the
Al-Zr binary system, the amorphous phase has been found
thermodynamically more stable than the crystalline phase in
Co-sputter-deposited Al-Zr alloy thin films. The thermody-
namic analysis for the Al-Zr alloys is consistent with experi-
mentally obtained results. On the basis of this study for an
Al—Zr binary, it is reasonable to conclude that this analysis
can be used as a guide to preselect alloy compositions of any
binary system with great amorphous forming ability, and
thus could produce a high-quality oxide tunnel barrier in a
MTI.
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APPENDIX

At the as-deposited temperature Co—(Al, Zr),
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