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Abstract. The microstructure evolution in copper electrodeposits at room temperature (self-
annealing) was investigated by means of X-ray diffraction analysis and simultaneous meas-
urement of the electrical resistivity as a function of time. In-situ studies were started immedi-
ately after electrodeposition and continued with an unprecedented time resolution until sta-
tionary values of the recorded data were obtained. Independent of the copper layer thickness, 
the as-deposited microstructure consisted of nanocrystalline grains with orientation depend-
ent crystallite sizes. Orientation dependent grain growth, crystallographic texture changes by 
multiple twinning and a decrease of the electrical resistivity occurred as a function of time at 
room temperature. The kinetics of self-annealing is strongly affected by the layer thickness: 
the thinner the layer the slower is the microstructure evolution and self-annealing is sup-
pressed completely for a thin layer of 0.4 μm.  

Introduction 
Cu is the dominant material for interconnects in microelectronics, due to its superior proper-
ties like low electrical resistivity, high thermal conductivity and good electromigration resis-
tance. Electrochemical deposition has become the method of choice for manufacturing func-
tional thin Cu layers, because it provides excellent filling behaviour for small vias and 
trenches as required for the ongoing miniaturization of advanced microelectronic devices [1]. 
Electrochemical deposition of Cu has a long tradition and Cu electrodeposits have been the 
subject of manifold investigations of the microstructure and related properties in dependence 
on the deposition process (e.g. [2]). Frequently, it has been reported that the microstructure 
of as-deposited Cu layers is not stable at room temperature, e.g. [3-5]. This has become of 
special importance since the era of Cu interconnects. This so-called self-annealing of Cu 
layers has a dramatic effect on the functionality and reliability of microelectronic compo-
nents, but thorough understanding of the driving force(s) and the mechanisms of the micro-
structure evolution and quantitative modelling of the kinetics is still lacking.  
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In the present work, self-annealing of electrochemically deposited Cu layers at room tem-
perature is investigated in-situ by means of X-ray diffraction analysis and simultaneous 
measurements of the electrical resistivity.  

Experimental 
Cu layers with thicknesses ranging from less than a micrometer up to a few micrometers 
were deposited from a commercially available acidic electrolyte (UBACTMER). Deposition 
was carried out onto Si-wafers, which prior to electrodeposition had been coated with a thin 
double layer of Ti and Au as a plating base.  
Immediately after deposition investigations of the evolving microstructure were started and 
continued until stabilization of the microstructure was indicated by the recorded data. X-ray 
diffraction (XRD) was performed repeatedly and combined with simultaneous measurements 
of the electrical resistivity. A diffractometer D8 Discover Bruker AXS was applied with Cu-
Kα radiation for the measurement of diffraction line profiles corresponding to 111 and 200 
diffracting lattice planes. With a step size of 0.02°2Θ about every 15 minutes 111 and 200 
line profiles were recorded. Measured line profiles were fitted with a pseudo-Voigt function 
and corrected for instrumental broadening [6] applying a Si powder reference (NIST 640c). 
At selected times during the course of self-annealing quarters of 111, 200 and 311 pole fig-
ures were measured and, after correction for background and defocusing applying a Cu pow-
der sample, the crystallographic texture was quantified by calculating the orientation distri-
bution function (assuming rotational symmetry of the pole figures) with the software pack-
age LaboTex from LaboSoft Krakow, Poland. Simultaneous to XRD the electrical resistivity 
was recorded in one minute intervals with a Tinsley Micro Ohmmeter 5891. The experimen-
tal set-up is seen in figure 1.  
Details on the electrochemical deposition process and the in-situ experiments were provided 
elsewhere [7,8]. 
  

 
 

Figure 1. Experimental set-up for the in-situ study of self-annealing in electrochemically deposited 
copper layers.  
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Results and discussion 
The electrical resistivity measurements clearly indicate that the electrodeposited copper lay-
ers are not stable at room temperature: a considerable decrease of the electrical resistivity of, 
totally, about 16 % of the initial resistivity for the layers with thicknesses above one mi-
crometer, was observed as a function of time. Figure 2 shows that the kinetics of the resistiv-
ity changes is strongly depending on the layer thickness; the thicker the Cu layers the faster 
self-annealing occurs. For the thickest Cu layers the electrical resistivity stabilizes already 
after a few days, while for the layers with thicknesses less than one micrometer no stabiliza-
tion was observed even within several months after deposition [8].    
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Figure 2. Electrical resistivity R as a function of time after deposition of Cu-films with dif-
ferent thicknesses. The resistivity decreases from the initial value R0 to a stable value at 
room temperature R∞.The arrows indicate that the resistivity did not stabilize for the low film 
thicknesses.  
 
Electrical resistivity measurements straightforwardly indicate whether self-annealing occurs 
at all as well as its time scale. However, it is not possible to relate the observed resistivity 
changes to particular microstructural changes, since the electrical resistivity reflects a variety 
of microstructural features in terms of various lattice defects. For example, grain boundaries 
strongly affect the resistivity, but not only the total number of grain boundaries (i.e. grain 
size), but also the character of grain boundaries is of importance.  
From fitting the measured XRD line profiles with a pseudo-Voigt function, it was observed 
that all diffraction lines were of pure Lorentzian type and the line widths (integral breadths, 
β) can be considered a direct measure of the crystallite size, D, i.e. the size of grains and 
subgrains. Applying the single line approach [9]  

Θ
=

cos
D

Lβ
λ     (1) 

(Θ – Bragg angle, λ – X-ray wavelength) the size of <111> and <100> oriented crystallites 
was calculated from the line profiles measured as a function of time after deposition (cf. 
figure 3). Figure 3 shows that the as-deposited Cu layers consist of nanocrystalline grains, 
whose actual dimensions (in the direction of the diffraction vector) depend on grain orienta-
tion. Independent of the Cu layer thickness, the <111> oriented crystallites are with sizes of 
about 50 nm significantly larger than the only 15 nm sized <100> oriented crystallites. The 
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as-deposited nanocrystalline grains grow as a function of time and the growth kinetics was 
found to depend strongly on the Cu layer thickness. In agreement with the results obtained 
from electrical resistivity measurements, the thicker the layers the faster grain growth starts. 
It should be noted that from the present XRD investigation grain sizes larger than say 200 
nm cannot be determined; the limiting factor in this respect is the instrumental broadening of 
the X-ray optics. Therefore, it cannot be concluded whether a stable grain size has actually 
been reached and what the final stable grain size is. Nevertheless the stable grain size for the 
4.8 μm thick deposit appears to be largest. This is confirmed by electron back scatter diffrac-
tion, which reveals that the average grain size after self-annealing depends on the layer 
thickness [10]. 
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Figure 3. Crystallite size calculated from the broadening of 111 (a) and 200 (b) diffraction 
lines measured as a function of time after deposition of Cu layers with different thicknesses. 
  

As observed in figures 3 and 4, the kinetics of grain growth depends furthermore on the 
orientation of the grains. The smaller <100> oriented grains start to grow first and after some 
time, dependent on the layer thickness (see above), they exceed the size of the initially larger 
<111> oriented grains, which at that time are still unchanged in the as-deposited state. Obvi-
ously, grains with <111> orientation do not grow before the <100> oriented grains have 
reached a certain size.  
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Figure 4. Dependence of the grain growth 
kinetics on the grain orientation (<111> 
grains – grey, <100> grains – black) shown 
for the example of the 2.7 μm thick layer from 
figures 3a and 3b.  

Figure 5. Integrated intensity ratio (Iint-
111/Iint-200) of 111 and 200 line profiles 
measured as a function of time after depo-
sition of Cu layers with different thick-
nesses.  
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Additional to the widths of the measured diffraction lines, also the integrated intensities 
provide information on the microstructure evolution at room temperature. Figure 5 shows the 
ratio between the integrated intensities determined for the 111 and 200 diffraction lines as a 
function of time. Comparison with the theoretical intensity ratio of Iint-111/Iint-200 = 2.35 (cf. 
JCPDS 85-1326), as confirmed from the texture-free standard sample, reveals that the as-
deposited Cu layers exhibits a strong <111> texture, which is the stronger the thinner the Cu 
layer (the fibre nature of the <111> texture was confirmed by thorough texture analysis 
clearly indicating rotational symmetry of the measured pole figures, cf. figure 6). As a func-
tion of time at room temperature the ratio Iint-111/Iint-200 first remains constant before a 
drastic decrease is observed (cf. Fig. 5), which is mainly caused by a decreasing integrated 
intensity of the 111 diffraction lines. This indicates that the as-deposited <111> fibre texture 
becomes considerably weaker with time. Quantitative texture analysis revealed that a de-
creasing orientation density of the <111> texture is accompanied by the development of 
various minor texture components, which can be identified as twin orientations of the origi-
nal <111> orientation [7]. The kinetics of the change of crystallographic texture is the faster 
the thicker the Cu layer. For layers with a thickness of a few micrometers the texture change 
occurred within the first few days after deposition; in contrast, for the layers with thickness 
less than one micrometer the texture changed very slowly and after several months finally 
becomes as weak as the crystallographic texture observed after self-annealing of the thicker 
layers [8]. In contrast, for the 0.4 μm thick Cu layer no indications of self-annealing were 
observed at all within one year after deposition. As shown in table 1, even one year after 
deposition, the same ratio of integrated intensities was measured for this sample indicating 
that the strong as-deposited <111> texture remained stable for this Cu layer. For the samples 
where self-annealing occurred the final stable crystallographic texture appears to be almost 
independent of the layer thickness (cf. table 1).  

 
111 200

 
Figure 6. Pole figures measured for the 0.4 μm thick Cu layer. The total maxima of the pole 
density in the center of the 111 pole figure and intensity rings at 54.7° in the 200 pole figure 
indicate the presence of a <111> fibre texture.  
 

Table 1: Ratio between the integrated intensities of 111 and 200 diffraction lines as-
deposited and about one year after deposition of Cu layers with different thicknesses. Addi-
tionally, the volume fraction of the <111> fibre texture is given for samples stored one year 
at room temperature.  

thickness 0.4 μm 0.9 μm 1.6 μm 2.7 μm 4.8 μm 
as-deposited Iint-111/Iint-200 344 251 119 64 40 

Iint-111/Iint-200 338 14 21 10 6 after one year 
VF <111> 41% 9.0% 7.5% 4.4% 3.8% 
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Summary and conclusions 
The evolution of the microstructure in electrochemically deposited Cu layers at room tem-
perature has been investigated in-situ with X-ray diffraction and simultaneous electrical 
resistivity measurements. Both experimental procedures revealed that the kinetics of self-
annealing is strongly affected by the thickness of the Cu layers: self-annealing is considera-
bly retarded for layer thicknesses less than one micrometer. While changes of the electrical 
resistivity represent the overall response of the layers on self-annealing, microstructural 
details in terms of the size and preferred orientation of grains as well as the kinetics of grain 
growth including its dependence on grain orientation and the kinetics of the texture devel-
opment is provided by in-situ XRD. The applied experimental procedure is in particular 
suitable since it yields information on the real as-deposited state immediately after deposition 
and allows monitoring the microstructure evolution with a reasonable time resolution.  
The results revealed that self-annealing occurs within a period of a few days up to several 
months after deposition depending on the thickness of the Cu layers. For a very thin layer no 
sign of self-annealing was found. For thicker layers, self-annealing appears as a function of 
time at room temperature in terms of a considerable growth of the as-deposited nanocrystal-
line grains, a drastic weakening of the as-deposited <111> fibre texture and a decrease of the 
electrical resistivity.  
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