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Solid state reaction processes in Cu/Al thin films have been studied using the methods of in situ
electron diffraction and electrical resistivity measurements. The solid state reaction in the Cu/Al
thin films has been found to begin already at 88 �C with the formation of the Al2Cu phase in the
process of thermal heating in vacuum. The phase sequence at the solid state reaction in the films
under study has been determined to be the following: Al2Cu fi AlCu fi Al4Cu9. A model has
been suggested for describing the initial formation stage of intermetallic compounds at the solid
state reaction in Cu/Al thin films. According to this model, at the initial stage, the intermetallic
compounds are formed as separate crystallites at the interface in the Cu/Al thin films. The
suggested model can be applied both to the formation of the first phase, Al2Cu, and to the
subsequent phases: AlCu and Al4Cu9. For the Al4Cu9 phase the temperature coefficient of the
electrical resistivity has been determined to be equal to aAl4Cu9= 1.1 9 10�3 K�1.
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I. INTRODUCTION

AT present, alloys and composite materials based on
Al and Cu are being widely used in different areas of
microelectronics and energy production. Thus, cop-
per-cladding aluminum is widely applied for energy
transmission.[1] The pair ‘‘copper–aluminum’’ has
actively been studied for its application in soldered
connections of wire bonding in microelectronic
devices.[2,3] Copper and aluminum-based alloys have
been used as junctions[4] and absorbers[5] in CMOS
technology. An opportunity of using copper and alu-
minum-based materials for nanojoining has also been
considered.[6–9] One of the most important issues con-
cerning intermetallic compounds is the sequence of their
formation and mechanisms occurring on the interface of
the heterogeneous nanolayers. This is important since
the formation of intermetallic compounds can result
into a considerable change in the physical properties of
the materials. Thus, for example, in Reference 10 it is
shown that the formation of intermetallic compounds
Al2Cu and Al4Cu9 on the interface of Cu/Al during the
thermosonic Cu-wire bonding process results in the

increasing strength of the copper aluminum compound.
In Reference 11 it is established that the Al4Cu9 phase
makes the biggest contribution into the mechanical
strength of the copper–aluminum compound, while the
phase Al2Cu is extremely fragile and brittle at room
temperature. As far as the electrical properties are
concerned, in References 12 and 13 it is shown that the
formation of intermetallic compounds on the interface
of Cu/Al results in the increase of the electrical
resistivity. According to the phase diagram,[14] in the
system Al-Cu the following intermetallic compounds are
formed: Al2Cu, AlCu, Al3Cu4, Al2Cu3, Al4Cu9, AlCu3.
According to the model of the effective heat of forma-
tion (EHF),[15,16] on the interface of Cu/Al, the Al2Cu
phase is the first to be formed, which was confirmed
experimentally.[17–20] According to the calculation
results for the effective heat of formation presented in
Reference21 the following sequence of phase formation
is to be observed on the interface of Cu/Al: Al2Cu fi
AlCu fi Al3Cu4 fi Al2Cu3 fi Al4Cu9. However, in
various experimental works, the researchers present
various sets of phases formed on the interface of
Cu/Al.[17,22–24] Besides, in spite of a great number of
papers devoted to the processes of solid state reactions
in Cu/Al thin films, for example,[17–19,24] the initiation
temperature of the solid state reaction in the system
Cu/Al has not been determined exactly. Different studies
give different temperatures: 110 �C,[18,19] 120 �C,[24]
130 �C,[20] 145 �C[25] and 163 �C.[26] It is worth noting
that most investigations have been carried out using ex situ
techniques; which does not allow the authors to deter-
mine the exact initiation temperature of the solid state
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reaction and complete sequence of the formation of
intermetallic compounds on the interface between the
nanolayers of Cu and Al.

The goal of the present investigation is to establish the
initiation temperature of the solid state reaction and
phase formation sequence in Cu/Al bilayer thin films
using a combination of in situ electron diffraction (ED)
and resistivity measurement methods.

II. MATERIALS AND METHODS

Cu/Al bilayer thin films were obtained by the method
of electron beam evaporation by the successive deposi-
tion of the first layer—Cu and second layer—Al onto a
substrate using a high vacuum-coating system Bal-Tec
MED-020 (the base pressure being 4 9 10�5 Pa). The
deposition rate of Cu and Al was about 2 to 3 Å/s. For
the deposition materials of high purity grade
(ADVENT[27]) were used: Al—99.999 pct, Cu—99.99
pct. As the substrate, fresh-cleaved single crystals of
NaCl(001) with the size of 10 9 10 mm and glass with
the size of 20 9 20 mm were used. The substrate
temperature during the deposition was equal to room
temperature. The sequence (substrate/Cu layer/Al layer)
was chosen to exclude any contact between the Al layer
and NaCl with the aim to minimize the possibility of
oxidation for the Al layer

The thickness of the deposited layers was controlled
directly during the deposition process using a quartz
crystal thickness monitor Bal-Tec QSG 100. The accu-
racy of the integrated thickness measurement in the case
of depositing a material with the known density was
better than 1 pct. The thickness of the Cu layer was
� 32 nm, Al � 30 nm. During the sample preparation
the upper Al layer with the thickness of � 10 nm
appeared to be oxidized and further it did not partic-
ipate in the solid state reaction between the Cu and Al
nanolayers. As a result, the thicknesses of the Cu
nanolayer and unoxidized Al nanolayer corresponded to
the atomic ratio Cu:Al � 9:4.

The investigations of the microstructure, phase and
elemental composition of the Cu/Al films were carried
out using the methods of transmission electron micro-
scopy (TEM), electron diffraction and energy-dispersive
spectroscopy (EDS) using a high-resolution transmis-
sion electron microscope JEOL JEM-2100, equipped
with the energy-dispersive spectrometer Oxford Inca
x-sight.

To investigate the process of the solid state reaction
the Cu/Al films were heated directly in the column of the
transmission electron microscope JEOL JEM-2100
using a sample holder with the possibility of controlled
heating from room temperature to + 1000 �C (Gatan
Model 652 Double Tilt Heating Holder). Simultane-
ously, with the heating, electron diffraction patterns
were registered and the temperature of the samples was
measured. The electron diffraction patterns were inter-
preted using the software DigitalMicrograph (Gatan)
and the databases of crystal structures—ICDD PDF
4+[28] and Pearson’s Crystal Data.[29] The phase content
was quantitatively analyzed using the software for

processing electron diffraction patterns—Process
Diffraction.[30,31]

This above-mentioned method was successfully used
by the authors for the research of structural phase
transformations occurring in the solid state reaction
process in various thin film nanosystems: Cu/Au,[32]

Al/Pt,[33] Fe/Pd,[32,34,35] Fe/Si,[36] Fe-ZrO2,
[37]

Co-ZrO2,
[38] Co-In2O3.

[39]

In order to carry out in situ experiments with heating
in the transmission electron microscope, the samples
deposited on NaCl, immediately after the deposition,
were separated from the substrate by submerging them
into aquabidest for several seconds, then the films rose
to the surface and were placed onto a molybdenum
TEM support grid, with the remaining water being
immediately removed with filter paper. The absence of
defects (exfoliation) in the films after placing them onto
the grid was controlled with an optical microscope
Nikon Eclipse LV 100. Then, the grid with the sample
was fixed in the TEM holder for heating and placed into
the column of the transmission electron microscope
JEOL JEM-2100 (the vacuum being 1.0 9 10�5 Pa). In
the case of the given film preparation technique, the film
was in contact with atmosphere and water for as little
time as possible which enabled one minimize the
formation of an oxide layer on the surface of Al and
to obtain reproducible results.
The measurement of the changes in the electrical

resistivity of the obtained samples in the process of their
heating in high vacuum (10�4 Pa) was carried out by the
four probe method. The research was done using the
films placed on a glass substrate. The simultaneous
measurement of the sample temperature and electrical
resistivity was made using a unit consisting of a Keithley
2450 SourceMeter and a Keithley DMM6500 digital
multimeter.

III. RESULTS AND DISCUSSION

The analysis of a transmission electron microscopy
image (Figure 1(a)) and electron diffraction pattern
(Figure 1(b)), obtained from the Cu/Al films in the
initial state shows that the Cu/Al films consist of Cu
crystallites (PDF card #00-004-0836, the space group
Fm-3m, lattice constant a = 3.615 Å) and Al (PDF
card #00-004-0787, the space group Fm-3m, lattice
constant a = 4.049 Å), with the size of 10 to 20 nm. In
the electron diffraction patterns obtained from the
samples, a complete set of diffraction reflections of the
polycrystalline type is observed which is characteristic of
the above-mentioned face-centered cubic phases of Cu
and Al.
The analysis of the energy-dispersive spectrum

(Figure 2) showed that at the initial state the Cu/Al
film contained the following elements: Cu, Al, O.
Table I presents the normalized values of the elemental
content. After heating the film to 600 �C the elemental
content did not undergo any changes, which evidenced
the fact that oxygen in the initial state was in the bound
state but not in the adsorbed one.
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It is known that as a result of the interaction with
atmospheric air and water, there occurs oxidation of the
upper Al layer, with the formation of an amorphous
aluminum oxide Al2O3, its the minimum thickness being
1 to 10 nm.[40,41] The research of the elemental content
of Cu/Al shows that in the initial condition the films
contained oxygen � 15.4 at. pct. Assuming that all the
oxygen observed belongs to the Al2O3 phase and taking

into account that the thickness of the Al layer was
� 30 nm it is possible to estimate the layer of the
oxidized aluminum. The thickness of the oxidized
aluminum upper layer obtained as a result of such
estimation amounts to � 9.3 nm. Since the oxidized
aluminum, as a result of this process, becomes unreac-
tive and further does not participate in the solid state
reaction between the Cu and Al nanolayers, then, the
effective ratio of copper and aluminum which partici-
pate in the solid sate reaction is: Cu:Al � 51.4:22.9
� 2.24, this being very close to the ratio in the
compound Al4Cu9 (Cu:Al = 2.25).
It is worth noting that in the electron diffraction

pattern (see Figure 1(b)), of the Cu/Al film in the initial
state no reflections characteristic for Al2O3 are
observed. However, taking into account the thickness

Fig. 1—TEM image (a) and electron diffraction pattern (b), obtained from the Cu/Al film at the initial state.

Fig. 2—EDS spectrum obtained from the Cu/Al film at the initial state.

Table I. The Elemental Content of the Cu/Al Films

(Atomic Percent)

Spectrum Cu Al O Total

1 51.4 33.2 15.4 100
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of the formed Al2O3 layer of (� 9.3 nm), as well as the
fact that it is an amorphous,[40] one can claim that the
expected intensity of the diffraction reflections of Al2O3

will be at the background level which will be impossible
to detect.

To study the solid state reaction process in the system
Cu/Al, the obtained bilayer films were heated from
room temperature to 600 �C at a rate of 4 �C/min.
Simultaneously with the heating, electron diffraction
patterns were registered at a rate of 4 frames/min. Thus,
the electron diffraction patterns were acquired with the
temperature resolution of 1 frame/�C. Then, as a result
of processing the electron diffraction patterns, the
intensity profiles of the diffraction reflections were
obtained for different temperatures (see Figure 3).

For this purpose, with the help of the software
package CrystBox[42] the coordinates of the centers of
the electron diffraction patterns were determined. Then,
using the obtained coordinates, with the help of the
software package Gatan DigitalMicrograph, the inten-
sity profiles of the electron diffraction patterns were
obtained. Further, with the help of the software package
Process Diffraction,[30,31] the background subtraction
from the intensity profiles was carried out, with the
background being subtracted uniformly for all the
intensity profiles obtained, which allowed one to stan-
dardize the values of the intensity profiles of the
reflections. In the numerical processing of the intensity
profiles obtained in such a way, use was made of the
software package Process Diffraction,[30,31] which
allowed estimating the volumetric content of the phases
in the films under study.

In the upper part of Figure 3, one can see the
positions of the reflections characteristic of the phases
observed in this work.
Based on the analysis of the intensity profiles of the

diffraction reflections, it is possible to plot the depen-
dence of the change in the volumetric content of the
observed intermetallic phases in the Cu/Al film in the
process of the solid state reaction initiated by heating
(see Figure 4).
The analysis of the obtained dependences (see

Figure 4) shows that the solid state reaction between
the aluminum and copper nanolayers begins at a
temperature of � 88 �C with the formation of the phase
Al2Cu (PDF card #00-025-0012, the space group
I4/mcm, lattice constants: a = b = 6.065 Å,
c = 4.873 Å). At this temperature, the first changes
are indicated (Figure 5(a)) in the electron diffraction
patterns obtained from the samples in the process of
heating, namely the appearance of several diffraction
spots with a low intensity corresponding to the inter-
planar distances d(200) = 3.03 Å, d(202) = 1.90 Å and
d(310) = 1.92 Å of the phase Al2Cu. As a result of the
analysis of the observed reflections, it is established that
they were obtained from several separate crystallites
with the size of 5 to 10 nm. In the course of further
heating, the growth of Al2Cu crystallites was observed,
which was evidenced by the increase of the number and
intensity of the diffraction reflections in the electron
diffraction pattern (see Figure 5(b)).
It is worth noting that in this work, the initiation

temperature of the solid state reaction in the Cu/Al films
was determined by the analysis of the changes in the
electron diffraction patterns obtained in the process of
heating, while in many other papers the following
methods were used: differential scanning calorimetry,[17]

in situ X-ray structure analysis,[20,24,26] in situ Ruther-
ford backscattering (RBS) analysis,[26] and ex situ atom
probe tomography.[18,19]

In Reference 24 the investigation was carried out on
bilayer films with different Cu/Al thickness ratios which
corresponded to different compositions (29, 44, 50, 55,

Fig. 3—The intensity profiles of the diffraction reflections in the
electron diffraction patterns obtained from the Cu/Al film in the
process of heating at a rate of 4 �C/min.

Fig. 4—The dependence of the volumetric content of the phases Cu,
Al, Al2Cu, AlCu, Al4Cu9 on the temperature in the process of
heating the Cu/Al film.
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60, 64, 69 and 77 at. pct Cu). For all the samples, the
total film thickness was 120 nm. For in situ X-ray
diffraction (XRD) measurements, the samples were
loaded into an XRD chamber, equipped with a heating
stage in a vacuum of about 10�3 Pa. The XRD
measurements were performed each 10 �C from 50 �C
to 400 �C. The heating rate between the XRD measure-
ments was 5 �C/min. Irrespectively of the atomic
composition, the first phase appears at about 120 �C,
and it corresponds to Al2Cu.

In Reference 20, the first nucleating compound
(Al2Cu) was detected at temperatures as low as 130 �C
by the XRD analysis during in situ annealing in the
temperature range 35 �C to 500 �C. The investigation
was conducted on a Cu/Al bilayer film. The Cu:A1
atomic ratios of the thin film couples varied from 5:1 to
1:2 with the total thickness not exceeding 700 nm. And
the same authors in Reference 26 inform about the
formation of a Al2Cu phase during the annealing of a
Cu(90 nm)/Al (160 nm) bilayer film at 163 �C. A
quantitative study was carried out using in situ RBS.

In Reference 18 and 19 it is shown that the reaction in
Al/Cu/Al and Cu/Al/Cu triple layers with an approxi-
mately 10-nm single-layer thickness begins after 5 min of
annealing at 110 �C with the formation of the Al2Cu
phase. The early stages of reactive interdiffusion were
analyzed by means of the atom probe tomography.

It should be noted that in all the above-mentioned
investigations[17–20,24,26] the initiation temperature of the
solid state reaction in the Cu/Al films detected by
different techniques was substantially higher than in the
present investigation. This fact could not be explained
by the difference in the thicknesses of individual Cu or
Al layers, because in some cases, the thickness was
several times lower and in some cases, higher, than in the
present investigation. The difference in the conditions of
the solid state reaction initiation—the heating rate of
5 �C/min in Reference 24 or annealing at a fixed
temperature in References 18 and 19, in comparison

with the heating rate of 4 �C/min in the present study,
also could not be a reason to the considerable increase in
the initiation temperature. In addition, the main reasons
to explain the difference in the detected temperature of
the early stages of the solid state reaction in Cu/Al are
the methods which were used to study the reaction and
the experimental conditions of conducting the
investigations.
All experimental methods have a detection threshold

to recognize the presence of a new phase in a sample.
According to Reference 26, the minimal effective thick-
ness of the layer to recognize the Al2Cu phase is
� 12 nm for XRD and � 20 nm for RBS analysis. In
the case of the electron diffraction method, the minimal
effective thickness of a layer can be estimated to
� 1 nm. Thus, a phase, smaller in amount than the
detection limit, can grow undetected at the interface
until its thickness reaches the detection limit. In the case
of the atom probe tomography the detection limit is
near the atomic monolayer, but it is an ex situ method.
The minimal temperature used in References 18 and 19
for the annealing of Al/Cu/Al and Cu/Al/Cu triple
layers was 110 �C, this is the main reason why they did
not observe a lower initiation temperature of the solid
state reaction in the Cu/Al system.
In the course of further heating of the Cu/Al thin films

at 197 �C, the formation of the phase AlCu begins (PDF
card #00-026-0016, the space group C2/m, lattice
constants: a = 12.066 Å, b = 4.105 Å, c = 6.913 Å).
In this case, it is necessary to note that in the electron
diffraction pattern (Figure 6) one can observe only
several diffraction spots with a very low intensity
d(001) = 5.66 Å and d(� 110) = 3.79 Å of the AlCu
phase, which allows one to exactly indicate its presence.
However, the numerical processing of the electron
diffraction patterns and intensity profiles using a special
software package Process Diffraction[30,31] made it
possible to quantitatively estimate the content of the
AlCu phase in spite of the low intensity of the reflections

Fig. 5—Electron diffraction patterns, obtained from the Cu/Al film after heating to 88 �C (a) and 170 �C (b).
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from this phase. It is worth noting that the maximum
content of the AlCu phase in the sample during the solid
state reaction did not exceed 5 vol. pct (see Figure 4).

When the temperature of 205 �C is reached, the
formation of the phase Al4Cu9 begins (PDF card
#01–074–7041, the space group P43-m, lattice constant
a = 8.685 Å). In the electron diffraction patterns
obtained from the sample at the initial stage of the
formation of the Al4Cu9 phase it was possible to observe
only several diffraction spots d(210) = 3.89 Å with very
low intensity (see Figure 7(a)), which enables one to
exactly identify the presence of the Al4Cu9 phase in the
sample. As in the case with the AlCu phase, the
quantitative estimates of the content of the Al4Cu9
phase were obtained as a result of the numerical

processing of the obtained electron diffraction patterns
and intensity profiles.
In the course of further heating at a temperature of

212 �C, the content of the phases Al2Cu and AlCu in the
sample begins to decrease (see Figure 4). Here, the
volumetric content of the Al4Cu9 phase increases up to
the temperature of 255 �C, at which the Al4Cu9 phase is
formed in the whole volume of the sample. Upon further
heating of the sample to a temperature as high as
600 �C, no changes of the phase composition are
observed (see Figure 7(b)).
Based on the results of the analysis of the changes in

the content of the phases in the Cu/Al film (the atomic
ratio Cu:Al = 9:4) in the process of heating at a rate of
4 �C/min the following sequence of phase formation can
be proposed:

Alþ Cu ! Al2CuþAlþ Cu
! Al2CuþAlCuþAlþ Cu
! Al2CuþAlCuþAl4Cu9 þAlþ Cu
! Al2CuþAl4Cu9 þ Cu ! Al4Cu9

Table II presents the sequence for the phases formed in
the solid state reaction process in the Cu/Al bilayer thin
film nanosystem. It is possible to distinguish six tem-
perature ranges corresponding to different stages of
phase formation in the process of the solid state
reaction. The first five ranges are shown in Figure 4
and denoted by the Roman numerals.
A phase sequence similar to the one obtained in the

present study was obtained in References 43 and 44
According to the phase diagram,[14,45] in the Cu-Al
system in the temperature range of 25 �C to 600 �C the
formation of the following phases is possible: Al2Cu,
AlCu, Al3Cu4, Al2Cu3, Al4Cu9, AlCu4. According to the
EHF model, phases in the process of a solid state
reaction are formed in the order of increasing the
effective heat of formation.[15,16] For the Cu-Al system,
the values of the effective heat of the phase formation

Fig. 6—Electron diffraction patterns, obtained from the Cu/Al film
after heating to 197 �C.

Fig. 7—Electron diffraction patterns, obtained from the Cu/Al film after heating to 205 �C (a) and 600 �C (b).
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DH¢ are the following: Al2Cu (� 6.76 kJ/mol); AlCu
(� 6.68 kJ/mol); Al3Cu4 (� 6.29 kJ/mol); Al2Cu3
(� 5.84 kJ/mol); Al4Cu9 (� 5.61 kJ/mol).[21] The effec-
tive heat of formation of the AlCu4 phase was calculated
using the data from Reference 45 and was equal to
DH0

AlCu4= � 3.26 kJ/mol. Thus, according to the EHF
model, the sequence of the phase formation in the Cu-Al
system has the following form:

Al2Cu ! AlCu ! Al3Cu4 ! Al2Cu3 ! Al4Cu9
! AlCu4:

It should be noted that the formation of the phases
Al3Cu4 and Al2Cu3 is not observed in the present work,
which can be explained by the kinetics of the solid state
reaction. In References 46–48, it is shown that rapid
diffusion along the grain boundaries at a solid state
reaction in thin films will lead to a lower nucleation rate
of some phases at the interface or to the complete
nucleation suppression of these phases. This also
explains why the AlCu phase is formed in small amounts
in the process of the solid state reaction between the
copper and aluminum layers. The final phase observed
in the present study (Al4Cu9) is different from the one
predicted by the EHF model since the initial effective
atomic ratio in the Cu/Al films corresponded to the
Al4Cu9 phase.

For establishing the relationship between the changes
in the phase content studied by the method of in situ
electron diffraction and the electrical properties, mea-
surements were made of the change in the value of the
electrical resistivity q of the Cu/Al film in the solid state
reaction process. The electrical resistivity was measured
on the Cu/Al films deposited on a glass substrate in the
process of their heating in high vacuum (4 9 10�5 Pa).

Figure 8 presents the dependence of the value of the
electrical resistivity q of the Cu/Al film on the temper-
ature of heating in the process of the solid state reaction
initiated by this heating between the copper and
aluminum nanolayers. One should note that the electri-
cal conductivity value of the Cu/Al film in the initial
state, q = 7.76 lX cm, is considerably higher than
those for copper and aluminum (qCu = 1.68 lX cm,
qAl = 2.50 lX cm for bulk materials[49]), which is
explained by the small size of crystallites in the initial
state (10 to 20 nm) and a big amount of intergranular
boundaries. In the plot (see Figure 8) several areas can

be distinguished. Thus, from room temperature to
110 �C the increase of the electrical resistivity of the
film can be explained by the temperature coefficient of
electrical resistivity (4.6 9 10�3 R�1 for aluminum and
4.4 9 10�3 R�1 for copper[49]). At 110 �C, the electrical
resistivity is found to increase, which is due to the
formation of the Al2Cu phase in the process of the solid
state reaction. One should pay attention to the fact that
the initiation temperature of the solid state reaction in
the Cu/Al films estimated taking into account the
change in the electrical resistivity is higher than that
determined based on the analysis of the electron
diffraction patterns (88 �C, see Figure 5(a) and
Table II). This can be explained by the following model
for the initial stage of formation of intermetallic
compounds at the solid state reaction in the Cu/Al thin
films. The solid state reaction begins with the formation
of the Al2Cu phase at the interface in the form of several
discrete crystallites which do not considerably influence
the electrical resistivity of the whole film. During the
formation of a considerable amount of crystallites of the
new phase, the integral resistivity of the film begins to
increase since the resistivity of the Al2Cu phase
(qAl2Cu = 8 lX cm for bulk material[25]) is considerably
higher than the resistivity of the initial materials
(qCu = 1.68 lX cm, qAl = 2.50 lX cm[49] for bulk
materials). In the course of heating in the range

Table II. The Sequence of the Phase Formation in the Solid State Reaction Process in the Cu/Al Thin Films

Phase

Temperature, �C

25 to 87
(Range I)

88 to 196
(Range II)

197 to 204
(Range III)

205 to 246
(Range IV)

247 to 254
(Range V)

255 to 600
(Range VI)

Cu + + + + + �
Al + + + + � �
Al2Cu � + + + + �
AlCu � � + + � �
Al4Cu9 � � � + + +

Fig. 8—The dependence of the value of electrical resistivity q of the
Cu/Al film on the heating temperature.
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110 �C to 212 �C the electrical resistivity of the Cu/Al
film is observed to increase, this increase being almost
parabolic, which is caused by the growth of the Al2Cu
phase. Upon reaching the temperature of 212 �C the
growth rate of this value becomes linear which can be
due to the beginning formation of the Al4Cu9 phase. As
it is shown above (see Figure 7(a) and Table II), the
Al4Cu9 phase begins to form at 205 �C. Thus, it can be
claimed that at the initial stages the formation of the
Al4Cu9 phase goes according to the same model as
Al2Cu, which explains the temperature difference for the
beginning of the formation of this phase determined by
the analysis of the electron diffraction patterns and
temperature dependence of the electrical resistivity. As
far as the AlCu, phase is concerned, assuming that its
formation occurs according to the above-mentioned
model and taking into account that its content in the
films under study does not exceed 5 vol. pct (see
Figure 4), it can be stated that its formation has no
significant influence on the integral electrical resistivity
of the films under study. At 215 �C the content of the
Al2Cu phase in the films begins to decrease (see
Figure 4), thus, further increase in the electrical resis-
tivity at heating to 232 �C is caused by the growth of the
Al4Cu9 phase (qAl4Cu9 = 14.2 lX cm in the case of bulk
materials[25]). In the temperature range 232 �C to
288 �C, the decrease in the electrical resistivity value is
observed, which is explained by the increasing crystal-
lites size of the Al4Cu9 phase. The analysis of the
electron diffraction patterns and electron microscopy
images shows that in the temperature range of 205 �C to
288 �C the crystallite size of the Al4Cu9 phase increases
from 5 to 10 nm to 20 to 30 nm.

The research of the changes in the electrical resistivity
of the film in the process of cooling from 288 �C to room
temperature was also carried out (see Figure 8). As a
result of the obtained dependence, the temperature
coefficient of the electrical resistivity for the phase
Al4Cu9 was calculated to be a = 1.1 9 10�3 K�1. The
obtained estimate of temperature coefficient of the
electrical resistivity corresponds to the values obtained
for the Al4Cu9 phase in the bulk samples (a = 3.64 to
3.71 9 10�3 K�1[50]) and films with the thickness from
500 nm (a = 3.64 9 10�3 K�1[50]) to 3.5 lm
(a = 1.64 9 10�3 K�1[51]).

It is worth noting that the final electrical resistivity
value of the Al4Cu9 phase at room temperature obtained
in the present study, qAl4Cu9 = 46.48 lX cm is consid-
erably higher than the electrical resistivity of this phase
in the bulk state (qAl4Cu9 = 14.2 lX cm[25]). The authors
of[24] present the temperature dependences of the elec-
trical resistivity for the Cu/Al thin film system (the
atomic ratio Cu:Al � 9:4) in the solid state reaction
process upon heating in the range from room temper-
ature to 400 �C. The character of the temperature
dependence of the electrical resistivity in Reference 24 is
similar to the results obtained in the present study.
Besides, the electrical resistivity value of the Al4Cu9
phase obtained in Reference 24 (qAl4Cu9= 53 lX cm), is
close to the result obtained in this work
(qAl4Cu9 = 46.48 lX cm). It can be assumed that the

high electrical resistivity values of the phases obtained as
a result of the solid state reactions in thin films are due
to the small crystallite size (in the present study it is
equal to 20 to 30 nm) and a big number of intergranular
boundaries. The electrical resistivity is known to
increase considerably with the decrease of the crystallite
size.[52]

IV. CONCLUSIONS

The methods of in situ electron diffraction allowed
one to establish that a solid state reaction in Cu/Al thin
films began already at 88 �C with the formation of the
Al2Cu phase in the process of thermal heating in
vacuum. At 197 �C the AlCu phase began to form.
The final phase is Al4Cu9, the beginning of its formation
was observed at 205 �C. The phase sequence at the solid
state reaction in the films under study was determined to
be the following: Al2Cu fi AlCu fi Al4Cu9. From the
analysis of the results obtained using the methods of
in situ electron diffraction and electric resistivity mea-
surements a model was suggested for describing the
initial formation stage of intermetallic compounds at the
solid state reaction in Cu/Al thin films. According to this
model, at the initial stage, the intermetallic compounds
are formed as separate crystallites at the interface in the
Cu/Al thin films. The suggested model can be applied
both to the formation of the first phase, Al2Cu, and to
the subsequent phases: AlCu and Al4Cu9. For the
Al4Cu9 phase in the thin films, the temperature coeffi-
cient of the electrical resistivity was determined to be
equal to aAl4Cu9= 1.1 9 10�3 K�1.
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