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Abstract—The structure formed during solid-state synthesis in thin bilayer AI/Ni films with the ratio Al : Ni =
60 : 40 (at %) has been investigated. The films were obtained by thermal evaporation in vacuum with a residual
pressure of 10°-107% Torr. Solid-state synthesis was performed by diffusion reaction. The sequence of phase
formation upon vacuum annealing of bilayer AI/Ni films has been established: Al + Ni — AL3Ni + Ni (T}, =

180°C) — ALyNi, (T, = 220°C).
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Development of microelectronics is related to wide
application of thin-film elements. Investigation of reac-
tions in solids between two or several components
began a relatively short time ago. Solid-state reactions
may significantly affect the microstructure and phase
composition of thin films during operation of integrated
circuits and other electronic devices. A distinctive spe-
cific feature of solid-state reactions in thin films is that
they can be initiated at relatively low temperatures
(much lower than in bulk samples). Solid-state reaction
products can be both compounds and solid solutions of
reagents formed as a result of layer mixing. An impor-
tant question arises in study of solid-state synthesis pro-
cesses: which of the possible phases is formed first? To
date, several different “first-phase rules” have been pro-
posed (see, for example, [1-3]); however, the various
experimental data obtained have not yet been
explained. Investigation of solid-state reactions is not
only of fundamental interest but has also practical
importance. For example, AI-Ni alloys exhibit shape
memory effect [4], which makes it possible to apply
these materials to fabricate microelectromechanical
systems, for example, micromotors.

In this paper, we report the results of studying the
solid-state synthesis processes occurring in bilayer thin
Al/Ni films with the ratio Al : Ni = 60 : 40 (at %).
Bilayer films were obtained by thermal evaporation in
vacuum with a residual pressure of 10--10-° Torr by
successive deposition of nickel and aluminum films.
The films were deposited on substrates (glass, NaCl) at
room temperature (7' = 7,). The thickness of individual
Al and Ni layers were, respectively, 45 and 20 nm.
Solid-state synthesis was performed by diffusion reac-
tion: long-term heating for 1 h at a fixed temperature (in
the range from 180 to 300°C). Investigation of the film
structure and the phase analysis were performed by
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transmission electron microscopy (TEM) and electron
diffraction with a PREM 200 transmission electron
microscope.

Electron microscopy study of the bilayer films in the
initial state, deposited on a substrate at room tempera-
ture (T, = 17°C), showed that the films obtained consist
of crystallites 10-30 nm in size (Fig. 1a). Interpretation
of the electron diffraction pattern (Fig. 1b) showed the

(b)

Fig. 1. (a) TEM image and (b) electron diffraction pattern of
an Al/Ni film in the initial state.
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(b)

Fig. 2. (a) TEM image and (b) electron diffraction pattern of
an AI/Ni film annealed at 7, = 180°C.

presence of the following phases in the films: fcc Ni
with the lattice parameter a =3.52 A (JCPDS card # 04-
0850) and fcc Al with the lattice parameter a = 4.05 A
(JCPDS card # 04-0787). These phases are characteris-
tic of the bulk state of Ni and Al.

To initiate solid-state synthesis processes, Al/Ni
films were annealed in vacuum with a residual pressure
of 1075-10° Torr at a fixed temperature (in the range
T = 180-300°C) for 1 h. Under these conditions, the
solid-state synthesis occurred through reaction diffu-
sion.

Interpretation of the electron diffraction pattern of
the AI/Ni film annealed in vacuum for 1 h at a fixed
temperature (7,,, = 180°C) (Fig. 2b) showed that the
AL;Ni phase (sp. gr. Pnma) is the first to be formed in
the film. This phase has an orthorhombic lattice with
the following parameters: a=6.60 A,b=7.35 A, and c =
4.80 A (JCPDS card # 02-0416). Many researchers
(see, for example, [5, 6]) believe that the AI;Ni phase is
the first to be formed at the Al/Ni interface during solid-
state synthesis. The films annealed at 7, = 180°C con-
tain also the fcc Ni phase (JCPDS card # 04-0850).

The AI/Ni films annealed in vacuum at the fixed
temperature T,,, = 220°C for 1 h (Fig. 3) contain only

the Al;Ni, phase (sp. gr. P3 m1) with the lattice param-
eters a =0.406 nm and ¢ = 0.491 nm (JCPDS card # 14-
0648). Further annealing at higher temperatures, up to
Ton=300°C, does not lead to formation of other AI-Ni
phases.
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Fig. 3. (a) TEM image and (b) electron diffraction pattern of
an AI/Ni film annealed at 7, = 220°C.

Thus, we established the following sequence of
phase formations in bilayer thin Al/Ni films with the
ratio Al : Ni =60 : 40 (at %) upon vacuum annealing:

Al + Ni — ALNi + Ni (at T, = 180°C)
— ALNi, (at T, = 220°C).

These results correspond to the ordering rule for
Cu;Au [3], according to which the first phase formed
should have the maximum diffusivity. In the case of the
AI-Ni system, this is the phase with the highest alumi-
num content.

It should be noted that the question about the phase
that is formed first at the Al/Ni interface during solid-
state synthesis processes remains open. Different
phases have been reported to be formed first in different
studies devoted to the solid-state synthesis in bilayer
AlNi films: ANi [5, 6], AlgNi, [7], A3Ni, [8], and
AINi [9]. Apparently, this circumstance is related to dif-
ferent conditions of both film preparation and solid-
state synthesis initiation.

In [6], on the basis of the rule introduced by Bene
[1], it was suggested that the phase with the highest Al
content should be formed first during solid-state syn-
thesis in the binary Al/Ni system and the Al content in
each subsequent phase formed should be lower than in
the previous phase. These conclusions are also consis-
tent with the above-mentioned ordering rule for Cu;Au
[3]. In this case, we can suggest that in Al/Ni films with
the ratio Al : Ni =25 : 75 (at %), along with the Al;Ni
and AL;Ni, phases observed in this study, the following
Vol. 71
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phases will be successively formed at 7,,, > 220°C:
AINi (B2 phase), Al;Nis, and AlINi; (Y phase).
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