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Abstract

Low temperature copper oxidation results obtained on a photosensi-
tive polymer-based redistribution layer (RDL) process are presented.
Focused ion beam (FIB) cross-sections were performed on 2.5 µm thick
copper lines embedded in polymer to monitor the growth kinetics of
Cu2O in air for the temperature range 100–200 °C. Below a transi-
tion temperature of 143 ± 7 °C, the oxide growth follows a cubic rate
law with an activation energy of 0.71 ± 0.06 eV. At higher tempera-
tures, the oxidation process is diffusion controlled and its kinetics follows
a parabolic rate law with an activation energy of 0.36 ± 0.03 eV.
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1 Introduction

Copper is one of the most extensively used metals in the field of micro- and
optoelectronics thanks to its good electrical, thermal and optical properties.
For example, owing to its low electrical resistivity, copper is still widely used
as the main material in highly scaled microelectronics interconnects [1, 2].
Recently, a dual-damascene redistribution layer (RDL) process has been pro-
posed where copper lines are embedded in a photo-sensitive polymer [3].
However, a key reliability concern with copper is its ease to oxidize, even at
low temperatures, i.e. below 200 °C [4–6] and while it is generally assumed to
be a self limiting process [7–10], some authors found that the oxide layer does
not protect from further oxidation [11,12]. As the critical dimensions keep on
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shrinking down with the ever increasing demand for faster and more complex
systems [13], high rates of oxidation in the copper lines become a major reli-
ability concern [14]. Understanding the oxidation kinetics in the intermediate
to low temperature regions is therefore of primary importance.

The theory of metal oxidation, and in particular copper oxidation, has been
extensively reviewed [7, 15–22] but only few studies have focused on low tem-
perature oxidation kinetics [4–6,15,19,23–31]. Consequently, while the growth
of thick copper oxide films at high temperatures is generally well understood
and assumed to follow the parabolic rate law [7, 21], a consensus has not
yet emerged for the kinetics of low temperature oxidation processes. Thus,
several growth laws, such as the cubic rate law [15,29,32], the direct logarith-
mic law [19], the linear rate law [4, 24, 25, 30, 31, 33], the inverse logarithmic
law [4, 5], the parabolic rate law [27, 29, 34–36] or the nth power law [26] have
been reported. As a consequence, different growth laws have been proposed
for the same temperature and oxide thickness ranges. This situation is most
likely resulting from the variety of parameters impacting the oxidation kinetics
such as the temperature, the oxygen partial pressure or the copper properties
(thickness, grain size, and texture) [22]. Additionally, as copper spontaneously
oxidizes upon air exposure, most of these studies were performed in presence
of a native oxide at the start of the experiment resulting in an additional
parameter to account for in the determination of a growth law.

Studying the low temperature thermal oxidation kinetics of copper lines
embedded in a polymer in presence of a native oxide is therefore of essential
interest to assess the reliability of polymer based RDL technologies and is the
main topic of this work.

2 Experimental

This study was performed using samples manufactured with a semi-additive
approach. A 200 nm thick silicon nitride sheet was deposited on top of a
300 mm silicon wafer. Afterwards, a 30 nm Ti thin film followed by a 100 nm
Cu seed layer are deposited by Physical Vapor Deposition (PVD) processes.
The Ti layer serves both as adhesion and diffusion barrier layer for the copper.
Metal line definition is performed by patterning trenches of various widths
in a thick photo-resist using a photo-lithography process. The trenches are
subsequently partially filled with a 2.7 µm thick polycrystalline copper film by
electrochemical deposition (ECD). After resist strip, the copper seed and Ti
barrier layers are removed by wet etching. The patterned copper lines are then
coated with 3 µm of photosensitive thermoset phenol-based polymer before a
final curing step performed at 200 °C in a vacuum oven.

Copper oxidation was induced in a nitrogen-rich dry air environment using
a Thermo Scientific Heraeus UT6060 oven. The oxygen content in the oven
during the oxidation process was 2 %. Measurements of the oxide thicknesses
was achieved through cross-sections of the partly oxidized copper lines by
focused ion beam (FIB) milling using a FEI Helios Dual Beam system. Three
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to four cross-sections per condition were performed. Charging issues during
the imaging process were avoided by depositing a conductive Pt layer on the
samples surface.

3 Results and discussions

A cross-section view of a copper wire encapsulated in polymer is shown in
Fig. 1. After several hours of storage at high temperature, a uniform layer
is visible around the metal line. Fig. 2 presents a Time-of-Flight Secondary
Ion Mass Spectrometry (ToF-SIMS) analysis performed on this layer. After
sputtering through the polymer, an oxygen rich copper oxide region is detected,
which is most likely the signature of cuprous oxide (Cu2O) in this temperature
range [30, 37]. In Fig. 1, Kirkendall voids resulting from the difference in the
diffusion rate of copper atoms in the oxide layer (∼ 10-20 cm2 · s-1 at 150 °C)
[38,39] and in the copper layer (∼ 10-25 cm2 · s-1 at 150 °C) [40,41] are visible
at the interface copper–oxide. The average oxide thickness is measured on
the samples as a function of the stress duration and the temperature and is
presented on Fig. 3. Due to the limited number of thickness measurements
available for each data point, the error bars are built using the range as a
measure of the dispersion. A summary of the stress times, temperatures and
resulting oxide thicknesses is available in Table I.

An Arrhenius plot [42] of the oxide thickness as function of 1/kbT for a
fixed stress duration of 168 hours is presented in Fig. 4. The extraction of the
model parameters was performed with the iminuit library [43] (version 1.5.4
in association with Python 3.8.2). Consequently, the error bars on the oxide
thickness are used by the solver in the optimization process. From this plot, two
distinct trends are observed with a transition temperature around 143 ± 7 °C.
Below the transition, an activation energy of 0.71 ± 0.06 eV is extracted, in
good agreement with values generally reported for thin copper films in this
range of temperatures [24, 27, 29, 31]. At higher temperatures, the activation
energy is reduced to 0.36 ± 0.03 eV, suggesting an oxidation mechanism involv-
ing copper diffusion along the grain boundaries. This mechanism is commonly
reported with poly-crystalline copper [26,30,33,44–47].

In order to understand further the oxidation mechanism ongoing in both
temperature ranges, the oxide growth kinetics was recorded around the tran-
sition temperature. The oxide thicknesses measured on the samples stressed
at 135 °C and 150 °C have been tested against the different growth kinetics
proposed in the literature. The Akaike information criterion with a correction
for small sample size is used to assess the quality of the model [48]:

AICc = χ2 + 2k +
2k(k + 1)

n− k − 1
(1)

with χ2, a goodness of fit criterion, n, the number of observations and k, the
number of fitted parameters. A trade-off between the goodness of fit and the
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Table I Description of the experimental conditions applied on the samples used in this
study and resulting oxide thickness measured.

Sample
set

Temperature
(°C)

Time
(hrs)

Oxide thickness
(nm)

1 100 168 19.52 ± 5.14
2 110 168 33.10 ± 2.57
3 110 402.25 41.09 ± 5.14
4 125 168 63.34 ± 7.70
5 135 24 40.23 ± 7.70
6 135 48 58.20 ± 9.42
7 135 72 64.20 ± 10.27
8 135 120 102.29 ± 17.14
9 135 168 125.27 ± 8.95
10 135 212 133.53 ± 24.00
11 135 332 157.50 ± 13.70
12 150 30 56.83 ± 14.90
13 150 40.5 70.19 ± 15.41
14 150 48 76.46 ± 17.12
15 150 72 111.25 ± 20.53
16 150 96 142.10 ± 10.25
17 150 120.12 139.23 ± 17.15
18 150 144 156.33 ± 17.95
19 150 168 201.03 ± 30.85
20 150 401 291.68 ± 13.70
21 150 712 387.58 ± 17.10
22 150 1000 482.04 ± 20.55
23 160 168 262.80 ± 17.96
24 175 72 204.27 ± 26.50
25 175 168 332.67 ± 29.10
26 200 168 572.25 ± 14.65

complexity of the model is achieved by minimizing the corrected Akaike infor-
mation criterion. As shown in Table II, when the oxidation is performed at
150 °C, the AICc is minimal for the quadratic kinetics (AICc around 8.74)
which therefore appears to offer the best fit with a minimal number of parame-
ters. On the other hand, when the oxidation temperature is reduced to 135 °C,
the quadratic and cubic growth kinetics are difficult to distinguish based only
on the AICc (AICc around 9.3 to 9.4) and a physics based approach is needed.
Using the extracted model parameters, the nucleation time (delay before the
growth of the oxide layer begins) can be extracted. At 135 °C, assuming a
quadratic law, the onset of oxidation would be observed after 40 minutes
whereas at 150 °C, the oxidation process is only detected after 2.6 hours. On
the contrary, the cubic kinetics yields a nucleation time above 4.9 hours at
135 °C, strongly suggesting that this growth kinetics should be favored at that
temperature. The resulting modelizations are presented in Fig. 5.

These observations are in good agreement with the oxidation theory of
Cabrera and Mott [7]. A quadratic rate law is expected for sufficiently high
temperatures and sufficiently thick films, when either the metal or the oxygen
is soluble in the oxide. The concentration of metal or oxygen at the interface
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Table II AICc goodness of fit values for the different models reported in the literature
and applied on the oxidation results obtained at 150 °C and 135 °C. In the formulae, X is
the oxide thickness, t represents the time while A and B are constants.

Model Formula AICc 150 °C AICc 135 °C

linear X = A+B · t 33.59 14.51

quadratic X = A+B ·
√
t 8.74 9.38

cubic X = A+B · 3
√
t 10.58 9.34

quartic X = A+B · 4
√
t 14.16 9.67

inverse log 1/X = A +B · ln(t) 25.15 14.83
direct log X = A +B · ln(t) 36.77 11.95

nth power X = A+B · n
√
t 12.51a 16.25b

aSolver optimal n = 2.164
bSolver optimal n = 2.432

metal–oxide and oxide–air are therefore different and a concentration gradient
inversely proportional to the oxide thickness appears. Under the pressure of
this gradient, the metal or oxygen diffuses through the oxide layer. The oxide
growth rate, dX/dt is thus proportional to 1/X and integration leads to the
parabolic rate law X2 ∼ t [7]. On the other hand, in the region of intermediate
to low temperatures, a deviation from the quadratic growth is expected due to
the presence of a thick space charge layer inside the oxide [15], resulting in a
slow down of the diffusion process. At these temperatures, copper is therefore
predicted to oxidize according to a cubic law [7]. Recently, a transition between
the two laws around 120 to 140 °C was reported [29] in good agreement with
the transition temperature of 143 ± 7 °C observed in this study.

By combining the growth laws and the Arrhenius dependency, a general
model of the oxide growth kinetics can be expressed as

X =
(
A+B · n

√
t
)
· exp

(
− Ea

kb · T

)
(2)

where X, t, T and n are respectively the oxide thickness, the time, the tem-
perature and the growth law exponent. A, B and Ea are constants, while kb is
the Boltzmann constant. A modelization of the oxide thickness growth using
this model is presented in Fig. 6. Temperatures below 143 °C are modeled
using n equal to 3 and an activation energy of 0.71 eV. Higher temperatures
are described with n equal to 2 and an activation energy of 0.36 eV. A and
B constants are extracted using the oxide thicknesses measured at 135 °C and
150 °C for the cubic and quadratic growth law respectively. An excellent agree-
ment between the model and the experimental data is observed confirming the
validity of the general model.
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4 Conclusions

The oxidation kinetics of polymer-encapsulated copper wires was investigated
in the low temperature regime (100—200 °C) in presence of a native oxide.
Measurements of the oxide thickness were achieved through cross-sections of
the metal lines by FIB milling. Above a transition temperature of 143 ± 7 °C,
the oxide growth kinetics is found to follow a quadratic rate law confirming
that the oxidation process is diffusion controlled. In this temperature range, an
activation energy of 0.36 ± 0.03 eV is extracted. Below the transition temper-
ature, in agreement with the theory of Cabrera and Mott, the growth kinetics
is best described by a cubic rate law. At these temperature, the activation
energy is 0.71 ± 0.06 eV. As a consequence of these findings, reliability stud-
ies of polymer based RDL technologies should be performed below 140 °C to
trigger a degradation mechanism coherent with the targeted field applications
of this technology.
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390 nm
Kirkendall voida b

Fig. 1 FIB cross-sections of a copper metal line encapsulated in polymer. a) Reference
unstressed sample. b) After 712 hours spent at 150 °C, a 390 nm thick oxide layer is uniformly
present around the line and Kirkendall voids appeared at the interface copper–oxide.

Fig. 2 ToF-SIMS analysis performed on a copper metal line encapsulated in polymer. After
1000 hours at 150 °C, an oxygen rich copper oxide layer is detected on top of the line.



Springer Nature 2021 LATEX template

8 Low temperature oxidation kinetics of polymer-embedded ECD copper

Fig. 3 Oxide thickness measured on top of the copper lines as a function of the stress dura-
tion and temperature. The error bars are built using the range as a measure of dispersion.
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Fig. 4 Arrhenius plot of the oxide thickness as a function of 1/kbT for a fixed stress duration
of 168 hours. Two distinct trends are noticed. Below a transition temperature of 143 ± 7 °C,
an activation energy of 0.71 ± 0.06 eV is extracted. At higher temperatures, a reduction of
the activation energy to 0.36 ± 0.03 eV is observed.
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Fig. 5 Oxide thickness as a function of the stress time for samples stressed at 135 °C and
150 °C. The growth kinetics is best described by a cubic law at 135 °C, whereas at 150 °C
the quadratic law offers the best fit.
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Fig. 6 Oxide thickness growth kinetics as a function of the stress time and temperature.
Below 143 °C, data are modeled using n equals to 3 and an activation energy of 0.71 eV.
Higher temperatures are described with n equals to 2 and an activation energy of 0.36 eV.
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