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A B S T R A C T   

Grain boundary (GB) diffusion of Si in polycrystalline Cu film was studied in the temperature range of 403–453 
K, in the C-type kinetic regime. The amorphous Si layer (80 nm) and polycrystalline Cu layer (40 nm) were 
successively deposited by magnetron sputtering at room temperature onto a Si (111) wafer. Appearance of Si 
atoms on the copper surface due to GB diffusion through the copper layer was detected by low energy ion 
scattering spectroscopy with high sensitivity. The depth distribution of Si in Cu grain boundaries was revealed by 
secondary neutral mass spectrometry. Surface morphology of Cu films was investigated by scanning tunneling 
microscopy. Identification of Si chemical bonds on the surface layer was made by X-ray photoelectron spec
troscopy. GB diffusion coefficients were estimated by the relation used for calculation of diffusant distribution 
from a constant source in assumption that the diffusion path equals to the film thickness at the moment of 
appearing Si atoms on the Cu surface. At 453 K we estimated the surface segregation factor and detected for
mation of Cu–O–Si atomic bonds on the Cu film surface.   

1. Introduction 

The modern microelectronics industry uses sub-micron size copper 
layers on Si wafers in order to miniaturize the electronic circuits. This 
raises the technical problem of reliability and requires a detailed ex
amination of all possible processes that can occur during interaction of 
Cu with the Si substrate. One of these processes is the grain boundary 
(GB) diffusion of Si atoms through the Cu film and the subsequent 
accumulation on the Cu surface. This atomic migration can occur at 
working temperatures of electronic circuits, near room temperature, and 
at higher temperatures caused by heating of Cu lines by electric current. 
Moreover, Si atoms diffused through the Cu layer can form Cu–Si bonds 
on the Cu surface. 

The GB diffusion coefficients Dgb of various elements in thin films at 
relatively low temperatures were successfully measured by the surface 
accumulation method developed by Hwang and Balluffi [1,2]. In their 
experiments the diffusant concentration on the surface was measured by 
Auger electron spectroscopy. In the present work, we report our results 
on low temperature diffusion of Si in copper thin films when the diffu
sion kinetic regime of Harrison’s classification is exactly C-type [3]. 

However, instead of the application of the surface accumulation method 
[4–7], we measured the appearance time t0 of Si atoms when Si atoms 
appear on Cu surface at the end of diffusion through the Cu layer. The 
appearance of Si atoms was detected by low energy ion scattering (LEIS), 
a highly surface sensitive method which is particularly applicable for 
this purpose [8,9]. In addition, we revealed the concentration distri
bution of Si atoms inside GBs of the Cu layer and estimated their surface 
segregation factor σs by mass spectrometry measurements. According to 
our knowledge, the surface segregation factor has not still been deter
mined for Si in polycrystalline Cu. 

2. Experiments 

Samples used in our experiments were prepared by magnetron 
sputtering of amorphous Si layer and polycrystalline Cu layer onto (111) 
Si-wafer at room temperature. The thickness of the Si layer was 80 nm, 
while the thickness of the Cu layer was 40 nm. The vacuum in the 
preparation chamber was 2⋅10− 7 mbar and the working pressure during 
sputtering was 7⋅10− 3 mbar. High purity Ar gas was used as working gas. 
After preparation, the samples were transported from the preparation 
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chamber into a high vacuum chamber for surface analyses achieved by 
X-ray photoelectron spectroscopy (XPS) and LEIS. The basic vacuum in 
the high vacuum chamber was near 10− 10 mbar. XPS measurements 
were performed by a usual Al/Mg twin anode non-monochromatized X- 
ray source and a hemispherical energy analyser produced by SPECS 
(Berlin). In this work the Al Kα X-ray emission line (1486.6 eV) was used. 
The spectra were processed with the CasaXPS program. 

Since a recent study has shown that adventitious carbon in a sample 
is an inadequate charge reference [10,11], charge referencing was per
formed to the 2p3/2 peak of elemental copper which was inherently 
present in the samples, after verifying its chemical state by Cu LMM 
peaks. The copper content of the samples was almost completely 
metallic. 

In LEIS measurements 10 nA current of a He ion beam at 1 keV ion 
energy was applied to scan the sample surface. This He beam resulted in 
10− 7 mbar partial He pressure in the vacuum chamber. The annealing 
temperatures were measured by a PM100 pyrometer and were 
controlled by a Eurotherm temperature controller. The pyrometer was 
focused onto the sample holder heated by a tungsten plate. The tem
perature calibration was made by comparison of radiation temperature 
with the thermodynamic temperature measured by a thermocouple in a 
separate measurement. 

Although 1 keV kinetic energy of the He beam is a low value, it was 
still high enough to cause surface etching or sputtering with the rate of 5 
× 10− 4 nm/s. In order to get information about the top surface layer by 
LEIS, which was an important requirement in our experiments, the 
avoidance of the weak surface etching had to be solved. So, the He ion 
beam was focused into a spot of 3 mm in diameter and was offset by 2 
mm from the sample centre. By rotation of the sample around its centre, 
each LEIS measurement was performed on a new area of the sample 
surface. As a result of this technical solution, the etching effect during 
long term measurements was significantly reduced. In order to follow 
the possible changes in the surface morphology due to annealing and ion 
bombardments, and in order to determine the average grain size of the 
Cu film, the sample surface was checked by a scanning tunneling mi
croscope (STM). Additionally, the depth distribution of Si in Cu-films 
was revealed by a secondary neutral mass spectrometer (SNMS) [12, 
13] right after the annealing and LEIS measurements. In SNMS, the 
sample surface was sputtered by an Ar ion beam through a Ta mask. The 
kinetic energy of Ar ions was 350 eV. The mask confined the surface 
sputtering to a circle shape area of 2 mm in diameter. 

3. Results and discussion 

GB diffusion coefficients were calculated from the time of appear
ance of Si atoms on the Cu surface when the silicon peak became visible 
in the LEIS spectrum. Since in our experiments the diffusion kinetic 
regime was C-type and the diffusion source was constant, we could as
sume that the Si distribution in copper GBs obeys the following equation 
[14–17]. 

Cgb(y)=C0erfc
y

2
̅̅̅̅̅̅̅̅̅
Dgbt

√ (1)  

where y is the distance from the source surface, Dgb is the GB diffusion 
coefficient of Si in copper, C0 is the concentration of diffusant atoms at 
the source surface, t is the diffusion time. If Si atoms reach the Cu film 
surface during the time t0 (i.e. t0 is the appearance time and t = t0), the 
distance from the source surface is the film thickness y = h and Eq. (1) 
can be written in the following form. 

CS

σSC0
=

Cgb(h)
C0

= erfc
h

2
̅̅̅̅̅̅̅̅̅̅̅
Dgbt0

√ (2) 

Here, Cs denotes the concentration of diffusant atoms on the free 
copper surface (which is the accumulation surface), Cgb(h) is the Si 
concentration in GBs near the free Cu surface, C0 is the Si concentration 

at the interface between Cu and amorphous Si layers (this is the source 
surface). σs is the Si segregation factor in Cu. If the independent variable 

h
2

̅̅̅̅̅̅̅̅
Dgbt0

√ of the complementary error function in Eq. (2) is denoted by Z0, i. 

e. h
2

̅̅̅̅̅̅̅̅
Dgbt0

√ = Z0, the Z0 can be determined from Eq. (2) with the ratio of 

Cgb(h)/C0 which is measured experimentally, then we obtain that 

Dgb = h2/4Z2
0 t0 (3) 

Surface morphology of the copper layer was analyzed by a high 
vacuum scanning tunneling microscope (STM) (Fig. 1). The size of larger 
grains was around 40 nm in accordance with the film thickness. The Si 
concentration on the Cu layer, or Si coverage of the sample surface, was 
measured by LEIS. Fig. 2 shows some LEIS spectra measured on a sample 
surface which was annealed at 403 K. The spectra show the intensity 
changes of the scattered He ions at three different energies according to 
Si, Cu and O masses. The Si peak increases with the increase in annealing 
time, while the Cu and O peaks decrease due to surface coverage by Si. 
The oxygen is important from the point of view of surface impurity. It 
could derive from the residual gas of the preparation chamber and from 
the sample transportation. During sample transport from the prepara
tion chamber to the high vacuum LEIS/XPS chamber, the sample surface 
was exposed to air. Although surface cleaning was applied prior 
annealing, a small oxygen contamination is still reflected in the LEIS 
spectra. Oxygen can modify the properties of a nanolayer, e.g. the 
electrical properties or surface morphology [18], but in our case there is 
no reason to modify the atomic motion mechanism. The oxygen con
centration on the surface was too small and the temperature was too low 
to bring about any volume segregation. There is also no surface segre
gation as the LEIS measurements show in Fig. 2. 

The inset of Fig. 2 shows that the Si peak increased with annealing 
time according to the increase in Si content of the surface layer. The 
peak area is proportional to Si content of the surface layer. This pro
portionality allowed us to determine the appearance time of Si with a 
sufficient accuracy by approximation of this area to zero. The nanoscale 
GB diffusion coefficient can be determined by the appearance time 
measurement using Eq. (3). This solution made it possible for us to study 
the GB diffusion at rather low temperatures where the diffusion mech
anism is purely C-type. 

Typical depth distributions of Si and Cu in the Cu/Si bilayer system 
before and after sample annealing are demonstrated in Fig. 3. The depth 
distributions were revealed by SNMS. The sample was annealed at 453 K 
for 5 min. The Si intensity, which is proportional to Si concentration in 
grain boundaries, depends on the depth and drops gradually from C0 =

6⋅103 cps to Cgb(h) = 570 cps and increases again on the Cu layer surface 
due to surface segregation and surface accumulation. From Cgb(h) and 
the concentration of diffusant atoms on the accumulation surface (CS =

2900 cps), the segregation factor can be calculated, σs = CS/Cgb(h). We 
received that the segregation factor of Si in Cu at 453 K is σs = 5.1. The Si 
depth distribution in GBs defines the ratio of Cgb(h)/C0. It is about 0.095 
which according to Eq. (2) corresponds to erfc(Z0) with Z0 = 1.118. 
Inserting this value into Eq. (3), the GB diffusion coefficient can be 
calculated in the form of Dgb = h2/(5⋅t0). 

The GBs were filled up by Si during the appearance time. The average 
distribution along GBs immediately after filling is shown in Fig. 3 by the 
section of the line between the points of C0 and Cgb(h). This distribution 
remained unchanged for the rest of the annealing time. In C-type kinetic 
diffusion regime, Si atoms are only located inside GBs, but there is no 
information about the local concentration inside GBs. By depth profiling 
we can only measure the average concentration distribution. Near the 
sample surfaces the Si concentration is about 1 at%. We can also 
determine the GB width and dimensionality of diffusional space. The 
mean squared displacement of a Si atom inside a GB, due to diffusion, is 
described by the Einstein-Smoluchowski relation, < r2(t) > = (2d)⋅Dgbt, 
where r(t) is the displacement, t is the time, Dgb is the GB diffusion co
efficient, and d is the dimension of the space where the atomic motion 
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takes place [see e.g. Ref. [19]]. The constant 2d on the right side of this 
equation equals to 2 if the atomic motion (or the diffusion type) is one 
dimensional (1D), to 4 for two-dimensional (2D) diffusion, and to 6 for 
three-dimensional (3D) diffusion. In the previous paragraph, we ob
tained 5 for this constant. This can be interpreted as the type of diffusion 
being between 2D and 3D. The experimentally measured GB widths in 
different metallic systems were collected by Prokoshkina et al. [20]. The 
authors found that the GB width is in the range of 0.2–3 nm. If the GB is 
narrow, a few Å, the diffusion takes places in 2D space. If the GB width is 
large, a few nm, the diffusion space is 3 dimensional. Since in our 
measurements the diffusion type is between 2D and 3D, the GB width 
may be large, even 1 nm. From the average Si concentration measured 
experimentally near the surface (1 at%), from the GB width, and from 
the total length of GBs we can make an estimation for the density of Si in 
GBs. Fig. 1 shows that the total volume of GBs is much higher than 1% of 
the sample volume. We can thus suppose that GBs contain the 1 at% Si in 
low density form. Si concentration depends on the depth and it increases 
with the approach of the source surface (Fig. 3). The question arises 
whether the same concentration dependence is valid for Dgb, but these 
experiments cannot answer this question. 

Temperature dependence of the diffusion coefficient is Arrhenius- 
type, so Dgb can be written in the form of Dgb = Dgb0•exp(-ΔHgb/RT), 
where Dgb0 is a pre-exponential factor, ΔHgb is the activation enthalpy of 
GB diffusion, R and T are the gas constant and temperature. Plotting the 
experimentally measured Dgb values in a lnDgb vs. 1/T coordinate system, 
the slope of linear fit yields the activation enthalpy (Fig. 4). For the 
activation enthalpy, we obtained ΔHgb = (98 ± 7) kJ/mol = (1.02 ±
0.07) eV/atom. The intersection of lnDgb axis yields the pre-exponential 
factor Dgb0 = (6.0 ± 0.9)⋅10− 6 m2/s. 

As we mentioned previously, Si peak area is proportional to the 
surface area covered by Si. Time evolution of this peak area reflects the 
progress of Si surface coverage in time. Fig. 5 shows this progress in the 
temperature range of 403–453 K. It can be seen that the surface Si 
content grew in time and reached a saturation near 28% coverage. The 
saturation corresponds to the maximum surface coverage which can be 
achieved by thermally induced surface accumulation in C-type kinetic 
diffusion regime. As it can be seen in Fig. 5, the surface coverage in
creases rapidly just after the appearance time, due to high atomic flux 
through GBs. However, when Si coverage approaches its saturation 
value, the atomic flux decreases. Finally, the diffusion stops. The reason 
for stopping is that the Si concentration at the source surface (which is 
the Cu/Si interface) is significantly decreased and the constant nature of 
the source surface disappears. The empty space of the Si layer at the 
interface is filled with Cu atoms resulting in mixing of Cu and Si atoms. 

Fig. 1. Typical STM picture of a 40 nm thick Cu films immediately after deposition.  

Fig. 2. LEIS spectra of O, Si and Cu elements at 403 K, after 10 min (blue line), 
32 min (black line) and 57 min (red line) annealing. The dotted line is 
the background. 

Fig. 3. Depth distributions of Si obtained by SNMS before (symbols) and after 
GB diffusion (line). 
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According our measurements, about 80% of Si atoms is replaced by Cu 
atoms before the diffusion stops. 

After the highest annealing temperature which was applied in these 
experiments (453 K), the chemical bonds of surface Cu atoms were 
identified by XPS. We measured the energy spectrum of photoelectrons 
(Fig. 6) and analyzed its structure by CasaXPS software. It was found 
that the binding energy of Cu 2p3/2 electrons shows an additional peak 
besides the Cu–Cu bonds (red line) which corresponds to Cu–O–Si bonds 
(blue line). The binding energy shift towards higher energy suggests a 
CuSiO3-like phase formation of Si on the Cu surface and with surface 
oxygen. The ratio of Cu–O–Si bonds among all copper bonds was about 
0.06 while the Si coverage of the surface was near 30%. 

The aim of this XPS analysis was to find the answer to the question 
whether the silicon forms a chemical compound with the copper layer or 
not. If Cu is deposited on a Si layer, Cu3Si compound is formed already at 
453 K temperature [21,22]. However, if the interface is prepared in 
opposite direction, i.e. the Cu layer is covered by Si, the question is 
whether the Cu3Si compound is also formed or not. It was found that this 
phase could not be detected by our experimental arrangement, as Fig. 6 
shows. 

4. Conclusions 

Grain boundary diffusion of Si atoms into polycrystalline thin Cu film 
having the thickness of h = 40 nm was studied by low energy ion scat
tering, secondary neutral mass spectroscopy and X-ray photoelectron 
spectroscopy. LEIS allowed us to estimate the diffusion time (t0) of Si 
through the GBs of Cu film, as well as the accumulation kinetics of Si on 
the Cu surface. In the temperature range of 403–453 K, in pure C-type 
diffusion kinetic regime, the GB diffusion coefficient was estimated from 
the equation DGB = h2/(5⋅t0) and found the formula of DGB = (6.0 ± 0.9)⋅ 
10− 6⋅exp(-(98 ± 7) kJ/mol/RT). From the Si concentration on the Cu 
surface at saturation state and from the Si distribution along copper GBs, 
the surface segregation factor of Si could be determined. At 453 K, we 
received for Si segregation in Cu that σs = 5.1. At the end of segregation 
process, Cu–O–Si bonds could be detected by XPS reflecting that the 
adjacent Si and Cu atoms on the surface form chemical bonds with 
surface oxygen atoms. 
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