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ABSTRACT: The deposition of Cu onto SiO2 has been carried
out by electron beam evaporation in order to study the interface
formation by X-ray photoelectron spectroscopy and angle
resolved X-ray photoelectron spectroscopy. Shifts in the binding
energy of Cu 2p3/2 and Si 2p bands, as well as in the Cu LMM
kinetic energy, have been observed during the growth. These
changes are indicative of a modification in the coordination
number of Cu or the formation of M−O−M′ cross-linking
bonds at the interface. Moreover, different coordination states of
Cu+ and Cu2+ (tetrahedral and octahedral) have been detected.
Apart from different coordination numbers, a new chemical state
appears during the Cu/SiO2 interface formation. This new
contribution, Cux+, is attributed to the formation of a mixed
oxide Cu-O-Si. Additionally, two different stages of growth of
the Cu/SiO2 interface have been observed: The first one, where no metallic Cu is detected and a mixture of copper oxides is
measured onto the SiO2 substrate, and the second one, in which metallic Cu appears on the surface and a multilayer Cu0/Cux+/
Cu oxides/SiO2 can be inferred.

■ INTRODUCTION

With the development of ultra-large-scale integration (ULSI)
devices, Cu has replaced Al as interconnection material due to
its lower electrical resistivity (1.78 × 10−8 Ω m at 293 K) and
its higher melting point (1357.6 K).1 These properties make Cu
more resistant to corrosion and to electromigration. However,
Cu diffuses rapidly in Si2 and SiO2,

3 which causes degradation
of electronic devices at relatively low temperature. During the
last decades, a great effort has been done not only to find a
suitable interdiffusion barrier material but also for the
development of fabrication processes.4−11 Several groups are
studying self-forming barriers, fabricated by direct deposition of
Cu−metal alloys or partially oxidized manganese onto the SiO2
which form silicates that act as an effective Cu diffusion
barrier.12−15

Moreover, the continuous downscaling of complementary
metal oxide semiconductor (CMOS) devices and interconnec-
tions is limited by the need of layers thick enough to be
continuous so as to provide robust performance. In this sense,
several groups are working in the study of copper penetration
into low-k dielectrics such as SiCOH or doped Si.16,17 Most of
them are interested in the failure of SiO2 as an insulating
dielectric due to the penetration of Cu by measuring time
dependent dielectric breakdowns, I−V curves, or C−V curves,
although several works report on Cu+ diffusion by XPS.18,19

Nevertheless, only a few publications are centered in under-
standing the problem of interface diffusion.
In this context, some theoretical calculations using molecular

dynamic simulations of the Cu/Si interface formation have

been carried out,20,21 as well as the study of the initial stages of
Cu/Si interface formation by AFM, STM, TEM, XRD, and
RBS, even including the native oxide influence.21−25 Otherwise,
the Cu/SiO2 interface, which is the base of the Cu/SiO2/Si
formation, has not been studied in depth. Espinoś et al. studied
the interfacial formation of Cu, CuO, and Cu2O deposited on
SiO2, observing changes in the modified Auger parameter α′ as
the thickness of the Cu layer increases.26 The authors attributed
the change of this parameter to a modification in the
coordination number of Cu, which causes a change in the
Madelung potential around the photoemitting element and a
subsequent variation of the BE and α′ values. Another
possibility is the formation of bonding interactions at the
interface, due to the formation of M−O−M′ cross-linking
bonds at the interface, where the bridging oxide ions should
have different electronic characteristics than in the bulk
oxides.26

This problem attracts the attention of the scientific
community not only because this kind of system is needed in
electronic devices but also because of the potential applications
of the Cu/SiO2 system in catalysis.27,28 The surface and
interface phenomena that occur are determined by the metal−
support interactions,29 which are more intense in catalytic
systems formed by Cu nanoparticles on a flat SiO2
substrate.29,30 These systems have been studied from a
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morphological and compositional point of view, but the
information about the interaction of the materials on the
interface is scarce.
As CMOS scaling approaches its limits, devices utilizing

different physical phenomena have emerged. In this sense,
electrochemical metallization (ECM) cells are promising
candidates for nonvolatile resistive switching random access
memory (RRAM) devices.31 ECM cells are normally formed by
a functional switching material in between two electrodes.
Their switching mechanism relies on an electrochemical
formation of a nanometer-sized metallic filament (“SET”) and
an electrochemical dissolution of this filament (“RESET”). The
Cu/SiO2 system is a good choice in order to form ECM cells,
and several research groups are interested not only in
improving the devices32−35 but also in understanding the
formation of the nanometer-sized Cu filaments.36−39

Compared to the bulk properties, relatively little is known
not only about the surface properties of Cu-silica mixed oxides
but also about the first stages of oxidation of the Cu/SiO2

interface. Therefore, the main objective of this work is the study
of the growth kinetics of the Cu/SiO2 interface from a chemical
point of view by the use of X-ray photoelectron spectroscopy
(XPS). Moreover, angle resolved X-ray photoelectron spec-
troscopy (ARXPS) measurements have been carried out in
order to explore the morphology of the interface formed. These
kind of measurements provide information at different depths,
which allows us to infer the evolution of a depth profile during
the Cu/SiO2 interface formation.

■ EXPERIMENTAL SECTION

SiO2 was thermally grown on p-type Si(111) wafers, obtaining
an oxide film of 170 nm in thickness. This SiO2 was used as
substrate through all the experiment. The SiO2/Si substrate was
introduced into the sample preparation chamber, operating at a
pressure better than 1 × 10−7 mbar. No previous cleaning
process was performed on the SiO2 substrate prior to Cu
evaporation. Cu deposition was carried out by electron beam
(e-beam) evaporation (Telemark TT-8 model) at room
temperature, using Cu pellets (99.9995% purity) provided by
Sigma-Aldrich. The e-beam was operated at 8.8 kV, and the
current was varied from 16 to 18 mA in order to maintain a
constant evaporation rate of 0.01 nm/s measured with a quartz
microbalance (QMB). Once the Cu was evaporated, the
samples were transferred to the analysis chamber without
breaking the vacuum.
In the analysis chamber, XPS spectra were measured using a

hemispherical analyzer (Physical Electronics 1257 system). A
twin anode (Mg and Al) X-ray source was operated at a
constant power of 400 W using Al Kα radiation (1486.6 eV) for
the XPS measurements. The samples were placed in a sample
stage in which the emission angle can be varied between 0° and
70°. Before the spectral analysis, the binding energy (BE) was
calibrated with the adventitious carbon signal centered at 285.0
eV (more information in Table SI1). Also, a Shirley background
subtraction40 was applied on all the spectra. The morphology of
films was characterized by scanning probe microscopy (SPM)
at room temperature (SPM1 system from Omicron operating
in vacuum). In AFM, the contact mode was used. The images
were processed with a linear plane fit in order to remove the tilt
with WSxM.41

■ RESULTS
Figure 1 shows the evolution of the Si 2p, Cu 2p3/2, Cu LMM,
and O 1s photoelectron peaks measured during the Cu/SiO2

interface formation at normal emission for different Cu
depositions. Some of the spectra have been magnified for the
purpose of comparison. Each spectrum is labeled by its Cu/Si
concentration ratio. The intensities (band areas) of Si 2p, Cu
2p3/2, O 1s, and C 1s were used to calculate the concentration
using the following eq 1

=
∑

C
I S

I S
/

/x
x x

i i i (1)

where Cx is the atomic concentration of element x, assumed to
be uniform on the surface, Ix is the measured intensity for this
element, and Sx is its sensitivity factor provided by the analysis
software (CasaXPS).42

In the case of the Si 2p band (Figure 1), the SiO2 substrate
was measured as reference (dotted line). This spectrum is fitted
with a unique peak centered at 103.9 eV with a full width at
half-maximum fwhm = 1.85 eV. During the Cu/SiO2 interface
formation, a shift from 103.7 to 104.2 eV was observed in this
band as the Cu thickness increases. This shift in the binding
energy is indicative of a change in the chemical environment,
the presence of a new chemical state, or differential charging
between the surface Cu and the SiO2.

26,43 Analyzing the Si 2p

Figure 1. XPS and AES high resolution spectra of Si 2p, Cu 2p3/2, Cu
LMM, and O 1s bands measured for different Cu/Si ratios during the
Cu/SiO2 interface formation. Each spectrum is labeled with the Cu/Si
ratio.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.7b06563
J. Phys. Chem. C 2017, 121, 18771−18778

18772

http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.7b06563/suppl_file/jp7b06563_si_001.pdf
http://dx.doi.org/10.1021/acs.jpcc.7b06563


band during the Cu/SiO2 interface formation in detail, it can be
seen that the contribution related to SiO2 (Si

4+ 103.9 ± 0.3 eV)
is the only one present for the Cu/SiO2 interface formation.
The shift and the widening of this peak can be due to changes
in the local atomic arrangements. It is reported that the Si 2p
binding energy of SiO2 can vary by 1.5 eV depending on the
number of SiO4 tetrahedral units present in the ring, that is to
say, the Si−O−Si angle (θ).44,45 A peak at a higher binding
energy appears at larger θ. This concept is of relevance when
talking about interface formation since one expects not only
several oxidation states of a given element but also the
modification of the chemical environment when the interface is
formed. On the other hand, SiO2 could be more charged than
Cu, so the charge correction may not be enough for the Si 2p
band, causing the shift.
If the Cu 2p3/2 band is analyzed as the Cu thickness increases

(Figure 1), a shift toward the lower binding energy side is
observed. At the lowest Cu/Si ratio, the Cu 2p3/2 band is
centered at 933.5 eV. As the Cu/Si ratio increases, the band
shifts toward lower values toward 932.7 eV, which corresponds
to metallic Cu.46,47 This shift means that the first monolayers of
Cu atoms react with the substrate, forming chemical states
different from the metallic one. As the Cu thickness is
increased, metallic Cu is found at the top surface. Therefore,
the Cu/SiO2 interface is formed in two different stages: the first
one in which the deposited metallic Cu changes its chemical
state, and the second one in which metallic Cu can be found at
the surface. During fitting the Cu 2p3/2 band, five different
contributions are identified: (1) 930.3 ± 0.3 eV, (2) 932.8 ±
0.1 eV, (3) 933.4 ± 0.1 eV, (4) 934.0 ± 0.1 eV, and (5) 936.1
± 0.1 eV (see Table 1). The main band at 932.8 eV is

connected with the formation of Cu0 and Cu+ with tetrahedral
coordination (Cu+A).

47,48 These two chemical states are
indistinguishable in the Cu 2p3/2 band, but they are separated
∼2.0 eV in the Cu LMM, as shown below.49 The contribution
Cu0 + Cu+A increases as the Cu content increases, becoming in
the main component of the band for Cu/Si ratios larger than
0.95, when the Cu 2p3/2 band is centered at 932.9 eV. The
other components observed are the peaks at 934.0 and 936.1
eV, which correspond to Cu2+ with octahedral (Cu2+B) and
tetrahedral (Cu2+A) coordination, respectively.48 The lower
binding energy peak at 930.6 eV is identified as a peak related
to Cu+ with octahedral coordination (Cu+B).

48 Finally, the peak
at 933.4 eV is not reported in the literature (Cux+). The
presence of a contribution near 930.6 eV has been explained as
the formation of monophase Cu-M mixed oxide in other
systems such as Cu-Co or Cu-Mn or as Cu+ in ferrites and
chromites in octahedral symmetry.48,50 The contribution at
933.4 eV can be assigned to the formation of new chemical

states involving Cu−O−Si bonds present during the Cu/SiO2
interface formation. At the lowest Cu/Si ratio, the main
contribution is not the one related to the formation of Cu0 +
Cu+A, as could be expected. Instead, Cu+B and Cux+ are the
main contributions, reaching the highest concentrations.
The evolution of the Cu 2p3/2 components as a function of

Cu/Si ratio is represented in Figure 2. Dotted lines have been

added to guide the eye. Here, it can be observed that, at the
beginning, the Cu0 + Cu+A contribution is not the main one.
This peak grows, reaching an almost stationary concentration
for a Cu/Si ratio of ∼3. On the other hand, Cu2+A and Cux+

have the opposite behavior: They present their maximum
concentration at the beginning of the growth process, and their
concentration decreases as the Cu/Si ratio is increased. Two
different stages of growth can be distinguished: the first one,
where Cu reacts with the substrate, generating Cu; and the
second one, where the stationary state is reached and metallic
Cu is present on the surface.
Changes in the Cu can be followed better in the Cu LMM

band (Figure 1). The maximum of this band appears at a
kinetic energy (KE) of 916.6 eV for the lowest Cu/Si ratio, and
it shifts 1.8 eV toward higher kinetic energy to 918.4 eV as
more copper is deposited, a value which corresponds to
metallic Cu.49 The Cu LMM band can be used in order to
identify the Cu oxidation state, providing extra information
about the Cu 2p3/2 band. Cu LMM usually is fitted with one
peak at a kinetic energy of 918.2 eV, which corresponds to Cu0,
another at 916.5 eV, which corresponds to Cu+A, and three
other peaks at 913.8, 919.6, and 920.6 eV that represent
different transition states of the Cu LMM.51 In our case, during
the first stage of growth, the contribution connected to Cu0 is
not present. Instead, an extra peak at 917.2 eV has to be used to
fill the spectra (Table 1). This new component can be
connected with the presence of the band at 933.4 eV in Cu
2p3/2, suggesting the presence of Cu−O−Si bonds in the Cu/
SiO2 interface. The spectra of the second stage of growth can
be fitted using the same five peaks that are reported
elsewhere,51 being the main contribution the one present at
918.4 eV, which is the one connected to Cu0.
The behavior of the O 1s band (Figure 1) is similar to the

one observed in the Si 2p band. In this case, this band suffers a
shift from 533.5 eV measured for the lower Cu/Si ratio to 533.2
eV which is the binding energy measured for the reference SiO2
sample. If the O 1s − Si 2p separation is calculated, variations
between 429.9 and 429.0 eV are observed. This shift is

Table 1. Binding Energy and fwhm for Different Oxidation
States and Coordination (A = Tetrahedral and B =
Octahedral) Present in Cu 2p3/2 Band and Kinetic Energy
for Different Oxidation States Present in Cu LMM Band

oxidation state Cu 2p3/2 BE (eV) fwhm (eV) Cu LMM KE (eV)

Cu+B 930.3 ± 0.3 2.2 ± 0.1
Cu0 932.8 ± 0.1 1.5 ± 0.1 918.6 ± 0.1
Cu+A 932.8 ± 0.1 1.5 ± 0.1 916.1 ± 0.1
Cux+ 933.4 ± 0.1 1.4 ± 0.1 917.2 ± 0.1
Cu2+B 934.0 ± 0.1 2.2 ± 0.1 918.1 ± 0.1
Cu2+A 936.1 ± 0.1 2.4 ± 0.1

Figure 2. The concentration of Cu 2p3/2 band components as a
function of the Cu/Si ratio. Dotted lines have been added to guide the
eye.
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indicative of changes in chemical bonding, and they are not
connected with charge effects.44 Iwata et al.52 observed that the
Si 2p and O 1s peaks shifted with the X-ray irradiation in the
same direction and by the same amount when a SiO2/Si sample
is measured by XPS. This was also observed when the thickness
of SiO2 was changed. The difference between the Si 2p and O
1s peak positions is practically independent of electric charging
(differences of 0.2 eV has been observed) and is considered to
be a good measure of the chemical state. In our case, differences
of 0.9 eV in the Si 2p − O 1s separation are due to chemical
shift and not to charge effects.
Similar binding energy shifts have been previously reported.

In the case of Cu 2p3/2, Greyas et al. observed a shift in the Cu
2p3/2 band after exposing a Cu/Si(100) interface to Cl2.

53 They
supposed that the shift was due to Cu dissolution onto Si(100)
and/or structural changes in the near surface region of Cu/
Si(100), proposing an intermix layer as the most plausible
growth theory. Sarkar et al. also observed a 0.3 eV shift when a
Cu/Si(100) interface is irradiated with 80 keV Ar+ ions, which
they attribute to silicide formation.54 In our case, the binding
energy shift of the signals and the presence of a new
contribution in Cu 2p3/2 and Cu LMM can be interpreted as
the formation of a mixed oxide Cu-O-Si in the interface.
Further information on the composition and morphology of

the interface formation is obtained using ARXPS measure-
ments. A set of spectra from each of the two stages have been
chosen: (1) the first stage, where no metallic Cu is detected
(Cu/Si = 0.13), and (2) the second stage, where the Cu0 +
CuA

+ contribution of the Cu 2p3/2 band reaches the stationary
state (Cu/Si = 4.9)
Figure 3 shows ARXPS measurements of the Cu 2p3/2, Si 2p,

and O 1s bands performed at the first stage of growth,

characterized by a Cu/Si ratio around 0.1. The Si 2p band
shows a main component centered at 103.8 eV for the whole
set of measurements, corresponding to SiO2. At take-off angles
larger than 50°, a new contribution appears (Six+) at a lower
energy (101.5 ± 0.1 eV). If the O 1s band is observed, it
presents a main contribution centered at 533.4 eV which
corresponds to O−Si bonds,55 accompanied by a small peak at
the low energy side (Ox at 531.2 eV). This new contribution
has a binding energy higher than that expected for Cu−O
bonds, so it can be associated with a new contribution. The Cu
2p3/2 band is more complex to analyze: the spectrum measured

at normal incidence is centered at 933.4 eV. As the take-off
angle is increased, the band shifts to the higher binding energy
side, reaching 933.7 eV. Moreover, a shoulder is observed at the
lower energy side. This contribution, related to CuB

+, shifts
from 929.8 to 930.6 eV as the take-off angle increases, which
indicates a modification in the chemical environment.50 All Cu
2p3/2 spectra can be fitted by the five contributions mentioned
above (see Table 1). In this case, the contribution at 932.7 eV is
related only to the presence of CuA

+, as can be inferred looking
at Cu LMM and Cu 2p3/2 bands simultaneously (see Figure 1).
It can be concluded that, during the first stage of growth,
oxygen from the SiO2 substrate reacts with the deposited Cu,
forming a thin layer composed by a mixture of Cu oxides and
Cu-O-Si mixed oxide. Summarizing, the Si 2p band presents a
component Six+ at a binding energy below that of SiO2, the Cu
2p3/2 presents components Cux+ at a binding energy higher
than the one of Cu+, and the O 1s band presents a component
Ox somewhere between those of SiO2 and Cu2O, therefore
indicating that the Cu−O bonds are more ionic and the Si−O
bonds are more covalent than in pure Cu2O and SiO2 oxides,
respectively. According to Barr,56 this behavior can be
interpreted as due to the formation of a Cu-O-Si mixed oxide
instead of the formation of single oxide phases.
Figure 4 shows ARXPS measurements of the Cu 2p3/2, Si 2p,

and O 1s bands performed at the second stage of growth,

characterized by a Cu/Si ratio around 5. If the Cu 2p3/2 band is
analyzed, a small shift from 933.3 to 933.1 eV is observed as the
take-off angle increases. This difference in the binding energy
suggests a gradual change in the chemical composition of the
film. In the case of the Si 2p peak, the narrow band measured at
0° becomes less intense and wider with increasing take-off
angle. The SiO2 signal from the substrate decreases at large
take-off angle measurements (more sensitive to the surface).
The widening of the band is related to changes in the Si−O−Si
angle θ, as mentioned above. In the case of the O 1s band, three
different contributions are needed to reproduce the whole
band, as it is shown in Figure 4. The contribution at 533.5 eV is
connected with the presence of SiO2;

55 the one at 530.6 eV is
related to the formation of CuO and Cu2O.

46 A third
contribution becomes necessary between those already
mentioned, which shifts from 532.2 to 531.7 eV as the take-
off angle is increased, to fill the whole spectra. This third
contribution has been observed in other systems as Ti/Si

Figure 3. ARXPS measurements of the Cu 2p3/2, Si 2p, and O 1s
bands performed for a Cu/Si ratio = 0.13. Each spectrum is labeled by
the take-off angle.

Figure 4. ARXPS measurements of the Cu 2p3/2, Si 2p, and O 1s
bands performed for a Cu/Si ratio = 4.9. Each spectrum is labeled with
the take-off angle.
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irradiated by O2
+ and it is associated with the presence of a new

chemical state (Ti-O-Si mixed oxide).55 In the case of the Cu/
SiO2 system, this contribution is connected with the formation
of a Cu-O-Si mixed oxide. This contribution is consistent with
the presence of the contribution Cux+ at 933.4 eV in the Cu
2p3/2 band and the contribution at 917.2 eV in the Cu LMM
band.

■ DISCUSSION
It has been observed that, during the growth of the Cu/SiO2
interface, Cu 2p3/2 and Cu LMM bands shift to lower binding
and higher kinetic energies, respectively, as the Cu thickness is
increased (Figure 1). The shifts in the Cu 2p3/2 and Cu LMM
are also reflected in the modified Auger parameter (α′ = BE +
KE), which is not affected by charge effects. Morales et al.57

observed that Cu LMM band shifts toward higher kinetic
energy during the Cu2O/SiO2 and CuO/SiO2 interface
formation, which leads to a variation in the modified Auger
parameter. This shift may be due to several causes: (1) changes
in the average coordination number of the atoms owing to a
high surface-to-volume ratio; (2) a decrease of the electron
density with respect to the bulk metal; (3) a narrowing of the
valence band; and (4) alloying and/or chemical interactions
with the substrate. For a general overview, changes in BE and
α′ are represented in the Wagner plot in Figure 5. These plots

provide detailed information on photoelectron and Auger
energies as well as the Auger parameter. On this graph, the
kinetic energies of Auger electrons are on the ordinate and the
binding energies of the photoelectrons are on the abscissa. Each
chemical state then occupies a unique position on the two-
dimensional grid. An Auger parameter grid is also drawn as a
family of parallel lines with a slope of +1. All points on any one
of these lines have the same value of the Auger parameter.
Errors in charge referencing introduce uncertainty in data
points parallel to the Auger parameter grid.58,59

In Figure 5, data corresponding to bulk Cu, Cu2O, and CuO
are represented by an asterisk for comparison purposes and full
squares represent the measured values for increasing Cu
thickness. The arrow represents the shift of the values as Cu
thickness is increased. It is easy to realize that, for the lowest Cu
thickness, α′ has the lowest values. When the Cu thickness
increases, the Auger parameter grows too, reaching α′ values
near the one of metallic Cu. The Auger parameter continuously
grows as a function of the Cu thickness. This shift provides a
direct measurement of the extra-atomic relaxation energy.
Furthermore, points in the Wagner plot can be fitted by a line
with slope −3, which means that only the final states are
responsible for the changes in electronic parameters.59 Changes
in extra-atomic relaxation energy of the photohole in the final
state, ΔRE, and in the energy of the initial state of the system,
Δϵ, are connected with this shift, as shown in eqs 2 and 359

αΔ = Δ ′ =RE
1
2

0.6 eV
(2)

Δϵ = Δ + Δ = −BE RE 0.2 eV (3)

An increase of ΔRE means that a photoelectron has been
suddenly created in an atom, which produces extra energy in
the system due to the accommodation of free electrons. It is a
direct measurement of a change in the local coordination
around the Cu atoms. Meanwhile, ϵ describes the initial state
energy of the system. A change in this parameter means an
alteration in the charge density and in the Madelung potential
around the atom. Δϵ < 0 means a decrease in the negative value
of Madelung potential, which means a lower coordination
number.
To determine the growth mode of Cu on SiO2, the ratios I0/

Is are plotted as a function of the Cu thickness, where I0
represents the intensity of the Si 2p band for the reference
sample and Is represents the intensity of the Si 2p measured
during the growth kinetics of Cu. Two theoretical models are
considered: a layer-by-layer growth Frank−van der Mewer
(FM) and an island growth Volmer−Weber (VW).60 The
theoretical expressions which represent the 2D and 3D growth
are eqs 4 and 5, respectively

λ= −I I dFM: / exp( / )s 0 (4)

θ θ λ= − + −I I dVW: / (1 ) exp( / )s 0 (5)

where d is the Cu thickness measured with the QMB during the
evaporation, λ is the inelastic mean free path from the Tanuma,
Powell, and Penn (TPP2M) formula61 and θ is the coverage of
the islands. Figure 6 shows I0/Is as a function of the Cu
thickness together with FM and VM growths, using λ = 2.4 nm,
which is the value obtained for Cu oxide and θ = 95%.
It is possible to infer a qualitative model of the interface

formation using the intensities from ARXPS measurements.
Figure 7 shows the variation of CuB

2+/(Cux+ + CuB
+ + CuA

+ +
CuA

2+), Cux+/(CuB
+ + CuA

+ + CuA
2+), CuA

2+/(CuB
+ + CuA

+),
and CuB

+/CuA
+ (some of these ratios have been magnified for

the purpose of comparison), derived from Figure 3 as a
function of the take-off angle for the first stage of growth. The
results are consistent with the sequence indicated in the
simplified model of Figure 7, that is, CuB

2+, the new
contribution Cux+, CuA

2+, CuB
+, CuA

+, and the SiO2 substrate
when going from the outer surface to the substrate.
In the second stage of growth, qualitative information can be

obtained from the O 1s and Cu 2p3/2 bands shown in Figure 4.

Figure 5. Wagner plot describing changes in kinetic energy (KE) and
Auger parameter (α) as a function of the binding energy (BE). The
arrow indicates the direction of growth of Cu/Si ratio. The asterisks
mark values for reference Cu, Cu2O, and CuO.
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In the case of the O 1s band, the ratios O-Cu-Si/O-Cu and O-
Cu/O-Si grow as the take-off angle is increased (Figure 8),
which evidences the presence of a mixed oxide Cu-O-Si onto
the Cu oxides layer. This can be attributed to the migration of
Si atoms toward the surface. This phenomenon has been
observed in other similar systems.55 In this band, it is not
possible to distinguish between the different oxidation states of
copper. In this sense, Cu 2p3/2 and Cu LMM bands can be
used. Precise intensities of Cu0 and CuA

2+ in the Cu LMM
spectrum were calculated by applying a correction factor, ϕ,
which takes into account an emission probability of an Auger
electron, γ, the difference in transmission functions of these two
spectra, T(KE), and the difference in the photoionization cross
section, σ.62 Therefore, the CuA

2+ intensity in the Cu LMM
spectrum was determined by multiplying ϕ with the CuA

2+

intensity obtained from the Cu 2p3/2 spectrum of the Cu film of

100 nm evaporated and measuring by XPS without exposing it
to ambient conditions. ϕ was derived as follows:49

ϕ =
I
I

(Cu LMM)
(Cu 2p )

Cu metal

Cu metal 3/2 (6)

Using the information obtained by applying ϕ, Cu0 and CuA
+

intensities can be separated and a qualitative model of the
interface formation using intensity can be inferred (Figure 8). If
Cu0/(CuB

2+ + Cux+ + CuB
+ + CuA

+ + CuA
2+) is represented as a

function of the take-off angle, it can be seen that the ratio
increases, which indicates that Cu0 is on the surface. Moreover,
the Cux+/(CuB

+ + CuA
+ + CuA

2+ + CuB
2+) ratio is represented

in Figure 7. From these ratios, a depth profile model can be
inferred based on a multilayer Cu0/Cux+/(CuB

2+ + CuB
+ + CuA

+

+ CuA
2+) onto the SiO2 substrate. All of these ratios are

represented in Figure 8.

■ CONCLUSIONS
The formation of the Cu/SiO2 interface has been studied.
During the growth kinetics, the presence of different Cu oxides
is observed, with different coordination. Furthermore, a new
species appears during the interface formation (Cux+) and it has
been assigned to the formation of a mixed oxide Cu-O-Si.
During the Cu deposition onto SiO2, two different stages of

growth can be distinguished. The first one, where no metallic
Cu is detected and a mixture of copper oxides is measured onto
the SiO2 substrate, and the second one, where metallic Cu
appears on the surface and a multilayer Cu0/Cux+/Cu oxides/
SiO2 can be inferred.
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Figure 6. I0/Is as a function of the Cu thickness, where I0 represents
the intensity of the Si 2p band for the reference sample and Is
represents the intensity of the Si 2p measured during the growth
kinetics of Cu. Red squares represent theoretical calculations for FM
growth and blue circles theoretical calculations for SK growth with a
surface coverage of 95%. The insets show AFM measurements for Cu
thickness of 0.1 and 5 nm, respectively.

Figure 7. On the left side, the variation of the concentration ratios
CuB

2+/(Cux+ + CuB
+ + CuA

+ + CuA
2+), Cux+/(CuB

+ + CuA
+ + CuA

2+),
CuA

2+/(CuB
+ + CuA

+), and CuB
+/CuA

+ as a function of the take-off
angle inferred from Figure 3. On the right side, the growth model
inferred for the first stage of growth.

Figure 8. On the left side, the variation of the concentration ratios
Cu0/(Cux+ + CuB

+ + CuA
+ + CuA

2+ + CuB
2+), Cux+/(CuB

+ + CuA
+ +

CuA
2+ + CuB

2+), O-Cu-Si/Cu-O, and Cu-O/Si-O as a function of the
take-off angle inferred from Figure 4.On the right side, the growth
model inferred for the second stage of growth.
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