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Abstract—Based on the results of in situ electron diffraction study of the solid-state reaction and electrical
resistivity measurements on the Al/Ag thin films with an atomic ratio of Al : Ag = 1 : 3, the temperature of
the reaction onset has been established and a model of the structural phase transitions has been proposed. The
solid-state reaction begins at 70°C with the formation of the Al–Ag solid solution at the interface between the
aluminum and silver nanolayers. It has been found that, in the course of the reaction, the intermetallic com-
pounds γ-Ag2Al → μ-Ag3Al are successively formed. It is shown that the possibility of the formation of the
μ-Ag3Al phase during the solid-state reaction in the Al/Ag thin films depends on the aluminum-to-silver
ratio, while the formation of the μ-Ag3Al phase begins only after all fcc aluminum has reacted.
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1. INTRODUCTION
The aluminum-containing compounds are of great

interest for the microelectronic industry. They are
used as electric compounds, diffusion barriers, and
materials for enhancing the stability against electromi-
gration [1–5]. The Al–Ag intermetallics are promising
for application in microelectronic devices [6] and light
emitting diodes [7–10]. Owing to their high oxidation
resistance [11, 12] and reflectivity [13], the Al–Ag
intermetallics can be used as reflective coatings of
solar cells [14–16]. A fraction of microelectronic
devices containing the Al–Ag compounds in the form
of thin (up to 100 nm) films increases. On the other
hand, the stability of the physicochemical properties
of thin-film systems ensures the reliability of micro-
electronic devices containing these compounds. The
solid-state reactions at the interface of thin-film sys-
tems can occur at relatively low temperatures (0.1–0.5
of melting points Tmelt of constituents) [17], which
leads to the formation of new compounds with differ-
ent physicochemical properties. For example, even at
room temperature at the interface of the Al/Au thin
films the Al2Au intermetallic phase forms [18, 19], the
electrical resistance of which is much higher than that
of pure aluminum and gold [20]; this causes a failure
of microwave transistors [21] containing these
materials.

According to the phase diagram of the Al–Ag sys-
tem, the intermetallic compounds that can form in it
are the γ-Ag2Al phase (sp. gr. P63/mmc, a = 2.885 Å,
and c = 4.624 Å), the high-temperature β-Ag3Al phase
(sp. gr. Im m, a = 3.243 Å), and the low-temperature
μ-Ag3Al phase (sp. gr. P4132, a = 6.946 Å). The μ-
Ag3Al phase is of greater interest, since it has higher
reflectivity, significantly higher hardness, and lower
fracture toughness than the γ-Ag2Al phase [2].

Analysis of the experimental data shows that,
during the solid-state reaction, two intermetallic com-
pounds usually formed in the thick (~1 μm) films are
γ-Ag2Al and μ-Ag3Al [15, 16, 22]. However, in the
overwhelming majority of studies [23–25] devoted to
the solid-phase interactions in the Ag/Al thin films
with a thickness of up to 100 nm, the formation of the
μ-Ag3Al phase was not observed. In [22], the solid-
state reactions in the Ag/Al films were studied by the
Rutherford backscattering and X-ray diffraction tech-
niques. The formation of the γ-Ag2Al intermetallic at a
temperature of 150°C was reported and the presence of
a small (1–2%) amount of the μ-Ag3Al phase was sug-
gested. One is interested in the conditions of forma-
tion of this phase in the thin-film systems and its elec-
trical properties.
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Fig. 1. (a) Electron microscopy image and (b) electron diffraction pattern of the initial Al/Ag film.
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2. EXPERIMENTAL

The investigated Al/Ag thin films were obtained by
magnetron sputtering on an EPOS-PVD-D-CON-
FOCAL high-vacuum facility. The basic residual pres-
sure was 1 × 10–4 Pa and the argon pressure during
sputtering was 0.26 Pa. The film thickness was con-
trolled using a Bal-Tec QSG-100 quartz crystal thick-
ness monitor, which allows one to control the integral
film thickness accurate to 0.01 nm. The material
deposition rate was 0.05–0.1 nm/s. The high-purity
initial materials (Girmet Ltd.) Ag (99.99%) and Al
(99.999%) were used. The substrates used for the film
deposition were glass and electron microscopy grids
coated with a thin (≈20 nm) amorphous carbon layer.
The 60-nm silver and 20-nm aluminum layers were
deposited sequentially without interrupting the vac-
uum. To avoid a reaction between silver and alumi-
num, the silver layer was deposited first. The Al : Ag
atomic ratio was 1 : 3.

The microstructure and elemental composition of
the films were studied using a JEOL JEM-2100 trans-
mission electron microscope at an accelerating voltage
of 200 kV equipped with an Oxford Inca x-sight energy
dispersive spectrometer. The phase composition of the
samples was determined by analyzing the electron dif-
fraction patterns obtained by the microdiffraction
method. Heating was performed directly in the col-
umn of a JEM-2100 transmission electron microscope
(a residual pressure of 1 × 10–6 Pa) using a special
Gatan Model 652 Double Tilt Heating sample holder
designed for controlled heating of samples from room
temperature to 1000°C. This method was successfully
used to study the solid-state reactions in the Fe/Pd
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[26–28], Fe/Si [29], Al/Fe [30], Al/Cu [31], Fe–ZrO2
[32], and Co–ZrO2 thin films [33].

The simultaneous measurements of the electrical
resistivity and temperature of the samples were per-
formed using a Keithley 2450 sourcemeter and a
Keithley DMM6500 digital multimeter. The electrical
resistance was measured by the four-probe method.

3. EXPERIMENTAL RESULTS
AND DISCUSSION

The electron microscopy investigations of the ini-
tial Al/Ag thin films revealed an aluminum crystallite
size of 10 ± 3 nm and a silver crystallite size of 30 ±
10 nm (Fig. 1a). Since the lattice parameters of alumi-
num (sp. gr. Fm m, the lattice parameter is a =
4.049 Å) and silver (sp. gr. Fm m, the lattice parame-
ter is a = 4.086 Å) differ by only 0.9%, it is almost
impossible to distinguish the aluminum and silver dif-
fraction reflections by the electron diffraction
method. In the electron diffraction pattern (Fig. 1b),
the polycrystalline reflections from the Al and Ag
phases overlap, which leads to a slight broadening of
the observed diffraction reflections.

To obtain information about the structural varia-
tions in the Al/Ag films during the solid-state reac-
tion, we examined the phase formation upon heating
the samples from room temperature to 300°C. The
heating rate was 4°C/min. During heating, electron
diffraction patterns were recorded at a rate of 4 fpm;
i.e., one frame corresponded to the change in the sam-
ple temperature by 1°C. This allowed us to establish
the temperature of the onset of the crystalline phase
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Fig. 2. (a) Electron microscopy image and (b, c, d) electron diffraction pattern of the Al/Ag film after heating to 300°C at different
crystallite orientations.
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formation during the solid-state reaction and the tem-
perature regions of existence of these phases.

At a temperature of 107°C, weak diffraction poly-
crystal-type reflections corresponding to the γ-Ag2Al
intermetallic phase were detected on the electron dif-
fraction patterns. Upon further heating, an increase in
the intensities of diffraction reflections of the γ-Ag2Al
phase was observed. Upon reaching a temperature of
123°C, the weak-intensity point diffraction reflections
corresponding to the μ-Ag3Al intermetallic phase were
detected. Upon further heating, an increase in the
intensity of the μ-Ag3Al diffraction reflections and a
decrease in the intensity of the γ-Ag2Al reflections
were observed. In the temperature range from 167 to
300°C, the electron diffraction patterns contain dif-
fraction reflections of only the μ-Ag3Al phase. The
PHY
electron microscopy investigations of the Al/Ag thin
films after heating to 300°C showed that the films con-
sist of crystallites with an average size of about
150‒250 nm (Fig. 2a). Figures 2b, 2c, and 2d present
electron diffraction patterns obtained on individual
μ-Ag3Al crystallites with the [100], [526], and [102]
orientations (Figs. 2b, 2c, and 2d, respectively).

According to the EHF (effective heat of formation)
theoretical model [34], the phase with the lowest effec-
tive heat of formation ΔH' is formed first during the
solid-state reaction. The ΔH' values for the γ-Ag2Al and
μ-Ag3Al phases are –4.09 and –3.12 kJ/mol, respec-
tively. Thus, according to the EHF model, the inter-
metallic γ-Ag2Al phase should be formed first, which
is consistent with the phase sequence Al +
SICS OF THE SOLID STATE  Vol. 62  No. 4  2020
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Fig. 3. Temperature dependence of the resistivity of the
Al/Ag films during heating at an Al : Ag atomic ratio of 1 : 3.
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In order to establish the correlation between the
sequence of forming phases and the electrical proper-
ties of the Al/Ag films, the resistivity variation was
measured in the course of the solid-state reaction (Fig. 3).
The resistivity was measured upon heating of the Al/Ag
films on glass substrates in vacuum (1.3 × 10–4 Pa).
During the resistivity measurements, the contacts
were located on the aluminum layer side.

In the initial state, the resistivity of the Al/Ag films
was 14.65 μΩ cm. This is similar to the value charac-
teristic of the aluminum films with a thickness of
~20 nm [35].

In the temperature range of 25–70°C (Fig. 3,
stage 1), a slight increase in the resistivity is caused by
the thermal resistivity coefficient (4.3 × 10–3 K–1 for
silver and 4.6 × 10–3 K–1 for aluminum [36]). In the
temperature range of 70–105°C (Fig. 3, stage 2), the
resistivity growth is close to parabolic. In this case, no
changes are detected in the electron diffraction pat-
terns. We may assume that, at this stage, the Al(Ag)
and Ag(Al) solid solutions form at the interface
between the aluminum and silver layers (see Fig. 4).

°⎯⎯⎯⎯→107 C °⎯⎯⎯⎯→123 C
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Fig. 4. Sequence of phases forming during the solid-state re
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The formation of the solid solutions in the Al–Ag thin
films was previously observed in [24, 37]. It should be
noted that, during the formation of a solid solution,
the fcc aluminum layer thickness decreases, which
leads to the observed increase in the resistivity.

In the temperature range of 105–120°C (Fig. 3,
stage 3), an almost linear increase in the resistivity is
observed. According to the electron diffraction data,
in this temperature range, the γ-Ag2Al intermetallic
phase forms. It is well known that an increase in the
resistance of thin films upon heating is linearly related
to the thickness of intermetallic layers that form at the
interface during the solid-state reaction [38]. Thus, we
can assume that the change in the resistivity in the
temperature range of 105–120°C is caused, on the one
hand, by a decrease in the fcc aluminum layer and, on
the other hand, by the growth of individual γ-Ag2Al
crystallites, which therefore form a continuous layer.

After reaching a temperature of ~120°C, a signifi-
cant decrease in the resistivity growth rate can be seen
in the plot (Fig. 3, stage 4). According to the electron
diffraction data, at a temperature of 123°C, the onset
of the formation of the μ-Ag3Al intermetallic phase
was observed. Thus, the decrease in the resistivity
growth rate at 120°C can be explained by the fact that,
upon reaching this temperature, fcc aluminum in the
Al/Ag films is reacted and the μ-Ag3Al phase starts
forming (Fig. 4). It should be noted that, in the exper-
iments on the solid-state reaction in the Al/Ag thin
films with different aluminum-to-silver atomic ratios
(Al : Ag = 2 : 1, 1 : 1, and 1 : 2), only the γ-Ag2Al inter-
metallic phase was formed [39], whereas, in this work,
the formation of the μ-Ag3Al phase with a component
ratio of Al : Ag = 1 : 3 is observed. In view of the afore-
said, one can assume that the formation of the μ-
Ag3Al phase in the thin (up to 100 nm) films requires a
significant excess of silver over aluminum in the
atomic composition. In this case, the μ-Ag3Al phase
starts forming only after fcc aluminum in the film is
exhausted, which can be caused by the features of the
kinetics of the solid-state reaction between aluminum
and silver [40]. As was shown in [41, 42], the fast dif-
fusion of atoms along grain boundaries during the
solid-state reaction in thin films can lead to a decrease
in the rate or complete suppression of the nucleation
of some phases.
action in the Al/Ag films at an Al : Ag atomic ratio of 1 : 3.
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The growth of the μ-Ag3Al phase is implemented at
the expense of γ-Ag2Al and fcc silver. According to the
electron diffraction data, the γ-Ag2Al and fcc silver
phases exist in the film up to ~167°C (Fig. 4). This is
consistent with the measured resistivity data, which
show that, after reaching ~175°C, the resistivity stops
growing and stabilizes at ~88 μΩ cm (Fig. 3, stage 5).
This is related to the fact that only the μ-Ag3Al phase
remains in the film (Fig. 4).

The resistivity of the film after cooling down to
room temperature was 80.4 μΩ cm. The resistivity is
~30 μΩ cm for the γ-Ag2Al phase in the bulk state and
~40 for μΩ cm for the Ag3Al phase [43]. In the Al–Ag
films with a thickness of ~3 μm and crystallite size of
~1 μm, the resistivity is 34.4 μΩ cm for the γ-Ag2Al
phase and 51.9 μΩ cm for the μ-Ag3Al phase [43].
In this work, the resistivity of the μ-Ag3Al phase
(80.4 μΩ cm) is much higher, which is explained by
the significantly smaller thickness of the Al–Ag films,
as well as by the relatively small crystallite size.

4. CONCLUSIONS

Using in situ electron diffraction and in situ electri-
cal resistivity measurements, the structural phase
transitions occurring during the solid-state reaction in
the Al/Ag thin films with an atomic ratio of Al : Ag =
1 : 3 and a total thickness of 80 nm were studied. The
use of these two methods allowed us to establish the
temperature of the onset of the solid-state reaction
between the aluminum and silver nanolayers and pro-
pose a model of structural phase transitions during the
reaction. An analysis of the resistivity measurement
data allowed us to determine the temperature of the
onset of the solid-state reaction and the temperature at
which fcc aluminum is completely reacted. This infor-
mation cannot be obtained by analyzing the electron
diffraction patterns of the Al–Ag system, since the Al
and Ag fcc lattice parameters differ by only 0.9%. The
solid-state reaction at the interface between aluminum
and silver nanolayers begins at 70°C with the forma-
tion of the Al–Ag solid solution, in which, upon fur-
ther heating at 105°C, crystallites of the γ-Ag2Al inter-
metallic start forming. Upon further heating at 120°C,
all fcc aluminum available for the reaction is reacted,
which leads to the onset of the formation of the μ-
Ag3Al phase. The μ-Ag3Al phase grows by the expense
of the γ-Ag2Al and fcc silver phases. It was assumed
that the condition for the formation of the μ-Ag3Al
phase in the course of the solid-state reaction in the
Al/Ag thin (up to 100 nm) films is a significant excess
of silver over aluminum in the atomic composition. It
was shown that the formation of the μ-Ag3Al phase
begins only when fcc aluminum in the film is
exhausted, which can be related to the kinetics of the
solid-state reaction between aluminum and silver.
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