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ARTICLE INFO ABSTRACT
Keywords: Atomic migration of silicon through grain boundaries of a thin polycrystalline Cu film and island
Nanocrystalline Cu formation on the Cu surface were studied in the temperature range of 403-520 K. Samples used in

Cu/Si nanolayers

Grain boundary diffusion
Nanoscale diffusion

Low energy ion scattering

these experiments was prepared on Si(111) wafers by room temperature magnetron sputtering
and they consisted of amorphous Si layer (80 nm) and polycrystalline Cu layer (40 nm). The
silicon layer served as the source layer of diffusion, while the copper surface was the accumu-
lation surface. Detection of Si atoms on the accumulation surface after penetration through the Cu
layer was made by low energy ion scattering spectroscopy and the grain boundary diffusion
coefficient Dgp was determined from the appearance time. The depth distribution of Si in the Cu
film was analysed by secondary neutral mass spectroscopy. From this depth distribution, Dgp was
also determined. By scanning probe microscope and electron microscope measurements, it was
experimentally detected that Si atoms on the Cu surface did not form a continuous layer. Instead,
amorphous Si islands were formed at the accumulation surface with surface protrusions in their
centres.

1. Introduction

For production of sub-micron size electronic devices on Si wafers, microelectronic industry uses Cu as on-chip conductors. Due to
miniaturization, problems of reliability require a detailed examination of nanoscale atomic mixing between Cu and Si. Since working
temperature of an electronic circuit is usually higher than the room temperature, there is an opportunity for atomic mixing due to grain
boundary (GB) diffusion of Si through the Cu layer, followed by accumulation on the Cu surface. Despite the fundamentals of GB
diffusion which are at present well elaborated and outlined [1-5], the surface segregation factors (¢) have not been measured yet.
Segregation denotes the enrichment of a constituent at the free surface and modifies the macroscopic properties of materials, so its
study is important from the points of physics and technical application. According to the surface accumulation method developed by
Hwang and Balluffi and applied for study of GB diffusion [6,7], one can only determine the ratio of Dgg/6 (Dgp is the GB diffusion
coefficient) instead of directly determining Dgp.

In this paper we report on the results of nanoscale measurements of silicon diffusion through a polycrystalline copper layer in pure
C-type diffusion kinetic regime, according to Harrison’s classification [8], and on the results of direct determination of Si segregation
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factor ¢ on the Cu surface. In our experiments we used the Low Energy Ion Scattering (LEIS) spectroscopy [9]. LEIS is especially
suitable for studying surface segregation phenomena because the information depth is lower than 1 nm, in contrast to the few
nanometres of the Auger electron spectroscopy or the few micrometers of the radiotracer method [10,11]. We managed to determine
Dgp from the time ty during which the Si atoms diffuse through a Cu layer and reach the surface, and from the depth distribution of Si in
the Cu layer. It turned out from the exploration of the surface accumulation mechanism of Si that silicon forms atomic islands on the Cu
surface instead of a thin continuous layer as it was formerly supposed by Hwang and Balluffi model [6,7]. From the size distribution
analysis of islands, an exponential decrease in the number of islands was experienced with the increase in the size of islands.

2. Experiments
2.1. Sample preparation and experimental arrangements

Samples were prepared by successive magnetron sputtering of amorphous Si layer (about 80 nm thickness) and polycrystalline Cu
film (40 nm thickness) onto (111) Si-wafer at room temperature (Cu(40 nm)/Si(80 nm)//Si). After preparation, the samples were
placed into a high vacuum chamber with a base pressure of 10~? mbar for low energy ion scattering spectroscopy measurements. LEIS
is a surface sensitive method that enables the composition analysis of the few top-most surface atomic layers. Study of atomic diffusion
by LEIS was first achieved by the authors of the paper [12]. In the present experiments, a helium ion beam of 1 keV/10 nA was used to
scan sample surfaces. During measurements, the maximum pressure in the LEIS chamber was 10~ mbar due to the He gas inflow.
Samples were annealed at different temperatures between 403 K and 520 K for various annealing times. A tungsten hot plate was used
for sample heating. The temperature was controlled with a Eurotherm temperature controller and was measured with a pyrometer
focused on the sample holder surface. This solution made it possible to avoid the interfering effect of sample surface brightness. Prior to
annealing, the emissivity coefficient of the sample holder, which is essential to correct temperature measurements, was determined by
comparison of the temperatures measured by radiation and thermocouple.

The sensitivity of LEIS increases with the increase in ion energy and beam intensity. In this case, however, the surface sputtering
rate also increases together with the distortion of surface composition. In order to avoid this problem, in our experiment a low energy
“He ion beam (1 keV) was used for surface irradiation. The sputtering effect was checked by a separate measurement. We received the
value of 5 x 10~* nm/s for the ion etching rate. The effect of this low-rate etching was further restricted. The ion beam was blanked by
an electrostatic beam blanker while the sample was rotated on its axis. The beam was focused into a 3 mm diameter spot with 2-3 mm
offset from the axis. In this way, by rotation of the sample, each LEIS measurement could be performed on a fresh surface area of the
sample, enabling us to avoid the ion etching effect during longer measurements.

At successive stages of the experimental procedure, we checked the film structure by two methods. First, the surface morphology
change of samples during annealing was analysed by an atomic force microscope (AFM). Secondly, samples were investigated by a
secondary neutral mass spectrometer (SNMS) to reveal the Si and Cu depth distributions in the layered structure before and after
annealing. The working principle of SNMS is similar to that of secondary ion mass spectrometer (SIMS). In both cases the sample
surface is sputtered by an ion beam, whereupon secondary ions and secondary neutral particles leave the surface. While the secondary
ions are analysed by a mass spectrometer in SIMS, in SNMS the neutral particles are analysed [13,14]. In SNMS, the ion beam consists
of Ar" ions extracted from an Ar plasma and it is used for sputtering through a Ta mask with 2 mm hole in the centre. The great
advantage of SNMS is that the sputtering energy (Ar' ion energy) can be rather small, a few hundred eV, whereby the surface atomic
mixing evoked by the ion scattering can be confined to 1 nm thick surface layer. Since the atomic mixing is a disturbing effect in
sputter-based depth profile analyses, the application of SNMS for nanometer scale depth profile analyses seems to be an excellent
solution [15] although concentrations of chemical components appertain to a macroscopic surface area (average concentrations are
measured). In present experiments the kinetic energy of Ar' ions was set to 350 eV.

Surface analysis was also made by backscattered electron imaging. It is well-known that some part of the electron beam in an
electron microscope is reflected back from the sample surface after elastic interactions between the beam and the sample. These
electrons are called backscattered electrons. The intensity of backscattered electrons is sensitive to the atomic number of the atoms on
which the electrons are scattered. The higher the atomic number, the brighter the appearance of the material in the image. In the
present work, this quality was very useful because it allowed us to make maps of the lateral atomic arrangement on the surfaces.

Finally, X-ray diffraction (XRD) measurements were performed for the phase identification of crystal structures.

2.2. Depth profile analysis

Study of nanoscale physical processes requires a precise depth profile analysis technique. The aim of depth profiling is to reveal the
in-depth chemical composition of a surface layer. In order to reach this aim, depth profile techniques are based on surface sputtering in
general. Depth profiles obtained by sputtering differ from the real in-depth distributions due to sputter-induced changes in surface
composition and topography. Thus, a critical interpretation of experimental results obtained by sputtering is needed to receive the real
depth distributions of constituents.

Chemical components of a sharp interface can be mixed by sputtering even if they were not mixed initially. Ion scattering on
interface atoms, surface roughness, and crater shape (crater formation is inherent in sputtering) can bring about some mixing among
interface atoms and the depth resolution fails [16-18]. The ion scattering can be neglected by using low (a few hundred eV) kinetic
energy ions for sputtering. In this case, the depth resolution is essentially defined by the surface roughness and crater shape. The
surface roughness characterizes the surface shape by deviations of the real surface from its ideal form in the normal vector direction of
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the surface. The contribution of the surface roughness can be taken into consideration by a Gaussian type distribution of surface shape
deviations [16]. The best depth resolution is achieved when the crater bottom is flat and has small surface roughness.

In order to get information about the real atomic mixing at an interface, we calculated the depth distribution of constituents in
addition to experimental measurements with the assumption that the interface is ideal. An interface between two layers is ideal if there
is no atomic mixing between the layers. The working principle of calculation starts with the definition of a calculation volume. For
example, it can be 1 nm thick layer. The next step in the calculation procedure is the determination of yields of composition elements
found in this calculation volume. Finally, the whole interface is scanned by this calculation volume in the direction perpendicular to
the sample surface which results in the depth profiles of composition elements.

The surface roughness and crater shape can be experimentally measured by a profilometer. The advantage of using a profilometer is
that the surface roughness is defined on the same macroscopic scale where the SNMS depth profiling is done. This surface roughness
value is larger than it would be measured on the nanoscale. The measured surface roughness and crater shape are used in the
calculation as input parameters. Comparison between the calculated and measured profiles gives information about the real depth
distributions of atomic components. If the calculated depth distribution fits well with the experimental data, the measured depth
distribution is only determined by sputtering, if not, the difference between the measured and calculated values is determined by other
physical processes, like atomic mixing during sample preparation or diffusion [19].

2.3. Calculation of Dgp

Calculations of GB diffusion coefficients were done in two different ways. In the first one, the appearance time t; was used to
calculate it. The appearance time is the time when silicon atoms first appear on the copper layer surface during annealing. Since in our
experiments pure C-type GB diffusion was realized, the function of Si concentration in copper GBs (denoted by Cgp) follows the well-
known complementary error function [20]:

Y
C =C . 1
o8(y) = Co ® erfc (2\/@) (€Y
Here y is the length parameter in GBs and varies from the diffusion source (y = 0) to the top (y = h) of the film, D¢ is the GB diffusion
coefficient of Si in polycrystalline copper, Cy is the concentration of Si atoms at the source surface, t is the diffusion time. If Si atoms
diffuse through the Cu film and reach its surface in the time of ty, we can write that
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where Cgp(h) is the diffusant (Si) concentration inside the copper film at y = h position. The concentration ratio of Cgg(h)/Cy can be
determined from the depth distribution of Si in the Cu layer measured by SNMS depth profiling. According to Eq. (2), this ratio equals
erfc (Z), where Z = Z\/ﬁ. The diffusion distance which is equal to the film thickness h and the diffusion time which is equal to the

(2)

appearance time ty are measured experimentally, thus from Eq. (2) the GB diffusion coefficient can be obtained.
GB diffusion coefficients can also be calculated from the depth distribution of diffusant atoms along grain boundaries. From Eq. (1)
one can obtain another relation, namely,

0CGB(y):_ Cy el - ¥ .
dy V/7Dgpt 4Dgpt )

The minus sign on the right side of this equation denotes that the concentration of diffusant decreases with diffusion length (y). If
the concentration distribution Cgp(y) is experimentally measured as a function of diffusion length and the measured data are plotted in

2.9nm

Fig. 1. Grain structure of the polycrystalline Cu film used in our measurements.
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the form of ln(%) vs. y?, the linear fit of the received data yields a slope which is inversely proportional to the GB diffusion
coefficient.

3. Results and discussion
3.1. Sample characterization

An AFM image of an as-prepared sample surface is shown in Fig. 1. The copper layer had a polycrystalline structure with uniform
grain distribution. The maximum grain diameter was about 15 nm which was checked by XRD measurements as well. As it can be seen,
the surface was not smooth at the nanoscale, it had a surface roughness with 7,3 nm peak-to-valley value which is a very important
characteristic from the point of surface diffusion.

3.2. Determination of Dgp from appearance time and depth distribution

As it was mentioned previously, in our experiments Dgp could be calculated by Eq. (2) using the experimentally measured values of
top and Cgp(h)/Cy. The appearance time ty was determined from the time dependence of Si LEIS peak by extrapolating its height to zero
(see Ref. [21]). We found in LEIS measurements that the detection sensitivity of Si is about 0.1 % of a monolayer (~1012 atoms/ crnz).
The ratio Cgp(h)/Cp was calculated from concentration depth distributions of Si atoms along copper GBs (Fig. 2). The value Cgp(h) can
be clearly defined by point (b) in this curve. However, the determination of Si concentration at the source surface Cy was a little more
complicated on the depth scale. In the model of Hwang and Balluffi [6,7], the source surface is the surface where diffusant atoms enter
the grain boundary channels. In our layered structure this is the Cu/Si interface. The question arises, how we can define this interface
on the depth scale. In Fig. 2, the Si depth distributions measured experimentally (blue symbols) and the calculated Si depth distribution
(red line) are presented. It can be seen that the experimentally measured values start to differ from the calculated one at the point (a) if
the depth decreases.

In the case of the as-deposited sample (blue open symbols), the difference indicates an atomic mixing between Cu and Si during
sample preparation. The same type atomic mixing was also experienced at the interfaces of Cu/Si bilayer samples prepared by
magnetron sputtering [22]. The explanation of this phenomenon was 1) high porosity of thin layers owing to high kinetic energy of
deposited particles 2) an increase in the substrate temperature when the sample was exposed to the heating effect of the plasma during
preparation. Due to the high layer porosity and the enhanced substrate temperature, the silicon diffusivity and so the atomic mixing
had increased. The atomic mixing produced by the preparation technique does not affect the Si GB diffusion process because the Si
concentration in the Cu layer is small and Si is not concentrated in GBs.

In the case of the annealed sample (blue filled symbols), the difference is even higher than that of the as-deposited sample and is the
result of diffusion. The surface at the point (a) on the depth scale is the source surface since the GB diffusion starts here. Hereupon, the
ratio Cgp(h)/Cy can be defined from the two concentration values and, with the measured appearance time tj, the grain boundary
diffusion coefficient Dgg can be calculated. The Si concentration at the point (a) is about 20 % (Fig. 2). The ratio of the grain boundary
surface to the total layer surface is also near 20 % as it can be determined by analysis of AFM pictures, i.e., the grain boundary channels
are entirely filled up with Si atoms at the source surface.

Inside grain boundaries, the Si concentration drops gradually from the initial value to Cgg(h) ~ 1.5 % (which is the Si concentration
near the accumulation surface) and increases again at the Cu surface due to surface segregation. The concentration of Si atoms on the
copper surface is Cs ~ 10 % and thus the surface segregation factor ¢ = Cs/Cgp(h) can be calculated. For the Si segregation factor in Cu
at 453 K, we received the value of ¢ =~ 7. In the Cu intensity there is a slight local minimum at 10 nm depth (Fig. 2). The explanation is
that after LEIS measurements, prior the depth profile analysis, a Cu layer was deposited on the sample surface as a cap layer. The
necessity of this extra layer was motivated by the working principle of SNMS where the emission and ionization of particles are made
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Fig. 2. Depth distributions of Cu and Si in a Cu(40 nm)/Si(80 nm) bilayer before and after annealing at 453 K for 5 min. Symbols are the
experimental values measured by SNMS. The red line is the calculated concentration distribution of Si. (For interpretation of the references to colour
in this figure legend, the reader is referred to the Web version of this article.)
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with a radiofrequency plasma and, at the start of sputtering, the process needs some time to stabilize. The lack of this cap layer is not a
problem if the effective thickness of the diffusant Si layer on the Cu surface is high, but if it is low, the correct Si intensity cannot be
achieved.

Temperature dependence of the GB diffusion coefficient derived from the appearance time t; is presented with open symbols in

Fig. 3 (see also Fig. 4 of the paper [21]). From the penetration profiles of Si atoms obtained by SNMS, In (‘)‘fﬁ) could be calculated as a

function of y?, where y is the diffusion length according to the Chapter 2.3. The experimental values and their linear fit are shown in
Fig. 4. For the diffusion time in Eq. (3) we chose the appearance time (t = tp) because the final concentration distribution evolved in the
GBs during the appearing time and it did not change further on. The results are plotted in Fig. 3 with solid squares. As it can be seen, the
diffusion coefficients calculated from the penetration profile were approximately the same as calculated from the appearance times, i.
e., the two methods provided nearly the same results.

The measurements were performed in the temperature range of the C-type diffusion kinetic regime. At the highest temperature
(453 K), the measured values were higher than the linear fits in both methods, reflecting an increase in the effective activation energy.
The possible increase in the activation energy with temperature was previously discussed in the paper of Hwang and Balluffi [23]. It is
obvious that polycrystalline thin films contain several types of GBs and each of them is characterized by different activation energy
Qgp. The observed activation energy for GB diffusion is therefore a weighted average of the various Qgp. At low temperatures the
diffusion which has the smallest Qgp occurs along GBs, at higher temperatures the GBs with higher Qgp will be involved in the total
diffusion process.

In Fig. 2, both Si and Cu concentrations of annealed samples show a step-like drop between the depths of 60 and 70 nm (solid
symbols). Atomic diffusion at the interface could not cause this effect because the character of Cu concentration distribution did not
change due to annealing. We believe that the origin of the step-like concentration drop could be a phase change in the crystal structure
at the interface. Due to annealing, a chemical reaction took place between Cu and Si atoms and a new phase Cu,Siy was formed. This
solid phase evoked a change in the detection sensitivity factor of Si during depth profiling which is reflected in the concentration drop.
According to Moiseenko et al. [24], the reaction in nanolayers between Cu and Si is initiated at about 400 K and occurs in three steps:
formation of amorphous CuSi phase, then formation of clusters CusSi and, finally, formation of the n’’-CusSi phase. The step-like drop
of Si concentration seen in Fig. 2 is about 50 %. The phase formation was checked by an XRD measurement on a separate sample. For
this measurement, the annealing temperature was also 453 K but the annealing time was longer than 5 min so as to increase the
thickness of the CusSi phase which allowed us to record the diffractogram and identify the crystal phase (Fig. 5).

3.3. Siislands on Cu surface

Continuation of annealing after Si atoms appeared on the surface induced significant changes in the surface morphology. The
initially uniform grain distribution (Fig. 1) became uneven. The grain symmetry decreased (skewness parameter increased) and the
peakedness of grains increased (kurtosis parameter increased). Silicon protrusions were formed on the accumulation surface due to
diffusion (spike-like formations in Fig. 6). These protrusions were surrounded by deeper surface parts and, in this way, these ar-
rangements can be considered as Si islands.

In the present work, we measured the Si content of the sample surface by LEIS. The Si peak area in a LEIS spectrum is proportional
to the Si content of the surface, i.e., to the surface coverage. Consequently, time evolution of the Si peak in a LEIS spectrum gives
information on time evolution of the surface coverage during annealing. Fig. 7 shows that the coverage increased with the annealing
time and approached to a saturation value which is near 30 % of the total accumulation surface. The times when these curves intersect
the time axis are the appearance times. Saturation of surface coverage was a consequence of diffusion mechanism. The atomic flux
through the copper layer continuously decreased with time and finally halted. This saturation effect of surface coverage was also
experienced previously in Ni/Cu bilayer systems by Cu diffusion through a Ni layer [12], suggesting that this is a general effect in thin
layers.
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Fig. 3. Temperature dependence of Si grain boundary diffusion coefficient Dy, in copper nanocrystalline layer. The open symbols were calculated
from the appearance time [21], the solid squares were calculated from the concentration slopes of Si inside grain boundaries.
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Fig. 5. XRD diffractograms of a Cu(40 nm)/Si(80 nm) bilayer sample before (black curve) and after (red curve) annealing at 453 K for 2 h. The
peaks of the black curve correspond to the crystal structure of Cu, while the peaks of the red curve correspond to the 1’ phase of Cu3Si. The bottom
part of the diffractogram shows the reference positions of Cu and CusSi peaks according to the datasheets 00-004-0836 and 00-059-0263 of ICDD
database. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 6. AFM picture of the grain structure of the polycrystalline Cu film surface after the sample was annealed at 480 K for 8 min. The spike-like
protrusions on the surface are the consequence of Si diffusion. Due to annealing the skewness parameter increased from 0,09 to 0,47 and the kurtosis
parameter also increased from 0,27 to 0,52.

Near the saturation state, the sample surface was scanned by AFM again. Fig. 8 shows the result when the sample was annealed at
520 K for 10 min. The increase in Si concentration of the surface resulted in an increase in the number of Si islands and, as it can be
seen, the surface morphology changed significantly. According to the AFM measurements, the height of the evolved surface pro-
trusions was about 5-6 nm.

The Si islands evolved on the Cu surface were investigated by electron microscope, too. Silicon on Cu background could be well
studied by back scattered electrons due to the difference between atomic numbers. In the microscope images made with back scattered
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Fig. 7. Surface coverage (©) of Cu(40 nm)/Si(80 nm)//Si samples by silicon atoms as a function of annealing time. The coverage approaches to a
saturation value of about 30 % of the total surface. The samples were annealed at 413 K and 423 K. (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web version of this article.)

Fig. 8. AFM picture of the Cu film surface after the sample was annealed at 520 K for 10 min. The number of spike-like Si protrusions on the surface
increased drastically.

electrons, Si islands look like grey spots (Fig. 9). The darkness of a spot depends on the Si concentration. The darker grey spots inside
amorphous Si islands are Si nuclei which form the spike-like surface protrusions. Si islands and protrusions are sinks for Si atoms
diffusing through GBs of Cu layer.

We evaluated the blackness distribution of microscope images by mean-grey-value analysis and could determine both the surface Si
coverage and the size distribution of Si spots (islands). For Si coverage we obtained 32 % of the total surface area which is close to the
saturation value obtained by LEIS (Fig. 7). The size distribution of Si islands was plotted in the coordinate system of In(N) vs. d, where
d is the island diameter and N is the number of Si islands with diameter of d (Fig. 10). As it can be seen, the number N decreased
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Fig. 9. Electron microscope images of the sample surface annealed at 423 K for 30 min. Grey spots are the Si islands, the light part of the surface is
Cu. Darker spots inside the islands are crystalline nuclei.



V. Takats et al. Heliyon 10 (2024) e25516

In(N)

0 L 1 1 1
0 100 200 300 400 500
d [nm]

Fig. 10. Size distribution of Si islands on the Cu surface. N and d denote the number and diameter of islands.

exponentially with the increase in diameter and the maximum diameter of Si islands which could be achieved by GB diffusion is about
450 nm. The diffusion flux stopped before the islands could grow further.

4. Conclusions

A study of nanoscale atomic motion in thin film structures requires a precise depth profile analysis technique. In the present work
we studied the Si depth distribution in Cu polycrystalline layers as a result of GB diffusion. The atomic motion was induced by low
temperature thermal annealing. The diffusion coefficient was calculated from both the appearance time and the concentration gradient
of Si inside GBs. The segregation factor of Si in polycrystalline copper was defined by concentration of Si on the accumulation surface of
a Cu/Si//Si bilayer structure. The silicon concentration on the sample surface was studied by LEIS. The surface coverage had a
saturation character as a function of annealing time. The surface morphology changed significantly by annealing. It was confirmed
that, at temperatures of the C-type diffusion kinetic regime, Si islands evolved on the surface instead of a continuous layer, as it was
previously assumed in other papers [25-27]. The island structure was studied by electron microscopy.
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