
Contents lists available at ScienceDirect

Applied Surface Science

journal homepage: www.elsevier.com/locate/apsusc

Full Length Article

Thickness dependent native oxidation kinetics observation and prediction
for Cu films using spectroscopic ellipsometry

Jiamin Liu, Hao Jiang⁎, Lin Zhang, Honggang Gu, Xiuguo Chen, Shiyuan Liu⁎

State Key Laboratory for Digital Manufacturing Equipment and Technology, Huazhong University of Science and Technology, Wuhan 430074, China

A R T I C L E I N F O

Keywords:
Native oxidation
Thickness-dependency
Copper
Maxwell-Garnett EMA
Spectroscopic ellipsometry

A B S T R A C T

Long-term native oxidation of polycrystalline Cu films with different thicknesses is investigated using spectro-
scopic ellipsometry. In order to more accurately determine the thickness of the oxide layer, a three-phase
Maxwell-Garnett effective medium approximation model has been proposed to fit both the ellipsometric para-
meters and reflectance. X-ray photoelectron spectroscopy and transmission electron microscopy have been used
to verify the rationality of the proposed model and measured results. The results demonstrate the Cabrera-Mott
rule, and both the oxidation rate and the initial oxide thickness show significant dependencies on the thickness of
Cu film. When thickness increases from 15 nm to 400 nm, the oxidation rate, defined as the slope in the inverse
logarithmic correlation, decreases from 0.11/(nm·day) to 0.03/(nm·day) following an exponential function.
Meanwhile, the initial oxide thickness, i.e. the intercept in the inverse logarithmic correlation, decreases from
0.73/nm to 0.3/nm in the light of a parabolic function. In the end, the oxidation evolution of a Cu film with
arbitrary thickness is further predicted based on the obtained thickness-dependency, which is expected to
provide a reference for better application of Cu films.

1. Introduction

Benefitting from the outstanding electric and thermal con-
ductivities, electromigration resistance and mechanical properties, Cu
is considered to be an excellent interconnect material in ultralarge-scale
integration devices [1,2], a good conductive component in flexible
circuits [3], and a metal-wire waveguide material in the terahertz
system [4]. However, the native oxidation of Cu surface can degrade
these physical properties, for instance that the native oxide on the Cu
surface reduces the electric conductivity and the solderability [5],
which consequently affects the widespread use of Cu in various field.
Except for the above-mentioned adverse effects, the native oxides have
compelling application value in other fields. The typical native cuprous
oxide Cu2O, which is a p-type semiconductor with a direct bandgap of
2.17 eV [6], has been widely used in the field of solar cells, thin film
transistors and photo-catalysis [7–9]. While another native cupric oxide
CuO, also as a p-type semiconductor with a narrow bandgap in the
range of 1.21–1.51 eV [10], has been widely used as a supercapacitor
material, magnetic storage media and gas sensing [11–13]. Practically,
both Cu2O and CuO are almost the most stable and typical oxide phases
produced on the surface of Cu material during the native oxidation [6].

At this point, the native oxidation of Cu might be one of the potential
ways to prepare the two semiconductor materials Cu2O and CuO in-
expensively [14]. Thus, it is of great importance to investigate the na-
tive oxidation dynamics of Cu films.

Up to now, various measurement methods, such as X-ray diffraction
(XRD) [15], transmission electron microscopy (TEM) [16], X-ray pho-
toelectron spectroscopy (XPS) [1,17,18] and spectroscopic ellipsometry
(SE) [14,19,20], have been applied to the characterization of the short-
or long-term native oxidation kinetics for Cu films. Specifically, Chu
et al. revealed the crystalline structure property and the lattice para-
meters evolution of Cu2O during the native oxidation of 23 h on the
electropolished Cu(1 1 1) samples using XRD [15]. These results have
been further applied to estimate the thickness of Cu2O film in the initial
stage of native oxidation. In the research work of Yang et al., trans-
mission electron microscopy (TEM) measurements were used to de-
termine the oxidation kinetics of single crystal Cu (0 0 1) within oxi-
dation time of 1500 min in 760 Torr O2 at 70 °C [16]. Although the
oxidation kinetics obeys the Cabrera-Mott rule [21], the oxide layer
gradually grows in the form of the nucleation and coalescence of oxide
islands, which is different from the uniform growth fashion proposed by
Cabrera and Mott [21]. However, due to the short period of the
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observation, these trails failed to capture the formation of cupric oxide.
Platzman et al. studied the relatively long-term oxide growth behavior
on the surface of Cu film with thickness of 400 nm using XPS, as well as
the thickness evolution of both Cu2O and CuO phase [17]. The XPS
results are instructive for understanding the three stages of native
oxidation of bulk Cu. Further, SE has been introduced to investigate
both the long-term native oxidation behaviors of Cu films with nominal
thickness of 100 nm and bulk Cu by Lim et al [20]. The difference in the
oxidation behavior has been analyzed and attributed to the difference
in texture and microstructure between Cu films and bulk. However,
neither the content evolution of CuO nor the quantitative difference in
native oxidation behavior of Cu films and bulk have been systematically
studied. Therefore, in order to ensure the better applications of nano-
scale Cu films in the integrated circuits or the plasmon devices with the
feature size shrinking, it is highly desirable to investigate the native
oxidation behaviors of Cu films with different thicknesses.

Various kinetics laws including linear law, parabolic law, cubic law,
logarithmic law and inverse-logarithmic law, have been introduced to
describe the oxidation mechanism of Cu films and bulk [2,22–26].
These findings reveal the dependence of oxidation behavior of bulk Cu
on temperature or pressure or types of crystallography. Moreover, it can
be straightforward to infer from these results that the oxidation beha-
vior of polycrystalline Cu film or bulk typically obeys the logarithmic
law or the inverse-logarithmic law at the temperature below 150 °C and
the pressure close to 101 kPa. However, the dependency of oxidation
rate and initial oxide thickness on the thickness of Cu films are still
unknown.

Compared to the methods such as XRD, TEM and XPS, SE is an ef-
fective approach to characterize the oxide thickness on Cu films in a
non-destructive and high-precision manner. Especially for the study of
long-term observation, SE ensures the rapid, successive and in-situ
determination of the oxide thickness as a function of time. However,
since the stratified model consisted of Cu2O layer and Cu substrate was
adopted in the previous research [17,19,26], ignoring the diversity in
optical constants between Cu2O and CuO and the non-layered growth
characteristics of oxides, the deep understanding of the practical phy-
sical scenario such as the evolution of oxide components with oxidation
time could not be provided. Diaz Leon et al used the three-phase
Landau-Lifshitz-Looyenga (LLL) effective medium approximation
(EMA) model to describe the effective dielectric functions of copper
oxide film [14], which is motivated by the comparable thickness of
oxide layer and the surface roughness. The LLL EMA model is more
appropriate topologically for porous materials. Meanwhile, the LLL
EMA model rarely considers the effects of Lorentz’s local field correc-
tion, which is needed for the dielectric description of roughness layer.
Through assuming an oxide layer and a roughness layer and consists of
50% material and 50% void, Platzman et al used the two-phase Brug-
geman EMA model to describe the roughness layer on the oxide layer
[17]. Meanwhile, the dielectric functions of oxide layer is described by
a single-layer model consisted of CuO or Cu2O, due to the similarity of
the optical constants between the two oxide phases. Hu et al used an
unclarified valid physical model to determine the thin oxide thickness
from the spectroscopic reflectivity [19], and used the interference
maxima formula to calculate the oxide thickness from the spectroscopic
reflectivity. As for the refractive index of oxide phase, it was measured
by spectroscopic ellipsometry. Although the method successfully char-
acterizes the oxidation kinetics of Cu films under dry O2, wet O2 and
steam, there possibly exists errors in the oxide thickness, which is
caused by the significant uncertainty of interference peaks. O’Reilly
used two optical models comprised of a Cu2O layer on a Cu substrate
and a Cu2O on Cu on TiN to carry out the least squares fitting of el-
lipsometric parameters [26]. Correspondingly, the dynamic thicknesses
of Cu2O layer were extracted through the analysis. However, the effects
of roughness layer on the Cu film were never considered. In fact, the
coexistence of two oxide phases of Cu2O and CuO in the native oxide
layer of Cu film is widely studied and accepted [17,18,20]. Moreover,

the surface roughness of Cu film leads to the inhomogeneous oxide
growth on the Cu film, that is to say, the effects of the surface roughness
layer and the oxide layer on the optical model are intertwined [17].

In this paper, the native oxidation kinetics of polycrystalline Cu
films with different thicknesses has been investigated using SE over a
long term, i.e. about 100 days, in order to extract the evolution of oxide
layer thickness. Considering the significant dispersion of data in the
three-phases LLL EMA analysis and the programming complexity in the
three-phases Bruggeman EMA analysis, a stratified optical model based
on three-phase Maxwell-Garnett EMA has been proposed for data
analysis, which is demonstrated by the surface phase analysis reported
by XPS results. Meanwhile, the accuracy of the oxide layer thickness
determined by SE is confirmed by the oxygen and copper mappings,
which is obtained by energy dispersive spectrometer (EDS) using the
scanning transmission electron microscopy (STEM). Correspondingly,
both the dynamic effective thicknesses of the oxides and the volume
fractions of oxide component are calculated, and then the effective
thicknesses have been analyzed based on the inverse-logarithmic rule to
determine the oxidation rate and the initial oxide thickness. Further,
the thickness dependencies of the oxidation rate and the initial oxide
thickness are investigated based on two empirical functions. The former
is described by an exponential function, while the latter is described by
a parabolic function. With the achieved functions, the dynamic oxida-
tion evolution on a Cu thin film with arbitrary thickness can be pre-
dicted.

2. Sample preparation and characterization methods

Copper films with different thicknesses were deposited on the pre-
cleaned Si substrate covered with native oxide by magnetron dc-sput-
tering (TPR-450, China) [27]. The Cu target with purity of 99.999%
was used in the deposition process. The base and work pressure were
5 × 10−3 Pa and 0.3 Pa, respectively. The sputtering temperature was
300 K and the sputtering atmosphere was Ar with purity of 99.99% in
order to avoid the possible oxidation during the preparation. Since the
sputtering power was set at a low value of 50 W, a rather low deposition
rate of Cu film could be estimated as about 0.23 nm/sec. Through
varing the deposition time, the Cu films with nominal thickness 15 nm,
23 nm, 32 nm, 60 nm, 100 nm and 400 nm were obtained. Immediately,
the thickness of each Cu film was determined by measuring the height
difference of lithography stairs using profilometer (Veeco NT-1100
PROFILER, Oxford Corporation, UK). The stairs were constructed using
etching lithographically by etching away a part of the Cu film on the
surface of Si substrate. And the detailed experimental procedures have
been presented as Fig. 3 in Ref. [27]. As for the roughness metrology of
each Cu film, it was observed by the white light interferometry (New-
View 9000, Zygo Corporation Co., USA), in which the vertical and
horizontal resolutions are 0.1 nm and 0.3 μm, respectively. Simulta-
neously, the dielectric functions of Cu films, covering the spectral range
of 0.73–6.42 eV, were characterized by using spectroscopic ellips-
ometer (ME-L, Wuhan Eoptics Technology Co., Wuhan, China). Then,
the Cu films were exposed to air at 300 K, 101 kPa and 50%RH, and
therefore the native oxide would be gradually formed.

During the period of nearly 100 days, both ellipsometric parameters
and reflectance were routinely measured by using the spectroscopic
ellipsometer in the spectral range of 0.73–6.42 eV under the incident
angle of 60°. The ellipsometric parameters were straightforwardly
measured and reported by the ellipsometer, while the determination of
reflectance needed two measurements consisted of a reference mea-
surement and a sample measurement. The former was used to obtain
the detected beam intensity reflected by a reference sample, which is a
standard SiO2 film on a Si substrate with the nominal thickness of
25 nm. While the latter was used to determine the intensity of reflected
beam from each Cu film sample. By using the reflectance of the stan-
dard SiO2 film sample from the library of the software for SE, the
measured reflectance of each Cu film sample could be determined. The
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corresponding detailed descriptions were also presented in Ref. [27]. It
was worth noting that both the ellipsometric and reflectance mea-
surements can be considered as a generalized in-situ condition because
of two main reasons. At first, all the samples are stored in the same
chamber with controlled temperature, pressure, oxygen content, as well
as humidity. Second, since we selected the central area of the sample for
observation, and the diameter of the detecting beam is about 5 mm,
most of the area illuminated by the spot can be regarded as being
overlapped at different trial. The oxidation phase of Cu films were in-
vestigated via the X-ray photoelectron spectrometer (XPS, VG Multilab
2000X) on the 7th day of oxidation. The morphology of Cu film was
observed using a high-resolution transmission electron microscope
(Tecnai F20, Thermo Fisher, USA), with the electron-transparent cross-
section specimen prepared by using focused ion-beam bombardment
(Helios 600i, Thermo Fisher, USA). Besides, the EDS mapping and the
element line-scanning were obtained from the STEM (Talos F200X,
Thermo Fisher, USA).

3. Theory for SE analysis

After the measurement of ellipsometric parameters and reflectance,
a stratified optical model based on Fresnel optical interference is em-
ployed to fitting the measured results, thus the effective thickness and
volume fraction of each oxide phase can be determined. The optical
model consists of a Si substrate covered with native oxide layer, a Cu
film followed by Cu oxide layer, and a layer of ambient air. Since the
concentration of void in sputtered Cu film due to local internal stress is
rather small [28], the dielectric response of Cu film can be described by
a two-phase Maxwell-Garnett EMA with depolarization factor of 1/3
[29,30]. The corresponding expression is shown as Eq. (1),
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where εM and εvoid = 1 are the dielectric functions of Cu matrix and air
void, respectively. εeff is the corresponding effective dielectric function.
fvoid is the volume fraction of void in the Cu film.

Since the effect of multi-constituents in the oxide layer and the ef-
fect of roughness are intertwined and indistinguishable [14], the three-
phase Maxwell-Garnett EMA model with depolarization factor 1/3 has
been proposed to describe the effective dielectric functions of the oxide
layer. Similar to the two-phase Maxwell-Garnett or Bruggeman effec-
tive-medium models, the assuming that each inclusion phase is em-
bedded in a homogenous medium with dielectric function εh is still
valid in the native oxide layer. Correspondingly, the effective dielectric
function εoxide of the native oxide layer can be expressed by the Clau-
sius-Mossotti equation [31],
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where< α>represents the polarizability of the unit-cell volume in the
native oxide layer. And the polarizability< α>is shown as Eq. (3),
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where ε1 and ε2 represent the dielectric functions of Cu2O and CuO,
respectively. f1, f2 and f3 are the volume fractions of Cu2O, CuO and the
air void in the native oxide layer, respectively. Meanwhile, these vo-
lume fractions satisfy the law of summation, i.e. f1 + f2 + f3 = 1.
Combining Eqs. (2) and (3), the εoxide can be written as the following
equation,
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According to the results in Ref. [14], the volume fraction of Cu2O is
much larger than that of CuO before the oxidation of 70 days, while the
volume fraction of CuO gradually becomes much larger after the
roughly critical oxidation time. Correspondingly, the Cu2O phase is
selected as the host medium before the oxidation of 70 days, while CuO
phase is selected as the host medium after the roughly critical oxidation
time. Then, both the two cases satisfy the pre-requisite of applying the
Maxwell-Garnett EMA model, which is that the volume fraction of the
host medium is much larger than that of the inclusions [31]. Further,
the effective dielectric functions of the native oxide layer can be ex-
pressed as Eqs. (5.a) and (5.b),
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In the stratified optical model, the dielectric functions of Si substrate
and native oxide layer are fixed as the results reported by Herzinger
et al [32]. Meanwhile, the dielectric functions of Cu2O and CuO are
approximated as their corresponding bulk values [33], and their size-
dependency has been omitted for simplification. Since the dielectric
functions of metallic thin films are usually thickness-dependent as well,
all the dielectric functions of Cu films are immediately measured by SE
after sputtering and recorded as reference data for the oxide layer
analysis in the next step [34,27]. The thickness of native SiO2 layer on
Si substrate has been determined previously by SE and the thickness of
Cu film is fixed as the measurement values reported by the profil-
ometer. Afterwards, the remaining parameters are chosen as the fitting
parameters, which include the effective thickness of oxide layer deff, the
volume fraction f1 and f2 of Cu2O and CuO in the oxide layer, and the
volume fraction fvoid of void in the Cu film. All the fitting parameters
will be determined by a spectral regressive analysis based on Leven-
berg-Marquardt algorithm [35–36], which is carried out via self-im-
plemented program using MATLAB. The corresponding expression is
shown as Eq. (6),
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where N and M are the number of wavelength points and fitting para-
meters, respectively. ψmeas i, Δmeas i and Rmeas i are the measured
ellipsometric parameters and reflectance at the ith wavelength, respec-
tively. Meanwhile, ψcalc i, Δcalc i and Rcalc i refer to the calculated
ellipsometric parameters and reflectance at the ith wavelength, respec-
tively. σ(ψmeas i), σ(Δmeas i) and σ(Rmeas i) stand for the estimated
standard deviation of ψmeas i, Δmeas i and Rmeas i. χ2 represents the
root mean square error.

4. Results and discussions

Table 1 shows the measured thickness of each Cu film reported by
profilometer. Meanwhile, the roughness reported by white light inter-
ferometry is also presented in Table 1. Without losing generality, we
compared the thickness measurement on the sample with nominal
thickness of 23 nm with the result reported by TEM, which is 22.1 nm.
The method for the Cu film thickness measurement has been proposed
and demonstrated in the literature [27]. These results ensure the
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reliability of the thickness of Cu film reported by the profilometer.

4.1. XPS spectra

After native oxidation of 7 days, an XPS study of the Cu film with
nominal thickness of 15 nm was carried out to determine the surface
oxide phase and the results are shown in Fig. 1. For simplicity and
briefness, not all the XPS results are shown here, since the results of
other Cu films are highly similar to the one shown in Fig. 1. The Cu 2p3/
2 spectra exhibit four peaks, which correspond to Cu2O peak at
932.3 eV [37], CuO peak at 932.9 eV [38], Cu(OH)2 peak at 934.7 eV
[39] and CuO satellite peak at 944.8 eV [40], respectively. Since the Cu
(OH)2 phase is metastable and can easily transform into the CuO phase
[17], the influence of Cu(OH)2 phase on the effective dielectric func-
tions of oxide layer can be omitted. Further, owing to the fast trans-
formation of Cu(OH)2 phase to CuO phase in the studied aqueous am-
bient [17], once the Cu(OH)2 is formed through the interaction between
the Cu ions and hydroxyl groups, the cupric oxide will be produced
immediately. Accordingly, the presence of Cu(OH)2 phase in the XPS
spectra indicates that the formation of CuO phase is a continuing oxi-
dation process. The coexistence of Cu2O phase and CuO in the XPS
spectra reflects the oxide layer consists of Cu2O phase and CuO phase,
which verifies the rationality of the three phase Maxwell-Garnett EMA
model. Notably, the peak intensities of the Cu2O phase at 932.3 eV and
the CuO phase at 932.9 eV are comparable, indicating that the forma-
tion of CuO phase is much earlier than the possible critical time of
320 h for CuO layer formed on Cu film prepared by ion beam deposition
[18].

4.2. SE and analysis

During the oxidation, both the ellipsometric parameters and re-
flectance of each Cu film have been measured by using the spectro-
scopic ellipsometer. Correspondingly, the dynamic ellipsometric para-
meters and reflectance of Cu film with nominal thickness of 32 nm are
presented in Fig. 2. It can be observed that, with the oxidation time
increasing, the amplitude-ratio angle ψ is shifted upward as a whole,

while both the phase difference Δ and the reflectance exhibit overall
downward trends.

As for the Cu films with other thicknesses, since the overall evolu-
tion trends of ψ, Δ and reflectance with oxidation time are similar to the
results shown in Fig. 2, only the evolution trends of both ψ, Δ and re-
flectance at 2.17 eV with oxidation time would be presented in the
figure. The corresponding results are shown in Fig. 3. The amplitude-
ratio angle ψ of all the Cu films shows a slight increasing trend with the
oxidation time increasing, and the phase difference Δ exhibits a slight
decreasing trend, while the reflectance shows the insufficiently obvious
changing trend. Moreover, it can be observed that the ψ, Δ and re-
flectance curves with different thicknesses are almost parallel to each
other, which indicates similar growth behavior of oxides on the film
surface, and then resulting in similar changes of ψ, Δ and reflectance.
Besides, it can be noticed that there exists a significant decrease of the
reflectance from about 65% to 20% observed for the 400 nm-thick Cu
film after the oxidation of 103 days, which might be caused by an
unexpected performance instability issue of the instrument during the
reflectance measurement. When we check the parallel data collected
with the incident angle of 70°, the corresponding measured reflectance
looks normal. Although the local measurement error shown in Fig. 3(c)
is awful, it does not obviously affect the thickness determination in the
fitting analysis. Considering the reflectance is mainly related to the
refractive index of native oxide, the dominate constraint from the re-
flectance on the fitting analysis is the line-shape of the reflectance
curve. Since the dielectric functions of Cu2O, CuO and the air void in
the oxide layer are fixed as the given values, the whole changes of di-
electric functions of the oxide layer can only be adapted by the volume
fractions. Correspondingly, the line-shape of the reflectance has a more
significant effect on the decoupling the effective thickness and the vo-
lume fraction than the local value of reflectance. In addition, we carried
out a set of parametric analysis to evaluate the effects of measurement
error of the reflectance in the next paragraph.

Further, the synergic regression analysis of measured ψ, Δ and re-
flectance has been carried out to determine the effective thickness deff
of oxide layer and the volume fraction of each component in the oxide
layer. Through adapting the oxide thickness deff, the volume fraction f1
and f2 of Cu2O and CuO in the oxide layer, and the volume fraction fvoid
of void in the Cu film, the calculated ellipsometric parameters and re-
flectance would be computed by the stratified optical model and be
fitted to the measured ones. With the minimum value of root mean
square error for the fitting analysis being obtained, the corresponding
oxide thickness and the volume fractions of oxide phases would be
determined. Without loss of generality, the fitting results of Cu film
with nominal thickness of 32 nm after oxidation of 30 days are shown
in Fig. 4 to show the goodness of the fitting. The results in Fig. 4 show
that the measured ψ, Δ and reflectance are well fitted overall with the
values calculated using the stratified optical model. In order to quantify
the effects of measurement error of the reflectance on the native oxide
layer thickness determination of the 400 nm Cu film after oxidation of
103 days, we carried out a set of parametric analysis. With all the
procedure and parameters fixed, we used the reflectance achieved at
incident angle of 60° and 70°, and respectively achieve the oxide
thicknesses of 6.24 nm and 6.02 nm. As an additional comparison, we
carried out a fitting analysis using the ellipsometric parameters only,
and the corresponding oxide layer thickness is 6.14 nm. The consistency
among the three values indicates that the effect on the inverse solution
of local reflectance value might be significantly weaker than that of the
reflectance curvature shape. It is worth to comment here that the fitting
results of measured ψ, Δ and reflectance of the films with other thick-
nesses are similar to those shown in Fig. 4. It is worth to note that there
is a fitting deviation in the spectral range of the photon energy above
4.7 eV, which can be attributed to the insufficiently accurate dielectric
functions of Cu2O and CuO taken from literature [33]. In order to ac-
curately correlate the effective dielectric functions of the oxide layer to
the volume fractions, both the dielectric functions of Cu2O and CuO are

Table 1
The sputtering time and thickness of Cu films.

Sputtering time
[sec]

Nominal
thickness [nm]

Measured thickness
[nm]

Roughness [nm]

50 15 14.5 ± 0.46 1.5 ± 0.04
95 23 24.2 ± 0.62 2.2 ± 0.07
140 32 27.4 ± 0.36 2.3 ± 0.10
260 60 58.5 ± 1.60 1.7 ± 0.11
450 100 99.3 ± 2.01 1.2 ± 0.35
2700 400 426.2 ± 3.87 2.5 ± 0.51

Fig. 1. XPS spectra of Cu film with nominal thickness of 15 nm on the 7th days
of native oxidation.
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fixed as the given values. The measurement of the dielectric functions in
the high photon-energy range is much more difficult than that in the
range from the near infrared to visible light, and the sample de-
pendency may become significant. Therefore, the corresponding con-
sistency may be lower. Considering the data points below 4.7 eV
dominate the fitting results, it is rational to observe a fitting deviation
above 4.7 eV. However, the line-shapes of ellipsometric parameters and
reflectance dominate the thickness determination rather than the local
values of the ellipsometric parameters and reflectance do. Thus, al-
though the fitting deviation above 4.7 eV exists, the thickness fittings
are still reliable according to the good fitting of line-shapes of Ψ and R,
and the good fitting of Δ.

Meanwhile, the effective thickness deff of each oxide layer on the
surface of corresponding Cu film over a period of nearly 100 days has
been calculated. Considering that the native oxidation of Cu films at
room temperature obeys the Cabrera-Mott rule [21], the inverse-loga-
rithmic analysis has been carried out for the effective thickness deff,
shown as Eq. (7).

= −
d

A B t1 ln ,
eff (7)

where A and B are the intercept and the slope factor in the inverse-
logarithmic law, respectively. t is the oxidation time, whose unit is day.

The analysis results are shown in Fig. 5(a). According to the results

Fig. 2. The dynamic ellipsometric parameters and reflectance of Cu film with nominal thickness of 32 nm over a period of nearly 100 days. (a) The amplitude-ratio
angle ψ, (b) the phase difference Δ, and (c) the reflectance.

Fig. 3. The dynamic ellipsometric parameters and reflectance of each Cu film at 2.17 eV over a period of nearly 100 days. (a) The amplitude-ratio angle ψ, (b) the
phase difference Δ, and (c) the reflectance.

Fig. 4. The fitting results of ellipsometric para-
meters and reflectance of Cu film with nominal
thickness of 32 nm after oxidation of 30 days. (a)
The fitting result of amplitude-ratio angle ψ, (b)
the fitting result of phase difference Δ, and (c)
the fitting result of reflectance. Open symbols
represent the measurement values in (a), (b) and
(c), respectively, while solid lines stand for the
calculated values.
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in Fig. 5(a), all the measured oxide thickness, stood by dots, can be well
fitted with the calculated values obtained by Eq. (7). Moreover, as the
nominal thickness of Cu film increases from 15 nm to 400 nm, both the
slope and the intercept decrease, which clearly exhibits the film
thickness dependency. As the oxidation time increases, all the oxide
thicknesses exhibit an increasing trend, i.e. the inverse thickness de-
creasing. Moreover, the oxide growth in the early oxidation stage of less
than 10 days is faster, while the subsequent growth becomes slightly
slower as shown by the increasing density of the data points. Besides,
with the multiple repeated measurements, the error bars from the
standard deviation of each inverse thickness of oxide layer are alos
estimated and shown in Fig. 5(a). It can be noticed that all the error
bars are very small, indicating that the variations of measurement re-
sults from one sample to another sample are quite small and ignorable.

For demonstration, the inverse thickness of the oxide layer on the
Cu film with nominal thickness of 32 nm has been compared to the
results from both three-phase Bruggeman EMA analysis and three-phase
LLL EMA analysis [14], and the good agreements are achieved as shown
in Fig. 5(b). The slope and intercept from the three-phase Maxwell-
Garnett EMA analysis in our experiment are 0.0898/(nm·day) and
0.614/nm, respectively, while the corresponding values from the three-
phase Bruggeman EMA analysis in our experiment are 0.0869/(nm·day)
and 0.601/nm, respectively. Moreover, the reported values from the
three-phase LLL EMA analysis in literature [14] are 0.08/(nm·day) and
0.58/nm, respectively. The nearly consistent slope and intercept in-
dicate the similar accuracy. As for the little discrepancies, there are two
possible reasons for it: (1) the different thickness of Cu film caused by
different sputtering parameters, (2) the different EMA model of oxide.
The measured thickness of Cu film in our work is 27.41 nm, while the
measured values in the literature [14] is 32 nm. Therefore, it is rational
that the slope factor in our work is slightly larger than the literature
value.

In order to further demonstrate the accuracy of the measured
thickness of oxide, TEM sectional observation, elements line-distribu-
tion, copper and oxygen mappings were also performed and the results
are shown in Fig. 6. The oxide thickness in the sectional view shown in
Fig. 6(a) is 3.3 nm, which corresponds to the oxide thickness on the Cu
film with nominal thickness of 32 nm after oxidation of 25 days. In
contrast, the measured thickness of the oxide layer on the parallel
sample reported by SE is 2.95 nm. Meanwhile, the sectional view also
exhibits that the oxide film on the surface of Cu film is discontinuous.
This discontinuity not only shows the localized characteristics of oxide
formation, but also indicates the high uncertainty of thickness mea-
sured by TEM. Fig. 6(b) shows the elements line-distribution of Cu film
with nominal thickness of 400 nm after oxidation of 100 days, which is
reported by the STEM. According to Fig. 6(b), the Cu- and O-rich region
corresponds to the native oxide layer, and the region width of nearly
5.5 nm indicates the possible thickness of the oxide layer. Further, the

Cu- and O-mappings were also been obtained by EDS using scanning
TEM, as shown in Fig. 6(c) and (d), respectively. The overlapping re-
gion between Cu- and O- mappings represents the native oxide layer,
and the thickness is estimated as about 5.5 nm, while the measured
thickness given by SE is 5.71 nm. Besides, it can be noticed that the
layer of oxygen mapping is laterally fluctuating in Fig. 6(d), which
reveals the thickness inhomogeneity of oxides caused by the original
surface morphology of Cu film. In other words, both the oxide layer and
the surface roughness layer on the Cu films are intertwining, which
once again proves the rationality of three-phase EMA model.

Accompanying with the determination of the effective thickness of
native oxide layer, the volume fraction fvoid of air void in the Cu film
layer, the volume fractions f1 and f2 of Cu2O and CuO in the oxide layer
are also obtained from the fitting analysis. The volume fraction fvoid is
less than 1% and no noticeable changes have been observed during the
oxidation process, which indicates no obvious correlation between the
volume fraction of air void in the Cu film layer and the oxidation dy-
namics on the surface of Cu films. As for the dynamic volume fractions
f1 and f2 of Cu2O and CuO, the former decreases with the oxidation time
increasing, while the latter increases, and followed by a trend of con-
vergence, as shown in Fig. 7. The results indicate the transformation of
Cu2O phase to CuO phase. Moreover, the total volume fraction of Cu2O
and CuO is much less than 100%, which ensures the physical ration-
ality. Although the uncertainties of the achieved dynamic volume
fractions are relatively large, they won’t affect the accuracy of the ef-
fective thickness determination.

4.3. Thickness-dependency of oxide

Through the above inverse-logarithmic analysis, the slopes and the
intercepts corresponding to the Cu films with different thicknesses have
been determined. Further, the thickness dependency of the slope is
further analyzed and fitted by an exponential function, and the thick-
ness dependency of the intercept has been fitted by a parabolic func-
tion. Correspondingly, the fitting results are shown in Fig. 8(a) and (b),
respectively. As the logarithmic thickness of Cu film increases from
2.674 nm to 6.055 nm, the slope factor decreases from 0.106/(nm·day)
to 0.027/(nm·day), and the intercept decreases from 0.734/nm to
0.299/nm. Meanwhile, the empirical formula obtained from the fitting
procedures are shown as Eq. (8),

= −B ln d0.421·exp[ 0.485· ( )],Cu (8a)

= − +A ln d0.043·[ ( ) 6.001] 0.292,Cu
2 (8b)

where B and A are the slope factor and intercept, respectively. dCu is the
effective thickness of Cu film.

Notably, the mean square error (MSE) of 4.278 × 10−4 and the
coefficient of determination of 0.9301 in Fig. 8(a) indicate the fitting
results are acceptable. And the MSE and the coefficient of

Fig. 5. The results of inverse-logarithmic ana-
lysis for the oxide thickness. (a) The inverse
thickness of oxide and its error bars for all the Cu
films, (b) the comparison between the inverse
thicknesses in our work and in the literature
[14]. In both 5(a) and 5(b), dot stands for the
measured values, and line presents the fitting
results calculated from Eq. (7).
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determination for the intercept approximation are 0.0036 and 0.9773,
respectively. Since the slope is a measure of the inverse growth rate of
the oxide layer, and the intercept is a measure of the initial inverse
thickness of the oxide layer, the thickness-dependencies shown in
Fig. 8(a) and (b) reveal that both the growth rate and the initial
thickness of oxide are dependent on the thickness of Cu film. With the
film thickness increasing, both the growth rate and the initial thickness
of oxide increase. This phenomenon can be interpreted based on the
Cabrera-Mott theory. Usually, the onset of native oxidation is started by
the dissociative adsorption of O2 [17], in which a strong electric field
has been set up due to the contact potential difference between ad-
sorbed oxygen and metal [21]. The formation of Cu2O is driven by the
electric field. Since the concentration of the positive ions of Cu at the Cu

film/oxide interface increases with the thickness of Cu film increasing,
both the concentration of adsorbed O2 and field strength also increases
with respect to the thickness of Cu film. Therefore, the initial thickness
of oxide on a thicker Cu film is larger than that on a thinner Cu film.
Simultaneously, the migration of Cu cations is more intense on the
surface of the thicker Cu film due to the formed electric field.

Further, based on Eqs. (7) and (8), it is possible to predict the oxide
thickness of the Cu film with an arbitrary thickness after a certain
oxidation time. The predicted results are shown in Fig. 9. As shown in
Fig. 9, the thickness of Cu film ranges from 5 nm to 400 nm, and the
oxidation time ranges from 1 day to 100 days. The thickness of oxide on
the surface of Cu film is estimated as a value ranging from 0.88 nm to
6.12 nm. These results will be used as a reference in the applications of
Cu and as a guidance in the preparation of Cu oxide.

5. Conclusions

In summary, the growth process of native oxide on the surface of
polycrystalline Cu films with different thicknesses during a long period
of nearly 100 days has been investigated using spectroscopic ellipso-
metry. The thickness dependencies of both growth rate and initial
thickness of oxide have been revealed based on a stratified optical
model based on three-phase Maxwell-Garnett EMA and the inverse-
logarithmic analysis. In the proposed model, the oxide is always as-
sumed to consist of Cu2O, CuO and void. In order to determine the
oxide thickness, the ellipsometric parameters and reflectance reported
by ellipsometer have been fitted with the values calculated by the op-
tical model. Surface phase analysis reported by XPS is used to validate
the rationality of the EMA model, and the oxide thickness and oxygen
mapping obtained by TEM are used to confirm the accuracy of oxide
thickness. Further, the thickness dependency of growth rate and initial
oxide thickness of oxide has been observed and quantified via an

Fig. 6. The observed results of Cu film with nominal thickness of 32 nm and 400 nm by TEM, line-scanning and EDS mapping. (a) The TEM sectional view of Cu film
with nominal thickness of 32 nm after oxidation of 25 days, (b) the elements line-distribution of Cu film with nominal thickness of 400 nm after oxidation of
100 days, (c) and (d) copper and oxygen mappings of Cu film with nominal thickness of 400 nm after oxidation of 100 days,

Fig. 7. The time-dependent volume fractions of Cu2O and CuO on the surface of
Cu films with nominal thicknesses of 32 nm, 100 nm and 400 nm.
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inverse logarithmic analysis. With the film thickness increasing from
14.5 nm to 426.2 nm, the oxidation rate, namely the slope in the in-
verse logarithmic law, decreases from 0.11/(nm·day) to 0.03/(nm·day)
according to an exponential function. The initial oxide thickness,
namely the intercept in the inverse logarithmic law, decreases from
0.73/nm to 0.3/nm in the light of the parabolic function. With the
achieved thickness-dependency correlation, the oxide layer evolution
on a Cu thin film with an arbitrary thickness can be predicted.
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