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Atomic diffusion in annealed Cu/SiO3/Si (100) system
prepared by magnetron sputtering*
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Cu thin films are deposited on p-type Si (100) substrates by magnetron sputtering at room temperature. The inter-
face reaction and atomic diffusion of Cu/SiO2/Si (100) systems are studied by x-ray diffraction (XRD) and Rutherford
backscattering spectrometry (RBS). Some significant results can be obtained. The onset temperature of interdiffusion

for Cu/SiO2/Si(100) is 350 °C. With the annealing temperature increasing, the interdiffusion becomes more apparent.

The calculated diffusion activation energy is about 0.91 eV. For the Cu/SiO2/Si (100) systems copper silicides are not

formed below an annealing temperature of 350 °C. The formation of the copper silicides phase is observed when the

annealing temperature arrives at 450 °C.
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1. Introduction

The metal-semiconductor interface has been ex-
tensively investigated in the past few decades in order
to better understand the corrosion resistance of micro-
electronic devices, and for the understanding of cat-
alytic materials.' =71 Cu has low electrical resistivity,
high and stress migration resistance, and high melt-
ing point. These properties make Cu a promising can-
didate as microelectronic interconnection. Moreover,
when Cu is deposited on Si substrate, the interface
reactions between Cu and Si contacts have attracted
even more interest. However, under thermal anneal-
ing, the high reactivity between Cu and Si and its
easy diffusion of Cu into Si substrate,®? make device
deteriorated and capability worsened. Therefore, it is
necessary to find appropriate materials as an effective
diffusion barrier between Cu and Si.

There are quite a number of materials which have
been adopted as diffusion barriers against Cu, such as
W, Ta, WN, TaN, TiN, TiSiN and TaC.['9=15 The
diffusion and interface reaction of Cu/SiO5/Si (111)
have been studied by our group.[!6! In the present pa-
per, the Si (100) surface covered with a thin native
silicon oxide layer is used. The thickness of the native
silicon oxide (SiOz) layer is about 4 nm measured by
ellipse polarization. The Cu thin films are prepared

by magnetron sputtering followed by annealing at dif-
ferent temperatures. The behaviour of Cu atoms and
the formation of copper silicides in Cu thin films are
studied, by Rutherford backscattering spectrometry
(RBS) and x-ray diffraction (XRD) analysis respec-
tively.

2. Experiment

The p-type Si wafers with a resistivity of 8-
13 Q- cm were used as substrates for the deposition
of Cu. The wafers were first boiled in a cleaning so-
lution (HyO9:H2SO4 = 1:3) for 30 min and washed
thoroughly with distilled water; then boiled in clean-
ing solution (HyO:H202:HCl = 5:2:1) for 5 min and
washed thoroughly with distilled water; finally the
wafers were boiled in the aqua regia (HCL:HNOj3 =
3:1) for 20 min and washed with cold water and hot
water (in cold water ten times, followed by washing in
hot water ten times and in cold water fifteen times).
The substrates were pull-dried at 200 °C for 2 h. The
thickness of the SiO5 layers on substrates was about
4 nm measured by ellipse polarization.

The Cu films were deposited on p-type Si (100)
substrates by magnetron sputtering (Open Labora-
tory of Applied Magnetism, Lanzhou University).
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The system was pumped down to a pressure of
5.3x107° Pa by molecular pump prior to deposi-
tion. During the deposition, the argon flow rate and
rf power were maintained at about 14.0 SCCM and
50 W, respectively. The duration of the deposition
was about 10 min, and the thickness of the result-
ing Cu films was controlled at about 100 nm. The
samples were then annealed for 30 min in high-purity
(99.999%) argon atmosphere at temperatures ranging
from 300 °C to 700 °C, in a tubular annealing furnace.

The interdiffussion of Cu and Si was studied by
RBS technique. The RBS measurement for all sam-
ples was carried out by using a 2x1.7 MV serial static
accelerator (The Opening Laboratory of Ministry of
Education in the Institute of Heavy Ions, Peking Uni-
versity). A beam of 2.0 MeV He™ ions was used in
the present work. An Au-Si surface barrier detec-
tor with an energy resolution of 18 keV was placed
at a scattering angle of 165° to detect the scattered
particles. Interface reaction was also investigated by
XRD analysis (Philips, X’pert automated diffractome-
ter) using monochromated Cu K-alpha radiation of
1.5406 A (1 A = 0.1 nm) for phase identification. The
x-ray tube was operated at a voltage of 40 kV and a
current of 60 mA.

3. Results and discussion

The RBS spectra for the samples before and af-
ter annealing at different temperatures are shown in
Fig. 1. In the RBS spectra, the mark of Si denotes
the highest energy of backscattering “Het obtained
from the surface where the collision between *He*
and Si occurred, the marked channel of Si is about
280. For as-deposited sample a clear separation of
Cu (above channel No. 320) and Si (below channel
No. 260) signals with practically zero yields in between
is observed. The Cu/Si interface is very abrupt, which
indicates that no reaction and/or formation of phase
occurred during the preparation of the samples. The
spectra features remain practically unchanged for the
sample annealed at 300 °C. For the sample annealed
at 350 °C, it is evident from the figure that broaden-
ing occurs in Cu and Si parts of the spectrum, that
is, the Cu part of the spectrum extends below chan-
nel No. 320 and the Si part above channel No. 260.
This shows that the interdiffusion of Cu and Si atoms
occurs, though to a very small extent, after anneal-
ing at 350 °C for 30 min. Interdiffusion at the Cu/Si

interface has also been observed at an annealing tem-
perature of ~ 230 °C in the case of ionized Cu cluster
beam deposition on Si.'7 And compared with the Cu
films deposited on Si (111) surface with native sili-
con oxide in our previous work,'% the Cu films in the
present work manifest the interdiffusion of Cu and Si
that can be observed after annealing at 450 °C for 30
min. The RBS spectra of the samples annealed at
450 °C and 500 °C show that the Cu part of the spec-
trum broadens more towards below channel No. 320,
and the Si part extends more towards above channel
No. 260. Moreover, the intensity of Cu peak gradually
becomes smaller with annealing temperature increas-
ing. This is because more Cu atoms diffuse into Si
substrates, react with Si atoms and form more cop-
per silicides. This is also confirmed by XRD (below
in Fig. 3). When the samples are annealed at 650 °C
and 700 °C separately, an apparent step is seen in
the channel of about No. 270. More copper silicides
are formed when the samples are annealed at higher
temperatures. This step arises from Si component in

copper silicides.[16:18]
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Fig. 1. 2.0 MeV *He™T backscattering spectra of Cu layer
deposited on Si (100): (M) as-deposited; (o) annealed at
300 °C for 30 min; (A) 350 °C for 30 min; (V) 450 °C for
30min; (¢) 500 °C for 30 min ; (®) 650 °C for 30 min; (5)
700 °C for 30 min.

The diffusion coefficient (D) was calculated by us-
ing the relation L? = Dt, where t is the annealing
time and L is the diffusion distance.l'®1719 The av-
erage thickness of the Cu films was about 115 nm cal-
culated from RBS spectra. The diffusion coefficients
of the Cu/SiO2/Si (100) samples annealed at differ-
ent temperatures were calculated. These results are
shown in Table 1.
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Table 1. Diffusion coefficients at different annealing temperatures.

T/°C 350 450

500 650 700

D/em?.s71  1.206x10716  1.162x10715

6.330x1015

1.709%x10~14  1.202x10-13

The diffusion coefficient can be expressed as

D = Dyexp(—AE/KpT), (1)

where AF is diffusion activation energy, Ky is the
Boltzmann constant, Dy is the diffusion constant, and
T is the annealing temperature. The relation between
diffusion coefficient and annealing temperature can be
obtained in Fig. 2. The calculated diffusion activation
energy is 0.91 eV. It can be seen that the value is in the
range (0.81-1.81 eV) reported by other groups.[20—2
Moreover, the value of Cu/SiO2/Si (100) sample is
smaller than that of the Cu/SiO2/Si (111) sample
reported. 16!
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Fig. 2. Relationship between diffusion coefficient D and
annealing temperature.

The XRD patterns of the samples annealed at dif-
ferent temperatures are shown in Fig. 3. It is seen
that there exist only Cu (111) and Cu (200) peaks,
but no other peaks appeared when the annealing tem-
perature was below 350 °C. It shows that the con-
tinuous Cu films were formed without forming copper
silicides. As depicted in this figure, it can be seen that
two new diffracted rays are present, corresponding to
Cu3Si (300) and CusSi (030) after annealing at 450 °C
for 30 min. It reveals that copper silicides were formed
due to the reactions between the Cu layers and Si sub-
strates. The Cu peaks disappeared when the sample
was annealed at 500 °C, which meant that Cu was
used up and followed by the formation of copper sili-
cides. There are three peaks of copper silicides, i.e.
Cu;3Si (030), CuszSi (300) and CusSi (311). When the

annealing temperature reached 650 °C, the intensity
of CusSi (012) peak became stronger. The samples
annealed at 700 °C are found to form no other new
phase comparing with that annealed at 650 °C. How-
ever, the intensities of CusSi (012) and CusSi (311)
peaks become stronger than their original ones, which
suggests that more interface reactions of Cu and Si
took place than at lower annealing temperatures, and
therefore more copper silicides were formed on their

interface.
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Fig. 3. XRD patterns of the samples annealed at 300 °C,
350 °C, 450 °C, 500 °C, 650 °C, and 700 °C, respectively.

For the Cu/SiO4/Si (100) system, when it was an-
nealed below 450 °C no copper silicides were formed.
Copper silicides were formed only when the anneal-
But for the
Cu/SiO2/Si (111) system, when its annealing temper-

ing temperature was 450 °C or more.

ature was 500 °C, copper silicides were formed. And
for the Cu/Si (100) system its annealing temperature
was below 230 °C. It is determined by the orientations
of the films and the substrates.®'7 It is observed that
there are CuzSi (030) and CuzSi (300), besides Cu
peaks, when the annealing temperature was 450 °C.
The Cu peak disappeared when the annealing tem-
perature was 500 °C and above 500 °C. When the
annealing temperature was 700 °C, there still existed
Cu3Si(030), CusSi(012), CusSi(300) and CuzSi(311)
peaks. And the peak intensities of CusSi (012) and
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Cu3Si(311) annealed at 700 °C is larger than those an-
nealed at lower temperatures. So CusSi is confirmed
to be the dominant stable phase in the Cu/Si inter-
face, among the annealing temperatures.

The formation of silicides is controlled by the in-
terdiffusion of Cu and Si. Compared with the Cu/Si
(100) system, the Cu/SiO5/Si (100) system has a na-
tive silicon oxide layer. For the Cu/Si (100) system,
copper silicides were formed at an annealing tempera-
ture of ~200 °C.[8% For the Cu/SiO2/Si (100) sys-
tem, the existence of the native silicon oxide layer
suppresses the interdiffusion of Cu and Si. It is be-
cause the native silicon oxide layer acts as a diffusion
barrier and prevents the interdiffusion of Cu and Si.
The Cu/SiO2/Si (100) system needs more energy to
surmount the diffusion barrier than the Cu/Si (100)
system. That is to say, the diffusion and the inter-
face reaction of Cu and Si in the Cu/SiO2/Si (100)
system are harder than in the Cu/Si (100) system at
the same annealing temperatures. In fact, it is be-
cause the bond energy of Si-O bond (425 kJ/mol) is
bigger than Si-Si bond (222 kJ/mol). It suggests that
the interface reaction of Cu and Si in the Cu/SiO2/Si
(100) system takes the following steps: the Cu atoms
meet the layer SiOs, when the annealing temperature

was high enough, the Si—-O bond can break and the
reaction of Cu and Si can take place. If the anneal-
ing temperature is not high enough, the Si—-O bond
will not break, and the reaction of Cu and Si will not

occur. (24]

4. Conclusions

The Cu films on p-type Si (100) substrates are
prepared by magnetron sputtering at room tempera-
ture. The interface reaction and the atomic diffusion
of Cu/Si02/Si (100) are studied by RBS and XRD.
The onset temperature of interdiffusion is 350 °C for
the Cu/SiO2/Si (100) system. With the increase
of the annealing temperature, the interdiffusion be-
comes more apparent. The calculated diffusion activa-
tion energy for the Cu/SiO5/Si (100) system is about
0.91 eV. The Cu/SiO3/Si (100) system has a native sil-
icon oxide layer compared with the Cu/Si system. The
existence of the native silicon oxide layer suppresses
the interdiffusion of Cu and Si. For Cu/SiO5/Si (100)
system, no copper silicides are formed when annealing
temperature is below 350 °C. From XRD, the forma-
tion of the copper—silicide phase is observed when the
annealing temperature reaches 450 °C.
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