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Phase formation in a solid state reaction in Al/Cu bilayer and multilayer thin
films was studied by the methods of in situ transmission electron microscopy,
electron diffraction, simultaneous thermal analysis and x-ray diffraction. It
was established that the phase formation sequences in the (Al/Cu)n (n = 2, 15)
multilayer thin films (h-Al2Cu fi c1-Al4Cu9 fi g2-AlCu) and Al/Cu bilayer
thin films (h-Al2Cu fi g2-AlCu fi c1-Al4Cu9) were different. It was assumed
that the phase formation process in the thin films was strongly affected by a
number of copper/aluminum interfaces due to the changes of aluminum and
copper diffusion current.

INTRODUCTION

Copper and aluminum are widely used in micro-
electronics and power engineering. Multilayer films
containing aluminum are promising for nanojoin-
ing1,2 applied as reactive nanofoils.3,4 Aluminum-
copper alloys are being considered for their further
use as metal coatings5 and absorbers6 in comple-
mentary metal-oxide semiconductor technology.
The techniques of joining aluminum and copper
are being widely studied, in particular, friction
welding7–9 and thermosonic wire bonding.10,11 Cop-
per cladding aluminum is a material which has
potential for energy transmission.12–14 Here, special
attention is paid to the formation processes of
intermetallic compounds at the aluminum-copper
interface, and, in particular, to the phase formation
sequence as the formation of intermetallic com-
pounds. This is important since the formation of
intermetallic compounds can result in a consider-
able change in the physical properties of the mate-
rials. So, for example, in Ref. 15, it is shown that the
formation of intermetallic compounds Al2Cu and

Al4Cu9 on the interface of Cu/Al during the ther-
mosonic Cu-wire bonding process results in increas-
ing strength of the copper aluminum compound. In
Ref. 16, it is established that the Al4Cu9 phase
makes the largest contribution to the mechanical
strength of the copper-aluminum compound, while
the Al2Cu phase is extremely fragile and brittle at
room temperature. As far as the electrical proper-
ties are concerned, in Refs. 8 and 17, it is shown that
the formation of intermetallic compounds on the
interface of Cu/Al results in an increase of the
electrical resistivity. In Ref. 18, it is shown that the
Al-Cu phase is subjected to corrosion while the
Cu9Al4 and CuAl2 phases are corrosion-resistant.

According to the diagram of phase equilibria19 in
the Al-Cu system, the formation of the following
intermetallic compounds is possible: h-Al2Cu;
g2-AlCu, g1-AlCu; n2-Al3Cu4, n1-Al3Cu4; d-Al2Cu3,
e2-Al2Cu3, e2-Al2Cu3; c1-Al4Cu9, c0-Al4Cu9; a2-AlCu3,
b-AlCu3, and b0-AlCu3. As predicted by the effective
heat of formation model (EHF),20–22 intermetallic
compounds are formed at the aluminum-copper
interface according to the following sequence:
h-Al2Cu fi g2-AlCu fi n2-Al3Cu4 fi d-Al2Cu3 fi
c1-Al4Cu9 fi a2-AlCu3. The fact that the h-Al2Cu
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phase is the first to be formed has been experimen-
tally confirmed in a number of studies.10,17,22–28

However, as far as any further sequence of the
phase formation is concerned, the researchers pre-
sent rather different data. The studies can be
subdivided into several groups based on the phase
sequences observed: Al + Cu fi h-Al2Cu fi
c1-Al4Cu9;23,24 Al + Cu fi h-Al2Cu fi g2-AlCu fi
c1-Al4Cu9;25,26 and Al + Cu fi h-Al2Cu fi
c1-Al4Cu9 fi g2-AlCu.10,17,27,28 However, one
should note that most of these results have been
obtained by ex situ methods which have prevented
the authors from establishing the exact formation
sequence for the intermetallic phases at the alu-
minum-copper interface.

This study presents the results of a complex
investigation of the process of the solid-state reac-
tion in Al/Cu bilayer and multilayer films by the
methods of in situ transmission electron microscopy
(TEM), electron diffraction (ED), x-ray powder
diffraction (XRD), simultaneous thermal analysis
(STA), including differential scanning calorimetry
(DSC), and thermogravimetry (TG). The character
of the reaction process in thin films is known to be
considerably different depending on the number
and thickness of the reacting layers.29 The applica-
tion of in situ TEM and ED methods allows one to
record new phases appearing in the process of the
solid-state reaction at the initial stages of the
reaction product formation.

EXPERIMENTAL PROCEDURES

The investigated Al/Cu bilayer and (Al/Cu)n mul-
tilayer thin films were obtained by magnetron sput-
tering on an EPOS-PVD-D-CONFOCAL high-
vacuum setup. The base pressure was better than
1 9 10�4 Pa and the argon pressure during mag-
netron sputtering was 0.26 Pa. The number of bilay-
ers (n) in the multilayer films was equal to 2 and 15.
The individual layer thickness in the bilayer and
multilayer thin films was 30 ± 1 nm for the Al layer,
and 50 ± 1 nm for the Cu layer. The material depo-
sition rate was Al at 0.4 nm/s and Cu at 0.8 nm/s. The
layer thickness and deposition rate were controlled
using a Bal-Tec QSG-100 quartz crystal thickness
monitor. The twoinch (c. 50-mm) targets (Girmet)
with a purity—Cu (99.997%) and Al (99.999%) were
mounted on Onyx 2-inch magnetrons (Angstrom
Sciences). The substrates used for the film deposition
were glass and electron microscopy grids (Ted Pella)
made from nickel and coated with a thin (� 20 nm)
amorphous carbon layer.

The microstructure and the local elemental com-
position of the samples were studied using a JEM-
2100 (JEOL) TEM equipped with an Oxford Inca
x-sight energy dispersive spectrometer (EDS) at an
accelerating voltage of 200 kV. The elemental com-
positions of the multilayer films were studied using
a JSM-7001F (JEOL) SEM equipped with an Oxford
Inca Energy 350 at an accelerating voltage of 15 kV.

To conduct the in situ investigation of the solid-
state reaction process, films deposited on an amor-
phous carbon layer located on TEM grids (Ted Pella)
were used. The solid-state reaction was initiated by
the thermal heating of the samples directly in the
column of the TEM with the help of a heating
sample holder (Gatan Model 652 Double Tilt Heat-
ing Holder). The authors successfully used the
method to investigate the process of the solid-state
reaction in thin film bilayer nanosystems: Al/Cu,22

Al/Ag,30 Al/Pt,31 Al/Fe,32 Cu/Au,33 Fe/Pd,34,35

Fe/Si,36 Zr/Fe2O3,37 Zr/Co3O4,38 In/Co3O4,39 etc.
Also, to conduct the TEM investigations and to

study the solid-state reaction process, cross-section
samples of the multilayer thin films were prepared
by a focused ion beam using a Hitachi FB-2100
(40 kV accelerating voltage) with subsequent Ar+

polishing at 0.5 kV.
The XRD data were collected at 25�C on a

PANalytical X’Pert PRO diffractometer operating
with CuKa radiation (1.541874 Å) in the scan range
from 5� to 110� 2h (step width = 0.02� 2h; time per
step 10 s). Phase identification was performed by
making reference to the ICDD PDF 4 + Release
2020 database.40

The simultaneous thermal analysis of an Al-Cu
sample (the sample was molded at a pressure of
53.1 MPa for 3 min) was performed on a Jupiter
STA 449C analyzer (Netzsch) with a Aëolos QMS
403C quadrupole mass spectrometer (Netzsch) in
Pt-Rh crucibles with perforated lids, using a sample
portion of 18 mg. The measurement of the mass
change (TG, DTG), the heat flux (DSC), and the
composition of gaseous products (by Ar+, O2

+, CO2
+,

CO+, H2O+, and SO2
+ molecular ions) were per-

formed in the regime of linear increase in the
temperature at a rate of 10�C/min within the
temperature range of 50–400�C, cooling to 50�C
and further heating to 400�C in a dynamic gas
atmosphere supplying 99.999% Ar gas (total flow
rate, 50 cm3 STP/min). The sensitivity of the DSC/
TG sensor was determined using the heat capacity
of a standard sapphire disc; the relative DH detec-
tion error did not exceed 4%. The heat effect values
refer to the initial portion.

RESULTS AND DISCUSSION

The TEM investigation (Fig. 1a) of the (Al/Cu)2

films in the initial state demonstrates that the films
are composed of crystallites having the size of
15 ± 5 nm. The analysis of the selected area elec-
tron diffraction (SAED) pattern obtained from the
area with the diameter of 1.3 lm (Fig. 1b) shows the
presence of polycrystalline reflections corresponding
to face central cubic (FCC) phases of copper (PDF
card #00-004-0836, space group Fm-3 m, lattice
constant a = 3.615 Å) and aluminum (PDF card
#00-004-0787, space group Fm-3 m, lattice constant
a = 4.049 Å). Study of the elemental composition
using the method of EDS shows the aluminum
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content in the (Al/Cu)2 films to be 25.4 ± 0.5 at.%,
with the copper content being—74.6 ± 0.5 at.%
(Fig. 1c). On the EDS spectrum, low-intensity peaks
related to Ni, Fe and Co are also observed, but their
appearance is explained by the peculiarities of
conducting EDS in TEM. The signal from Ni is
due to the Ni TEM grid, while the Fe and Co signals
are from the TEM pole-piece.

For the purpose of studying the phase formation
processes in the solid-state reaction in the (Al/Cu)2

system, the films were heated to 300�C at a heating
rate of 4�C/min. During the heating, SAED patterns
were recorded. As a result, a set of the SAED
patterns was obtained and processing these data
allowed the building of the temperature dependence
of the phase volume content in the solid-state
reaction process in the (Al/Cu)2 system (Fig. 2).
The technique of processing the electron diffraction
patterns is described in detail in Ref. 22.

The analysis of the temperature dependences of
the phase volume content in the solid-state reaction
process (see Fig. 2) shows that the reaction began
at � 87�C, which corresponds to the reaction initi-
ation temperature in the bilayer Al/Cu films.22 The
first phase to form during the reaction was h-Al2Cu
(PDF card #00-025-0012, space group I4/mcm, lat-
tice constants: a = b = 6.065 Å, c = 4.873 Å). At the
beginning of the reaction, the first changes
appeared in the SAED patterns: low intensity
diffraction reflections corresponding to the interpla-
nar distances d(110) = 4.29 Å and d(200) = 3.03 Å
of the h-Al2Cu phase. The fact that the h-Al2Cu
phase was the first to form corresponds both to the
theoretical predictions of the EHF model20–22 and to
the results obtained in experimental studies.10,22–28

The second phase to form at 122�C was c1-Al4Cu9

(PDF card #01-074-7041, space group P43-m, lattice
constant a = 8.685 Å). The SAED patterns reveal
the appearance of diffraction reflections having a
low intensity and corresponding to d(210) = 3.89 Å
of the c1-Al4Cu9 phase.

At 143�C, the phase g2-AlCu began to form in the
film (PDF card #00-026-0016, space group C2/m,
lattice constants: a = 12.066 Å, b = 4.105 Å,
c = 6.913 Å). However, the maximum content of
the g2-AlCu, phase formed in the sample did not
exceed � 1 vol.% (see Fig. 2).

The analysis of the SAED pattern obtained from
the (Al/Cu)2 sample after heating to 300�C (Fig. 3)
shows that, in the film, along with the c1-Al4Cu9

phase, there exists the a2-AlCu3 phase,41,42 an
ordered solid solution of Cu(Al) with the lattice
constant a � 3.67 Å. The lattice constant of the solid
solution is � 1.5% higher than the lattice parameter
of copper (a = 3.615 Å), which corresponds to the
solid solution with the composition of Al19Cu81.19 It is
necessary to note that, in the analysis of the depen-
dence of the phase volume composition (see Fig. 2),
there was no possibility to separate the phase content
of pure copper and that of the Cu(Al) solid solution
formed in the solid-state reaction process. However,

it was found that, after heating to 300�C, no pure
copper was observed in the film, only the Al19Cu81

solid solution and the c1-Al4Cu9 being present.
Earlier, in some studies,24,28 it was shown that, at a

rather high ratio of Cu:Al as a result of a solid-state
reaction, a mixture of the phases c1-Al4Cu9 and Cu
was formed. According to the phase diagram of the
system Al-Cu,19 the mixture of the phases
c1-Al4Cu9 and a2-AlCu3 (PDF card #01-080-4572,
space group Pm-3 m, lattice constant: a = 3.69 Å)
exists in the concentration range of 68.0–76.5 at.%
Cu at a temperature lower than 363�C. The latter, in
its turn, is a solid solution of Cu(Al) ordered according
to the Cu3Au type with the lattice constant
a = 3.69 Å.41,42 One should note that the main reflec-
tions of the a2-AlCu3 phase almost coincide with the
reflections of FCC copper and Cu(Al) disordered solid
solution. The superstructure reflections of a2-AlCu3

d011 = 2.60 Å are close to the reflections of Al4Cu9

d311 = 2.62 Å, which does not allow their use to
identify the presence of the a2-AlCu3 phase. However,
in the electron diffraction pattern obtained after
heating to 300�C (see Fig. 3), one can observe the
reflections d � 3.67 Å, corresponding to the interpla-
nar distances d001 = 3.69 Å of the a2-AlCu3 phase.
Thus, it is possible to state that, as a result of the solid-
state reaction in the (Al/Cu)2 thin films with the
atomic ratio of Al:Cu � 25:75 at.%, a mixture of the
c1-Al4Cu9 and a2-AlCu3 phases is formed. However, it
is not possible to determine the starting temperature
for the formation of the Cu(Al) disordered solid
solution in the solid-state reaction in the (Al/Cu)2
multilayer thin films due to the fact that all the
reflections almost coincide with those of the FCC
copper phase. It is also impossible to determine the
starting temperature of the a2-AlCu3 phase—Cu(Al)
ordered solid solution, because the main characteris-
tic reflection (d001 = 3.69 Å) allowing the identifica-
tion of the phase has a rather low intensity (� 10%).

Based on the experimental results of the present
research, it becomes possible to establish the fol-
lowing formation sequence of the phases in the
solid-state reaction in the (Al/Cu)2 thin film
nanosystem (the atomic ratio being Al:Cu � 25:75):

Al þ Cu�!87�C
Al þ h-Al2Cu þ Cu �!122�C

Al þ h-Al2Cu þ c1-Al4Cu9 þ Cu �!143�C

Al þ h-Al2Cu þ AlCu þ c1-Al4Cu9 þ Cu �!171�C

h-Al2Cu þ c1-Al4Cu9 þ Al-Cu �!185�C

c1-Al4Cu9 þ a2-AlCu3

It is necessary to note that the c1-Al4Cu9 phase
was formed earlier than the g2-AlCu phase, which
contradicts the predictions of the EHF model. The
sequence (Al + Cu fi h-Al2Cu fi c1-Al4Cu9 fi
g2-AlCu) observed in the present study differs from
the phase formation sequence obtained earlier by the

Peculiarities of Intermetallic Phase Formation in the Process of a Solid State Reaction in (Al/
Cu)n Multilayer Thin Films



authors in the solid-state reaction in Al/Cu bilayer
thin films with the atomic ratio Al:Cu = 31:69 (Al +
Cu fi h-Al2Cu fi g2-AlCu fi c1-Al4Cu9),22 in

which the starting formation temperature for the
c1-Al4Cu9 phase in the (Al/Cu)2 films (122�C) is much
lower than that in the Al/Cu bilayer films.

The present study also involves the study of the
formation processes of intermetallic phases in the
solid-state reaction in the Al/Cu bilayer thin films
with the atomic ratio Al:Cu � 25:75, which results
in establishing that the phase sequence (h-Al2Cu
fi g2-AlCu fi c1-Al4Cu9) and the starting tem-

perature of the phase formation for Al4Cu9 (195�C)
are similar to those obtained earlier in Ref. 22. It is
worth noting that the thickness of the individual
aluminum and copper layers both in the Al/Cu

bilayer films and in the (Al/Cu)n multilayer films
(n = 2, 15), were identical: the thickness of alu-
minum is � 30 nm while that of the copper layer
is � 50 nm.

Thus, it is possible to assume that, at comparable
thicknesses and atomic ratios of aluminum and
copper, the sequence and initiation temperatures of
the formation of the intermetallic compounds
h-Al2Cu, g2-AlCu, and c1-Al4Cu9 in the solid-state
reaction at the interface of the aluminum and
copper depends only on the number of bilayers,
i.e., on the number of interfaces of Al/Cu.

To test the abovementioned assumption, a study
of the solid-state reaction processes was carried out
in the process of heating (Al/Cu)15 thin multilayer
films. The thicknesses of the individual aluminum

Fig. 1. Bright-field TEM image (a), SAED pattern (b), and EDS spectrum (c) obtained from the (Al/Cu)2 film at the initial state.
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layers were 30 ± 1 nm, and those of the copper
50 ± 1 nm. The elemental content of aluminum and
copper in the (Al/Cu)15 films was equal to Al of
25.3 ± 0.5 at.%, and Cu of 74.7 ± 0.5 at.%. This
was determined by the EDS method (see Fig. 4)
conducted in SEM from the film located on a glass
substrate, and the area of the analysis was 100 lm2.
Thus, the thicknesses of the individual layers and
the aluminum-copper ratio were identical to those
in the Al/Cu and (Al/Cu)2 films. Figure 5a and b
presents a TEM image of a cross-section and the
XRD pattern of a (Al/Cu)15 multilayer film in the
initial state. The observed reflections (see Fig. 5b)
correspond to the FCC phases of aluminum and
copper. The analysis of the intensity of the

diffraction reflections indicates that there exists in
the film the predominant orientation of the alu-
minum and copper crystallites, the atomic planes of
the Cu(111) type and Al(111) type being parallel to
the substrate plane.

The study of the phase formation processes in the
solid-state reaction by the methods of in situ bright-
field TEM and ED was carried out in the ‘‘cross-
section’’ geometry in the process of thermal anneal-
ing in the column of the TEM: 100�C for 25 min,
150�C for 45 min, 250�C for 25 min, and 350�C for
25 min. The first changes in the TEM images
obtained from the (Al/Cu)15 films were recorded in
the process of annealing at 150�C. At the interfaces
of the aluminum and copper layers during the first
minutes of annealing at 150�C, one could already
observe the appearance of single crystallites of a
new phase (Fig. 6a). In this case, the crystallites of
the new phase were formed in the aluminum layer
at the interface of the aluminum and copper. This is
due to the fact that the diffusion coefficient of copper
into aluminum is higher than that of aluminum
diffusion into copper (the diffusion coefficients of
aluminum and copper were calculated based on the
data presented in Ref. 17, and were equal to
DCu fi Al = 1.33 9 10�17 cm2/s at 150�C; DCu fi Al =
1.72 9 10�21 cm2/s). The analysis of the ED

patterns shows that these were the crystallites of
the h-Al2Cu phase (Fig. 6b). Further, during the
annealing at 150�C, increases in the number and
size of the crystallites of the h-Al2Cu phase were
observed. Thus, the analysis of the bright-field TEM
images and SAED patterns obtained from the cross-
section of (Al/Cu)15 in the process of thermal
annealing confirms that the h-Al2Cu phase is the
first to form in the solid-state reaction in the
(Al/Cu)15 thin films. During the annealing at
250�C and 350�C, the subsequent growth of the
crystallites of 9 Al-Cu intermetallic compounds was
observed.

Fig. 2. Dependence of the volumetric content of the phases Al, Cu,
h-Al2Cu, c1-Al4Cu9, and g2-AlCu on the temperature in the process of
heating the (Al/Cu)2 film.

Fig. 3. SAED pattern obtained from the (Al/Cu)2 film at 300�C.

Fig. 4. EDS spectrum obtained in SEM from the (Al/Cu)15 multilayer
film after annealing at 350�C.
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The analysis of the SAED (Fig. 7a) and XRD
patterns (Fig. 7b) obtained from the samples after
annealing shows that, as a result of the solid-state
reaction in the (Al/Cu)15 multilayer films, similar to
the (Al/Cu)2 films, a mixture of the phases c1-Al4Cu9

and a2-AlCu3, i.e., Cu(Al) solid solution was formed.
In the case of the XRD pattern (see Fig. 7b), one can
see two high-intensity reflections: 2h = 44.063�,
corresponding to c1-Al4Cu9 d(330) = 2.055 Å, and
2h = 42.697�, corresponding to d(111) = 2.118 Å of
the Cu(Al) solid solution with the lattice con-
stant = 3.668 Å, corresponding to Al19Cu81.19 The
analysis of the XRD reflection intensity (see Fig. 7b)
shows that there is the predominant crystallite
orientation: the planes (330) of the phase c1-Al4Cu9

and (111) of the Al19Cu81 are parallel to the plane of
the substrate. The crystallite orientation does not
allow one to determine whether or not the Cu(Al)
solid solution is ordered (a2-AlCu3 phase).

Simultaneous thermal analysis was carried out
for the purpose of obtaining information concerning
the thermophysical characteristics of the solid-state
reaction processes in the (Al/Cu)15 multilayer films.
The STA analysis (see Fig. 8) shows that, in the
temperature range of 90–260�C on the DSC curve
(first heating), one can observe the vivid exothermic
effect (DH = � 243 J/g), which is seen as a complex
peak with the local and main maxima at 158�C and
at 192�C, respectively. Moreover, on this curve,

Fig. 5. Cross-section TEM image (a) and XRD pattern of a (Al/Cu)15 multilayer film at the initial state (b), obtained from the (Al/Cu)15 multilayer
film at the initial state.

Fig. 6. Cross-section TEM image (a) and SAED pattern obtained from the (Al/Cu)15 multilayer film at 150�C (b).
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there exists a hidden peak in the form of a
‘‘shoulder’’ at 217�C (the location is specified by
the second derivative of the DSC curve).

The TG curve (first heating) reveals a small drop
in the sample mass in the temperature range 75–
200�C, of about 0.10 wt.%, which is due to the loss of
the surface OH groups (or adsorbed H2O, m/z = 18),
while at temperatures higher than 200�C an
increase in mass is observed, of about 0.013 wt.%,
accompanied by the formation of CO2 (m/z = 44),
probably, due to the oxidation of surface carbides (or
other organic compounds) by the trace oxygen in the
Ar atmosphere.

The subsequent cooling and second heating of the
sample show (see Fig. 8) that the thermochemical
transformation of the Al-Cu system in the temper-
ature range under study was completed, and that
any thermal effects due to the phase transforma-
tions are absent.

The complex character of the exo-thermal peak on
the DSC curve (Fig. 8, DSC heating 1) allows one to
assume the presence of, at least, three components
(at 158, 192, and 217�C), which can be referred to
different stages of the solid-state process occurring
in the Al-Cu thin film system. The first peak with
the maximum at 158�C can correspond to the
formation of the h-Al2Cu phase (see Fig. 2). Here,
the initiation temperatures of the solid-state reac-
tion in the multilayer films of (Al/Cu)15 and (Al/Cu)2

according to the DSC and ED data are in good
agreement: 90�C and 87�C, respectively. The for-
mation process of the c1-Al4Cu9 phase (see Fig. 2)
can be ascribed to the second peak with the
maximum at 192�C (see Fig. 8, DSC heating 1).
Here, the starting temperature for the formation of
the given phase (130�C), according to the results of
the DSC curve, is also in agreement with the
starting temperature for the formation of the given
phase (122�C), obtained using the analysis of the

temperature dependence of the volume content in
the solid-state reaction process (see Fig. 2). The
third peak with the maximum at 217�C (see Fig. 8,
DSC heating 1), is likely to correspond to the
formation process of the Cu(Al) ordered solid solu-
tion (a2-AlCu3 phase). It is worth noting that the
DSC curve does not show any vivid peak corre-
sponding to the formation of the g2-AlCu phase,
which is explained by the fact that the given phase
is formed in very small amounts � 1 vol.% (see
Fig. 2).

Thus, as a result of the analysis of the experi-
mental data obtained in the present study, it is
established that, at comparable thicknesses of the
aluminum and copper nanolayers, and at the iden-
tical atomic ratio of aluminum and copper, the
sequences of the phase formation in the solid-state
reaction initiated thermal heating at a rate of
4–10�C/min, in the case of the Al/Cu bilayer films

Fig. 7. Electron diffraction pattern (a) and XRD pattern (b) obtained from the (Al/Cu)15 multilayer film after annealing at 350�C.

Fig. 8. DSC and TG curves obtained from (Al/Cu)15 at heating–
cooling–heating cycle (at linear temperature rate 10�C/min).
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(Al + Cu fi h-Al2Cu fi g2-AlCu fi c1-Al4Cu9)
and (Al/Cu)n multilayer films (Al + Cu fi
h-Al2Cu fi c1-Al4Cu9 fi g2-AlCu) are different.
In particular, the phase c1-Al4Cu9 in the case of
the multilayered films is formed earlier than the g2-
AlCu phase at a considerably lower temperature, as
compared to the Al/Cu bilayer films. In this case, the
formation of the c1-Al4Cu9 phase occurring earlier
than the g2-AlCu phase contradicts the predictions
of the EHF model.

There are several possible mechanisms to sup-
press the formation of intermediate phases in thin
films:43

1. ‘‘Fast is the first’’ model. According to the given
model, the first phase to form is the one having
the highest growth rate, and the phases growing
slower in the presence of the fast growing phase
grow even more slowly than they could.

2. Diffusion suppression of nucleation. Since in the
diffusion process the nuclei of phase 2 exist in a
strongly non-uniform system and participate in
diffusion interactions, they can decrease to the
critical sizes due to diffusion suppression by the
neighboring fast growing phase 1, and, as a
result, phase 2 is not formed.

3. Influence of the interface barriers. In the case
when one phase is being formed, the interface
barriers only decrease the phase formation rate
which results in linear growth instead of para-
bolic. In the case of two phases, the interface
barriers can make the growth rate of an indi-
vidual phase formally negative, which implies
that this phase will be completely absent.

4. Along with the kinetic methods, there is also a
possibility of thermodynamic suppression of
intermediate phase formation. Upon the forma-
tion of a phase with a narrow homogeneity
range, its sharp chemical potential gradient
prevents the nucleation of the subsequent
phase. As a result, the thermodynamic suppres-
sion of the formation of a new phase, in addition
to the kinetic one, can be efficient until the
thickness of the suppressing phase remains
smaller than several tens or even hundreds of
nanometers.

In Refs. 23 and 44, it is established that the
phases h-Al2Cu and c1-Al4Cu9 ‘‘are easy to nucleate
and grow’’; however, the g2-AlCu phase grows
slowly.27 Thus, the most likely explanation of the
changes in the phase formation sequence in the
solid-state reaction in the Al/Cu bilayer and
(Al/Cu)n multilayer thin films observed in this study
is in the fact that, in the case of the multilayered
films, the mechanism of the process changes due to
the increasing diffusion current of copper resulting
from a bigger number of aluminum/copper
interfaces.

CONCLUSION

It has been established that the solid-state reac-
tion initiated by thermal heating in Al/Cu bilayer
and multilayer thin films starts with the formation
of the h-Al2Cu phase presented as individual crys-
tallites at the Al/Cu interface, both in the bilayer
and multilayer thin films. However, further
sequences of the phase formation were different.
In the case of the Al/Cu bilayer thin films, the
following phase sequence was observed: h-Al2Cu fi
g2-AlCu fi c1-Al4Cu9, which is in the agreement

with the prediction of the EHF model. In the case of
the multilayer thin films, the phase sequence was
different: h-Al2Cu fi c1-Al4Cu9 fi g2-AlCu. It has
been assumed that the differences in the phase
formation sequences were caused by suppressing
the formation of the g2-AlCu phase due to a higher
diffusion current of copper provided by a larger
number of Al/Cu interfaces in the case of the
multilayer system. Thus, it has been shown that
the phase formation process in the thin films was
strongly affected by the number of interfaces.
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