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Abstract: The interdiffusion upon annealing of Cu/Ni multilayer structures at 325 °C, 350 °C
and 375 € for 30 min was studied by Auger electron spectroscopy (AES) depth profiling. The
measured AES depth profiles of the unannealed and annealed samples were quantitatively fitted
by the MRI model and the interdiffusion parameters, pre-exponential fagtand activation
energyE,, were extracted. The depth-dependence of the interdiffusion coefficient in the Cu/Ni
multilayer structures was characterized with relating to the reduction of the activation energy at
deeper depth during sputtering.

1. Introduction

Multilayer thin films have been increasingly used in both basic research and applications because of
their specific properties that differ from those of bulk materials and single-layer thin films [1]. The
interdiffusion at interfaces has a strong impact on the properties of a multilayer thin-film system [2]. In
addition, diffusion in polycrystalline thin films is much faster than in bulk materials due to a high density
of defects such as dislocations, vacancies, and grain boundaries, which act as a short-cut for diffusion.
So diffusion in polycrystalline thin films cannot be described by the extrapolation of data obtained for
bulk materials at higher temperatures.

The Auger electron spectroscopy (AES) depth profiling technique is one of the most commonly
used methods for the study of diffusion in multilayer thin films due to its high surface sensitivity. In the
past decades, several methods have been proposed to extract the interdiffusion coefficient from AES
depth profiling data. For example: the plateau-rise method [3], the center-gradient method [4], and the
interface-width method [5] for a bilayer sample and a Fourier series method for a multilayer sample [6].
In these four methods, only parts of the measured depth profile are used for extracting the interdiffusion
coefficient values. Recently, based on the Mixing-Roughness-Information depth (MRI) model [7], a
new method for fitting the entire measured AES depth profile has been proposed [8] and widely been
used to extract the interdiffusion coefficient in layered structures [9,10]. The aim of this study was to
determine the interdiffusion coefficients in the Cu/Ni multilayer structures from measured AES depth
profiling data by the MRI model.
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2. Experimental

2.1. Sample preparation and annealing

The Ni/Cu multilayer structures, composed of four pairs of Ni and Cu layers, were prepared by electron
beam physical vapour deposition onto passivated silicon (100) substratgsaiSihase pressure of
<9.3x10" Pa, raulting in polycrystalline multilayer thin films. The passivated silicon (100) substrates
(Si0,) was he barrier layer for preventing diffusion into the substrates. The Ni layer films were
deposited at aate of ~0.2 nm/s, while the Cu layer films were deposited at a rate of ~0.3 nm/s. The
layer thickness was monitored by an Inficom XTC thin film monitor as being Cu(8 nm)/Ni(8 nm)/Cu(11
nm)/Ni(11 nm)/Cu(15 nm)/Ni(12 nm)/Cu(13 nm)/Ni(14 nm)/&iThen the samples were annealed at
325°C, 350°C and 375C for 30 min, respectively in a high vacuum system (< 5@4).

2.2. AES depth profiling measurement

The depth profiles of the unannealed and annealed samples were measured using a PHI 600 Scanning
Auger Microscope (SAM) without sample rotation at a base pressure < .Bel(A static primary

electron beamnf 10 keV and a beam current of 200 nA was used. The samples were sputtered employing

2 keV Ar"ions, incidence at an angle off6beam current density of 0.127 A/mith a 2x2 mmraster.

The Auger pelato-peak heights (APPH) were recorded as a function of sputtering time for Ni(680-740
eV), Cu(880-989 eV), C(240-295 eV), O(480-510 eV) and Si(70-105 eV). The average sputter rate of
the Cu/Ni multilayers was 0.05 nm/s, as determined by depth profiling data of the unannealed sample
with known thicknesses of the Cu/Ni layers.

2.3.Conversion of theintensity-sputter time profile into a normalized APPH depth profile

In order to apply the MRI model, the APPH-sputter time profiles were converted into normalised APPH
depth profiles. According to the standard Auger spectra of pure Cu and Ni [11], the whole range of Ni
and Cu Auger peaks overlapped except for the Cu 922 eV peak. The Cu APPH was normalized to the
maximum of the Cu 922 eV APPH in the unannealed sample. The time scale was converted into the
depth scale using the average sputtering rate of 0.05 nm/s (see previous paragraph). Conversions of the
normalised APPH-sputter time profiles are shown in Fig.1 for the unannealed and annealed samples.

3. Results and discussion

For the unannealed sample, the normalised APPH of Cu depth profiling data and the best fit to the
measured data by the MRI model are shown in Fig. 1(a) as open circles and a solid line, respectively.
The atomic mixing lengttv is estimated as 1.0 nm by the TRIM code [12] and the Auger electron escape
depthA (effective attenuation length times d®s(wheref is the angle of emission of the detected
electrons) for Cu (922 eV) is calculated as 0.8 nm [13]. The fitted roughness parameter, assumed as a
linear increase with depth in the Cu/Ni polycrystalline multilayer structure, is obtained as
(0.9+0.049®) nm, which agrees very well with the AFM measured data in Ref.[14]. In addition, Fig.

1(a) shows that the measured Cu concentration in the near substrate region is lower than that in the near
surface region due to ion beam sputter-induced roughness, same as that in depth profiling of Cu/Pd,
Ag/Pd polycrystalline multilayer films [15, 16].

The unannealed Cu layered structure is also shown as a dashed line in Fig. 1(a). For the annealed
samples, the normalised APPH Cu depth profiling data and the best fit to the measured data are shown
in Fig. 1(b-d). The fitting parametensandA were kept the same as for the unannealed sample and only
the roughness parameter was changed. The determined linear depth dependence of the roughness
parameter @t the different temperaturdgs been indicated in Fig. 1(b-d), respectively.
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Figure 1. Thenormalised Cu depth profiling data and the best fit to the measured data by the MRI
model for (a) the unannealed sample, and the annealed samples for 30 min atCb(c3350°C and
(d) 375°C. The dalsed line drawn in Fig. 1(a) represents the unannealed Cu sublayer structure.

According tothe MRI model, the interface roughness broadening is described by a Gaussian
function ~exp[-Z/2#] [7]. In an initial stage of diffusion, the diffusion-induced concentration profile
can be wiiten as a Gaussian function ~expBbt], where z represents the diffusion depth and the
diffusion lengh is (4Dt}”2. Therefore, the square of the diffusion length can be expressed in terms of
the interfae roughness as [17]:

2Dt =g’ -o? (1)

wheret is the annealing time, ang and s, are the values of the roughness parameter after and before
annealing attemperature T, respectively. Using Eqg. (1), the interdiffusion coeffidierdan be
determined from the fitted interface roughness parameter by the MRI model. Using the roughness
parameter values presented in Figs. 1(a-d), the calculated values of the interdiffusion coefficient
according to Eqg. (1) at the two locations, namely at the first and the last Cu/Ni interface as indicated in
Fig.1(a), are presented in Fig. 2 by open and solid circles, respectively. The corresponding values of the
interdiffusion parameters, the pre-exponential fabwand the activation enerdy determined from
the Arrhenius pit are indicated in Fig. 2 and are compared with the literature values listed in Tablel.

The interdiffusion in the Cu/Ni multilayer at the first Cu/Ni interface was determined as 6.2x10
Bexp(-101.4kJ/RT) m?/s, and at the last Cu/Ni interface as 6.3%4xp(-79.0kJ/RT) n¥/s. The dah-
dotted line show in Fig. 2 was also obtained from measured AES depth profiling data for Cu/Ni
multilayer (m) films deposited on glass substrates [19]. The dashed line shown in Fig. 2 was obtained
for a Cu(~100 nm)/Ni(~500 nm) bilayer (b) films sample [20].
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Figure 2. Arrhenius plots for the interdiffusion coefficients calculated from the fitted roughness
parameters (see Fig. 1) by applying Eq. (1). The open and solid circles represent the values of the
interdiffusion coefficient at the locations of the first and last Cu/Ni interface, respectively. The
corresponding interdiffusion parameters (pre-exponential fdatoand activation energ¥,) are
indicated in Hiayer (b) and multilayer (m) thin films.

Table 1 Diffusion parameters obtained in the present workomparison with the
results of other workers.

Source Do (n?/s) Ea (kJ/mol)
Present work 6.9 10 1014

(first Cu/Ni interface )

Present work 6.3x 101 29.0

(last Cu/Ni interface )

Ref.18 2x10° 228.7
Ref.19 1.4x10% 106.2
Ref.20 6.48x10° 130.5
Ref.21 6x1012 94.1
Ref.22 6.93x10 90.4

The very low activation enerdy, values of 101.4 kJ/mol (79.0 kJ/mol) obtained in the present
work in compaison with ank, value of 228.7 kJ/mol extracted from a single crystalline copper [18],
suggests thayrain boundary and high defect density play a dominant role in the diffusion process of the

SA Institute of Physics

ISBN: 978-0-620-70714-5

150



Proceedings of SAIP2015

investigaéd multilayer thin films. The obtained diffusion parameters, measured at the low temperature
range of 325-375 °C, agree reasonably well with the ones listed in Table 1 for the polycrystalline bi-
/multilayer films samples [19-22], which support the grain boundary diffusion mechanism at low
temperatures for polycrystalline Cu/Ni .

A close examination of Fig. 2 reveals that the interdiffusion in a Cu/Ni multilayer was faster
across the last Cu/Ni interface (near the substrate) than across the first Cu/Ni interface (near the surface)
with a difference in activation energy value of 22.4 kJ/mol. In order to quantitatively evaluate the depth-
dependent interdiffusion coefficient, Fig.3 shows the interdiffusion coefficient as a function of the
sputtered depth for the same annealing time 30 min at the three different investigated annealing
temperatures, on the basis of Eq. (1) with a linear dependence on depth adaptéseferabove). The
open circle, guae, triangle and solid circles represent the values of the interdiffusion coefficient at the
locations of the first, second, third and last Cu/Ni interfaces, respectively. It is found that the
interdiffusion coefficient increase with the sputtered depth at the three different annealed temperature.
This result is related to the reduction of the activation energy with sputtered depth for interdiffusion at
the first, second, third and last Cu/Ni interfaces as 101.4 kJ/mol, 87.7 kJ/mol, 81.9 kJ/mol and 79.0
kJ/mol, respectively. The use of ion sputtering may involve changes in both the creation of vacancies,
and energy of removed vacancies in the grain boundary and/or near grain boundary. During the
sputtering process the larger concentration of vacancies at the deeper sputter depth might be created.
This reduction of the activation energy with sputtered depth was also observed in Cu/Ag, Au/Ag, Pd/Au
and Pd/Cu multilayer structure with AES measured by Bukaluk [15, 16]. In addition, enhanced grain
boundary diffusion could be involved in the multilayer closer to the substrate; this however needs to be
investigated further.
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Figure 3. The interdiffusion coefficient as a function of the sputter depth for the annealed sample for 30
min at 325 °C, 350 °C and 375 °C, respectively. The open circles, squares, triangles and solid circles
represent the values of the interdiffusion coefficient at the locations of the first, second, third and last
Cu/Ni interfaces, respectively.
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4. Conclusiors

The MRI model was applied for extracting the interdiffusion coefficients in Cu/Ni multilayers from
measured AES depth profiling data. The interdiffusion coefficient of Cu/Ni multilayer was determined
by 6.2x10exp(-101.4kJ/RT) m¥/s & the first Cu/Ni interfaces and by 6.3x%8xp(-79.0kJ/RT) m¥/s

m?/s at he last Cu/Ni interfaces.
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