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Resistivity measurements on thin metal films allow to study the kinetics of oxidation. The method 

is applied to 50 - 60 nm thick copper films deposited on glass substrates under UHV conditions. 
After annealing at 150 °C, the films are exposed to pure oxygen at various temperatures in the range 
85 - 135 °C, and the electrical resistivity is recorded in situ. At these temperatures, the oxygen 
begins to penetrate into the interior of the films, which results in a relatively steep increase in the 
film resistivity. A linear time law is valid to good approximation, which can be attributed to the 
influence of the dissociation of an adsorbed molecular species of oxygen on the reaction velocity. 
A potential diffusion of oxygen in the grain boundaries is also discussed. 
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1. Introduction 

The electrical resistivity of thin copper films in-
creases during the interaction with oxygen [1 -4] . 
The increase amounts to a few per cent at room tem-
perature for a 50 nm thick film and hence is typical 
for pure adsorption phenomena [5-7] . At elevated 
temperatures, however, the resistivity increase is en-
hanced by several orders of magnitude, which points 
to an absorption effect, i. e. the oxygen penetrates into 
the interior of the films. Similar phenomena were re-
ported for the interaction of iron films with carbon [8] 
and palladium films with hydrogen [9]. 

The change in resistivity with time can easily be 
recorded time-resolved with high accuracy. Attempts 
of a quantitative interpretation of the absorption ef-
fect, however, are rare in the literature [10 - 12]. The 
present work tries to fill this gap. The Cu/02 system 
serves as a model system because there exist extensive 
resistivity data on the adsorption of oxygen on thin 
copper films [1,3]. In addition, the oxidation kinetics 
has been investigated by optical measurements on the 
same films using ellipsometry [13]. 
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2. Experimental 

The experimental arrangement and the film struc-
ture have extensively been described in [1 - 3]. The 
copper films with thicknesses from 50 to 60 nm were 
deposited on glass substrates under ultrahigh-vacuum 
conditions. After annealing the films at 150 °C for 
75 min, they were exposed to oxygen at temperatures 
in the range 85 to 135 °C. The change in the resistiv-
ity with time was recorded in situ. After completion 
of the UHV experiments, the copper was phemically 
dissolved, and the initial copper thickness d0 was de-
termined using quantitative atomic absorption spec-
troscopy. 

The structure of the pure and oxidized films has 
been investigated in previous work [1 ,3 ,14- 15]. The 
polycrystalline films exhibit a (111) fiber texture, i. e. 
the (111) planes are preferably oriented parallel to the 
glass surface with no azimuthal alignment 14]. Scan-
ning tunneling micrographs (STM) did show [15] that 
a certain roughness of the surface is still present after 
annealing. 

3. Evaluation of Resistivity Data 

The evaluation of the resistivity data is performed 
on the basis of the layer model [ 1 ] shown in Figure 1 a. 
Obviously, the thickness of the metallic copper is 
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Fig. la. Layer model for the oxide formation. 
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Fig. lb. Schematic representation of the microstructure of 
the copper films annealed at 150 °C. 

reduced during oxidation. Further, we assume that the 
conductivity of the oxide layer is negligibly small as 
compared to that of the copper, and that the increase 
of resistivity during the oxidation process is exclu-
sively due to the decreasing thickness of the copper 
film. The thickness of the growing oxide layer Xt is 
then related to the copper thickness dt at the time t by 

Xt = V(d0 - dt) (1) 

where V i s a factor describing the enhancement of the 
film volume during oxidation. For Cu 2 0 as well as for 
CuO V « 1.7 holds to a good approximation [13]. 

Since dt decreases with time, the measured resis-
tance Rt should increase according to 

Rtdt = fpF, (2) 

where / is a dimensionless geometric factor [3] and 
pF the copper film resistivity, which should corre-
spond to bulk copper samples with the same lattice 
defects as the copper films. It should be emphasized 
that pF is assumed to be independent of the film thick-
ness, contrary to the usual assumption [4]. Reasons 
for this constancy of pF may be seen in the fact that 
the lattice disorder inside the copper films remains 
unchanged during oxidation. Moreover, surface scat-
tering is rather small and can be neglected to a first 
approximation, as the example of oxygen adsorption 
on a 55 nm thick copper films at room temperature 
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Fig. 2. Temperature dependence of the conductivity versus 
time curves during oxidation. P02 = 31 Pa, d = 60 nm. 
The accuracy of the conductivity measurement is better 
than 1 %c. 

shows: a relative resistivity increase of 3.5% is ob-
served [3], which indeed can be ignored in compari-
son with the drastic changes due to oxidation, at least 
for sufficiently high thicknesses of the copper films. 
It should be mentioned in this context that less than 
45% of the initial copper thickness is oxidized in all 
experiments of Figure 2. 

If a characteristic constant C is defined according 
to 

C = VfpF (3) 

we obtain from (1) - (3) 

Xt=C(R^ -R~l). (4) 

Obviously, it is advisable to discuss the dependence 
of the quantity (RQ 1 — R^1) on time in order to ob-
tain information on the reaction mechanism. From 
literature we know that a linear time law 

Xt=kit (5) 

is expected for phase boundary reactions dominating 
the oxidation kinetics. Such a behaviour has been ob-
served, for example, for porous oxide layers [16]. If 
the oxide layer is homogeneous and strongly adhe-
sive, then a parabolic time law 

Xt = k2t1/2 (6) 

should hold as reported by many groups [16 - 20]. 

j O x i d e l 

Copper 
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Fig. 3. Correlation of the oxide layer thickness, calculated 
on the basis of (4) (X t

H) with the ellipsometrically deter-
mined thickness (X®). The straight line has the slope -1. 

4. Results and Discussion 

Typical conductivity versus time curves measured 
for various temperatures are shown in Figure 2. The 
thickness do of the pure copper films was 60 nm, the 
oxygen pressure in the gas phase 31 Pa. Under these 
relatively mild conditions the oxygen starts with pure 
adsorption at the copper surface (initial increase of 
the curves in Figure 2). After reaching the mono-
layer coverage, the oxygen begins to penetrate into 
the interior of the film [1 - 3]. A more or less linear 
increase with time is found, where the slope strongly 
depends on temperature. Such a linear time law may 
be traced back to the dissociation of molecularly ad-
sorbed oxygen as the rate determining step in the re-
action [ 13], an interpretation well supported by the lit-
erature [21 - 22], A parabolic law would be expected 
for a volume diffusion or a cation vacancy diffusion 
mechanism. 

A linear time law was found in a wide range of time 
also in optical measurements on the same films [13]. 
From the dependence of k\ in (5) on the temperature 
an activation energy of 64 kJ mole - 1 was derived, 
in very good agreement with the present resistivity 
results. 

Contrary to the proposal of Case [12], we have as-
sumed that the oxide layer is completely insulating. 
This assumption seems to be justified, as resistivity 
measurements on oxidized films show. Total oxida-
tion causes an enhancement of the film resistance 

by more than four orders of magnitude. As a con-
sequence, the agreement between the thickness Xj* 
of the oxide layer calculated from (4) and the thick-
ness X® derived from ellipsometrical measurements 
[ 13] is surprisingly good, at least for sufficiently small 
oxidation times (Figure 3). For rather high oxidation 
times the X p values are slightly larger. This deviation 
may be traced back to an increasing film roughness 
which influences the resistivity more markedly than 
the optical data [4]. 

Note that a slight curvature is detectable in all 
curves in Figure 2. Evidently, the effect of surface 
scattering is too small to explain this curvature. More 
likely the volume diffusion of oxygen as a rate deter-
mining step cannot be totally neglected. 

5. TCR Measurements 

Further hints to details of the oxidation process 
are provided by measurements of the temperature co-
efficient of resistivity (TCR). If the oxidation only 
reduces the cross section effective for the metallic 
conduction, the temperature coefficient a , defined by 

1 dp 
a = 

p dT (7 ) 

should remain constant [6]. 
The experimental data are shown in Figure 4. The 

TCR is plotted versus a normalized oxide thickness 
according to (4). Indeed, a does not change much with 
the oxide thickness over a wide thickness range. Only 
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Fig. 4. Change of the TCR (alpha) of the film of Fig. 2 
(T = 105 °C) with oxidation progress (refer to (4) and (7), 
respectively). 
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Fig. 5. Schematic representation of 
the model used for the calculation 
of the film resistivity. 

for large oxide thicknesses, a decreases and even be-
comes negative, which is expected if the conduction 
electrons have to pass through oxidized and hence 
semiconducting film portions. 

6. Oxygen Diffusion in the Grain Boundaries 

Up to now we have restricted ourselves to the dis-
cussion of the simple layer model shown in Fig. la, 
and we have totally neglected the influence of the real 
microstructure of the films. However, x-ray diffrac-
tion [14], electron microscopy [3] and scanning tun-
neling microscopy investigations [15] have led to the 
conclusion that the schematic picture of Fig. lb is 
closer to reality in the present case. The films con-
sist of small crystallites separated from each other by 
grain boundaries. The extension D of the crystallites 
in the film plane is slightly larger than the extension 
in the direction perpendicular to the film plane [6]. 

For such films, an influence of the grain boundary 
diffusion of oxygen on the oxidation kinetics must be 
discussed [16, 23], taking into account that the grain 
boundaries in the films contain a certain amount of 
residual gas included during deposition [6]. Hence the 
grain boundaries in the films are much more distorted 
than grain boundaries in bulk copper [24], which 
favours the penetration of oxygen in these "easy paths 
of diffusion". 

We have performed calculations of the effect of 
grain boundaries on the electrical resitivity in or-
der to demonstrate alternative possibilities of the in-
terpretation of a linear time law for the oxidation. 
The proposed model is based on very rough assump-
tions and by no means a realistic description of the 
grain boundary diffusion. Many restrictions remain 

ambiguous in the calculation and need further clarifi-
cation. Amongst others, we should mention: 

(1) A linear model of the grain boundary is ap-
plied in spite of the fact that, strictly spoken, a two-
dimensional approach is necessary in order to de-
scribe the inhomogeneities in the current distribution. 
A certain justification for a one-dimensional treatment 
may be seen in the calculations of the grain boundary 
scattering [25] and roughness effects [26 - 27] where 
reasonable results have been reported. 

(2) Probably, a uniform phase of Cu 2 0 is formed in 
the insulating domains [1, 14], A monoclinic oxygen-
rich CuO phase, however, is also discussed in the 
literature [17, 28, 29], at least in a near-surface re-
gion [30], Since the physical characteristics of such 
a surface layer cannot yet be specified, we have to-
tally omitted the effect of a change of the oxygen 
stoichiometry inside the oxide layer. 

(3) The volume oxidation [18, 31] has been ne-
glected as compared to the grain boundary diffusion 
of the oxygen. This may be the most important rea-
son for the small curvature of the curves in Figure 2. 
Nevertheless, the grain boundary density is extremely 
high in the films (D in Fig. lb is of the same order of 
magnitude as the film thickness do). 

(4) A triangle shape of the oxide formed in the 
grain boundaries has been proposed [32], The struc-
ture of the grain boundary, however, needs further 
specification with the help of transmission electron 
micrographs in future work. Some support for the tri-
angle shape may be seen in an exact solution of the 
diffusion equation [33] which leads to a profile of 
oxygen concentration quite similar to that proposed 
by Shewmon [32]. A further argument for the triangle 
shape is based on the fact that the activation energy 
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Fig. 6. Calculated conductivity versus time curves in a plot 
like in Fig. 2 but on a doubly logarithmic scale. For details 
see text. 

for the oxygen diffusion in the (111 )-direction of the 
net planes [31] as well as in the grain boundaries [16] 
both are distinctly smaller than the activation energy 
for bulk copper oxidation mentioned above. 

(5) The bottom peak of the triangle in Fig. 5 (an-
gle of inclination 45°) is assumed to move along the 
grain boundary according to a parabolic time law. This 
assumption is based on the idea that the grain bound-
ary can be described by "smeared vacancies" [35] 
and hence has properties of an inner surface where 
a hopping mechanism is expected for the diffusion 
of adsorbed gases [36]. Note, however, that the grain 
boundaries can be blocked by the oxygen itself which 
mathematically results in a time dependence of the 
diffusion coefficient and hence in a deviation from 
the parabolic time law [34, 36]. 

(6) The theoretical curve of Fig. 6 was calculated 
only up to a maximum oxidation depth which cor-
responds to a remaining copper thickness under the 
bottom peak of the triangle in Fig. 5 of 0.4 d0, or to 
0.6 l0 where l0 = 38 nm [37] is the mean free path of 
the conduction electrons in copper. By this restriction 
we intended to reduce a possible contribution of a 
low-dimensionality of the remaining copper layer [7] 
or even a tunneling of electrons through the triangle 
tip on the resistivity. 

(7) The copper crystallites are enlarged in the direc-
tion of the film plane during annealing [15]. Hence 
the distance between two grain boundaries was set 
equal to D = 70 nm for a 55 nm thick film. In a de-
scription closer to reality, however, the scattering of 
the D values around an average should be taken into 
account [4], 

(8) In the framework of the model shown in Fig. 5, 
scattering centers at the copper/oxide interface in 
the grain boundaries induce a microscopic roughness 

with a periodicity and asperity height small againt 
l0, and of the same order of magnitude as the Fermi 
wavelength of the electrons. Such a roughness can be 
described by suitable p-factors [38 - 39] and will thus 
lead to only minor corrections of the model presented 
above. 

(9) The oxidation of the grain boundaries can be in-
complete, and channels of high conductivity through 
the grain boundaries may alter the current distribution 
seriously. A few percolation paths in the oxide can re-
sult in a time dependence strongly differing from the 
simple model. Even a cubic [40] or a logarithmic time 
law [29] was reported in this context. 

The situation shown in Fig. 5 may serve as a first 
approach to the interaction with oxygen after the time 
interval t. The oxide area (shaded) is embedded into 
the remaining copper film (bare). The total resistiv-
ity of the films including the grain boundary can be 
easily calculated by classical network analysis. The 
layers are devided in perpendicular segments denoted 
in Fig. 5 by R0, R{, R2 etc. By adding all resistances 
in series (each segment consists of an oxide and a 
metal portion in parallel) we obtain the total resistiv-
ity in relative units. The ratio of the resistivities of 
copper and copper oxide was set equal to 10000 be-
cause of the measurements on totally oxidized films 
mentioned in Section 4. The step height of the wall 
edges of the triangle is equidistantly set to 0.2 nm 
which approximately corresponds to the distance of 
two (111) oriented net planes in copper. 

Figure 6 shows the result of the calculation. In 
order to make possible a comparison with (4) we 
have plotted (1 /R0 - 1 /Rt) versus time t, both on 
logarithmic scales. A direct comparison with the data 
of Fig. 2 is not recommendable because of the initial 
adsorption effect, the curvature of the curves of Fig. 2, 
and the unknown constant kx in (5). Nevertheless, the 
simple model offers a theoretical time dependence in 
spite of the fact that simplicity does not guarantee a 
realistic physical background even if the experimental 
facts are described reasonably well. 

One easily recognizes that the theoretical curves 
can be approximated by straight lines with the slope 
-1. Hence we can generally state that the diffusion of 
oxygen in the grain boundaries causes the time law 
to shift from a parabolic to a linear type, similar to a 
phase boundary reaction as a rate determining step. 
Future work is necessary to clear up the real impor-
tance of grain boundaries for the oxidation kinetics of 
the highly distorted films discussed here. 
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7. Conclusions 

The oxidation kinetics of thin copper films was 
studied by resistivity measurements. A nearly linear 
time law was found, which points to oxygen disso-
ciation at the surface to be the rate determining step. 
Model calculations show, however, that a preferred 
diffusion of oxygen in the grain boundaries can also 
explain the experimental data. Even the ellipsomet-
rical data of Rauh et al. [13] are in agreement with 
such an interpretation. Hence a complete structural 
characterization of the oxidized grain boundaries is 
necessary in order to make a decision between the 
various mechanisms for the interpretation of the ex-
perimental data. Another possibility to get more in-
sight into the physics of oxidation kinetics is to per-
form resistivity measurements on single-crystal cop-
per films. Such films can be easily prepared by de-
positing on clean Si(l 11) substrates which should be 
highly ohmic in order to prevent a short-circuiting of 
the film [6]. Since single-crystal films do not con-
tain large-angle grain boundaries, the oxidation rate 

should be drastically lowered if grain boundary dif-
fusion is the rate-determining step in polycrystalline 
films. We plan corresponding measurements in future 
work. 

The thickness of the oxide layer derived from the 
resistivity data correlates satisfactorily with that ob-
tained from ellipsometric results on the same films in 
the case of moderate oxide thicknesses. Due to the in-
creasing roughness, the thickness obtained from the 
resistivity data for thick copper oxide layers is too 
high. While comparing with the data of other groups, 
one should always keep in mind that excellent vacuum 
conditions are a prerequisite for reliable results [41], 
Contaminations during film deposition often create 
additional paths of diffusion which may alter the ki-
netics of film oxidation in an unexpected manner. 
Moreover, the temperature is an important factor. In 
this context it should be mentioned that a parabolic 
time law was observed for copper films oxidized at 
temperatures still higher than reported here [2]. 
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