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The degradation of the copper oxide passivated copper line prepared 

from a room temperature plasma-based etch process under the 

electromigration condition has been studied. The copper line surface 

was oxidized into the copper oxide layer in a parallel-plate plasma 

reactor operated under the plasma etching or reactive ion etching 

mode. The surface roughness of the oxide is contributed by the high 

ion bombardment energy. The lifetime of the sample was shortened 

by the addition of the oxide passivation layer. It was also decreased 

with the increase of the stress current density. The sample with the 

thin bulk copper layer is more resistant to the thermal stress than that 

with the thick bulk copper layer, which delayed the voids formation 

in the line breakage process.  

Introduction 

Copper (Cu) is the most common interconnect material in high density integrated 

circuits (ICs) and large-area thin film transistor (TFT) arrays due to its high conductivity, 

lack of hillocks formation, and high resistance to electromigration (EM) (1-3). 

Conventionally, the Damascene process is used in the fabrication of Cu interconnect lines 

(3-5). This method involves complicated process steps and environmentally unfriendly 

chemicals, e.g., strong oxidants, surfactants, and nano-particles. The end point is difficult 

to detect. Also, the dishing phenomenon is commonly observed in the wide Cu lines (6-8). 

Furthermore, this method is not applicable to the fabrication of large-area TFT arrays 

because the glass substrate is not flat. 

Plasma etching is the most popular method in fabricating metal interconnect lines. The 

etched lines have well controlled profiles with tight critical dimensions (CDs) (9-13). 

However, the conventional plasma etching method cannot be applied to etch Cu because 

the reaction products, e.g., Cu halides, have low vapor pressures at room temperature (14). 

The high temperature or high energy beams are often applied to the substrate to remove 

reaction compounds (15,16). Kuo’s group invented a novel plasma-based Cu etch process

that was composed of two steps: first, a plasma chlorination or bromination reaction that 

converted the metallic Cu film into a porous Cu halide layer at a high rate; second, a dilute 

HCl solution dipping step that instantaneously dissolved the reaction product (17-19). This 

method has been successfully used in fabricating BiCMOS chips, 15” thin film transistor 
liquid crystal displays (TFT LCDs), and sub 0.3 μ patterns (20-23).

The electromigration (EM) method is commonly used to assess the reliability of the 

metal line. In the test, a high density current is passed through the line until it is broken 

(24). The EM line failure phenomena of the plasma-etched Cu line was first reported by 

Kuo’s group (25). The Cu line width and length affected the EM failure time (26).
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Since Cu cannot adhere well to the glass substrate, a barrier layer is required to improve 

the adhesion. Titanium-tungsten (TiW) and molybdenum (Mo) are popular barrier 

materials for this purpose. They can be easily etched with plasma processes (26-31). 

Separately, Cu is easily subjected to air oxidation under ambient atmosphere, which 

deteriorates the line quality. A capping layer can prevent this undesirable phenomena. 

Previously, there were studies on the capping layer effect on the EM lifetime of the 

Damascene prepared Cu lines (32,33), which is embedded in a trench structure surrounded 

by the dielectric material. However, the plasma etched Cu line is free-standing similar to 

the plasma etched aluminum line. Our recent studies showed that the TiW or Mo capping 

layer could protect the plasma-etched Cu lines from environmental attack but at the same 

time, reduced the lifetime (34-37).  

Recently, copper oxide (CuOx) has been proposed to be an effective passivation material 

for the plasma-etched Cu line (38,39). Advantages of this kind of passivation layer include: 

the simple fabrication method and the gettering of Cu atoms diffused from the bulk Cu 

layer (38). Since CuOx only forms on the exposed Cu surface, it is a self-aligned passivation 

structure. In this study, authors investigated structures and wet etch of CuOx passivation 

layers prepared under various plasma exposure conditions. The Cu film thickness on the 

EM lifetime is also investigated. 

Experimental 

Sample preparation 

The TiW/Cu stack was sputter deposited in one pumpdown on a pre-cleaned Corning 

glass. The 10 nm thick TiW barrier film was sputter deposited at 80 W, 10 mTorr in Ar for 

15 minutes. The Cu film was sputter deposited at 80W and 10 mTorr in Ar. The sample 

was defined into a 4-probe pattern using a mask aligner (Quintel Corporation Q-4000 

Series) lithographically. The sample was dipped in a diluted HCl solution (HCl:H2O = 1:4 

v/v) to remove the native oxides on the Cu surface. Then, the sample was exposed to the 

CF4/HCl 5/20 sccm plasma at 70 mTorr, and 600 W for 2 minutes in a PlasmaTherm 700C 

system operated under the reactive ion etching (RIE) mode. After the Cu film was 

completely converted into CuClx, the sample was dipped in a diluted HCl solution 

(HCl:H2O = 1:8 v/v) for 1 minute to dissolve the chloride film. Subsequently, the TiW 

barrier layer was etched with the CF4 plasma at 10 sccm, 60 mTorr, 600 W for 2 minutes. 

After the photoresist layer was stripped, the sample was oxidized in the O2 plasma with the 

same PlasmaTherm 700C system operated at the plasma etching (PE) or the RIE mode. 

Separately, a control sample of TiW/Cu without the plasma oxidation step was prepared. 

EM stress tests and sample analysis  

For the reliability test, the sample was loaded on a probe station (Signatone S-1160) and 

stressed at a constant current density (J) between 4.05 × 105 and 1.16 × 106 Amp/cm2. The

current was supplied through an Agilent E3645A DC power supply controlled by a 

Labview program. The physical appearance of the Cu line was monitored through an 

optical microscope (Olympus BX41M). The scanning electron microscope (SEM) image 

of the sample was taken using a JEOL JSM-7500F. A 5 nm thick platinum/palladium (Pt/Pd 

80/20 wt%) film was sputter deposited on the sample to prevent charge accumulation and 

image distortion during SEM. The resistance vs. stress time (R-t) curve was recorded.  
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Results and Discussions 

Topography of CuOx passivation layer 

Figure 1 shows top views of CuOx films prepared by plasma oxidation under (a) PE and 

(b) RIE modes, respectively. The CuOx layer prepared under the PE mode has a smoother 

surface than that prepared under the RIE mode. Since the RIE oxidation condition involves 

the high ion bombard energy, the oxidation rates on the bulk grain and at grain boundaries 

are different, which causes the surface roughness (40). 

Figure 1. SEM top views of CuOx passivation layer prepared by plasma oxidation under (a) 

PE mode at O2 40 sccm, 200 mTorr, 300 W for 3 mins and (b) RIE mode at O2 40 sccm, 

100 mTorr, 300 W for 3 mins.  

Figure 2 shows the high magnification (140 kX) top view of a CuOx film formed from 

the RIE oxidation condition. The secondary electron (SE) image reveals the detailed 

granular structure of the film. Grains of various sizes are distributed on the CuOx film.  

Figure 2. Top view of CuOx prepared by plasma oxidation under RIE mode at O2 40 sccm, 

100 mTorr, 300 W for 3 mins.  
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Cu film thickness effect on EM lifetime 

Figure 3 shows the EM lifetime vs. stress current density curves of CuOx passivated 

samples of different Cu layer thicknesses. The lifetime of the sample decreases with the 

increase of the current density. The large stress current enhanced the voids formation and 

merging mechanism and hence accelerated the line breakage process (41). Fig. 3 also 

shows that under the same stress current condition, the CuOx passivated line with a thin Cu 

bulk layer has a longer lifetime than that with a thick Cu layer. It was reported that during 

the EM stress, the temperature of the CuOx passivated Cu line could reach around 1000oC 

before it was broken (38). Thermal gradients could generate stress within the Cu line as 

shown in equation 1 (42). When the stress exceeds a critical value, void nucleation occurs 

(42). Thermal stress accelerates the formation and merging of voids.  

ௗ𝜎ௗ𝑡 = ௗௗ𝑥 ሺ஽𝐵Ω𝑘𝐵𝑇 ሺௗ𝜎ௗ𝑥 + ா𝑍∗௘Ω − 𝑄∗Ω𝑇 ௗ𝑇ௗ𝑥ሻሻ [1] 

where 𝜎  is the hydrostatic stress, 𝑡  is the stress time, 𝑥  is the line length assuming 1-

dimensional structure, 𝐷 is the effective atomic diffusivity, 𝐵 is the effective bulk elastic

modulus, Ω is the atomic volume, 𝑘𝐵 is the Boltzmann constant,  𝑇 is the temperature, E is

the electric field, 𝑍∗ is the effective charge number, 𝑒 is the fundamental electronic charge,

and 𝑄∗ is the value of heat transport.

Lines with the thin bulk Cu film are experimentally shown to be more resistant to 

thermal stress (43). Therefore, lines with the thin bulk Cu film can afford higher thermal 

stress and inhibit void formation, which leads to a longer lifetime than that with the thick 

bulk Cu film. In addition, thermal stress could also contribute to the mechanical failure of 

the Cu line, known as thermal fatigue (43). It is reported that the yield stress would increase 

with the decrease of the film dimension, e.g., film thickness (44,45). Thus, the line with 

thick bulk Cu film would have a lower thermal yield stress and deformation could easily 

occur (43-45).  

Figure 3. EM lifetime of CuOx passivated Cu lines of different Cu film thickness under 

various stress current densities. 
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Wet etch of CuOx passivation layer 

Figure 4 shows top views of the photoresist patterned TiW/Cu/CuOx sample before and 

after the removal of the CuOx layer. The bulk Cu film was plasma oxidized under the 

condition of O2 40 sccm, 200 mTorr at 600 W for 3 mins at PE mode. Fig. 4(a) is the 

sample partially covered with the AZ MiR 701 photoresist (PR) layer. Fig. 4(b) shows the 

sample after dipping in a dilute HCl solution (HCl:H2O = 1:12 v/v) for 1 minute. About 

130 nm thick of the CuOx was removed in this step. As shown in eqn. 2, the standard 

electrode potential for Cu in a dilute acid without an oxidizing agent has a negative value, 

i.e., -0.34V. This means that this reaction would not occur spontaneously. On the other

hand, the oxidized Cu, e.g., CuO, could be dissolved in a dilute HCl solution, as shown in 

eqn. 3 (46,47). Fig. 4(c) shows that after stripping off the PR, there is clear color difference 

between the CuOx covered and uncovered Cu film. The CuOx film has a darker appearance 

than the Cu film due to a difference of the refractive index.  

Cu + 2H+ → Cu2+ + H2  Eo = -0.34V [2] 

CuO + 2HCl → CuCl2 + H2O [3] 

Figure 4. Top views of TiW/Cu/CuOx sample (a) partially covered with photoresist, (b) 

removal of uncovered CuOx film after dilute HCl solution dip, and (c) removal of 

photoresist layer. 

Conclusion 

The EM lifetime of the Cu line with CuOx passivation layer was studied. CuOx film 

could be formed on the Cu line in a plasma etcher under the PE or RIE condition. The CuOx 

layer formed from the RIE oxidation condition had a rougher surface than that formed from 

the PE oxidation condition because of the strong ion bombardment energy. The CuOx 

passivated Cu line with thin bulk Cu film had a longer EM lifetime than that with a thick 

bulk Cu film. The thin Cu film can withstand a higher thermal stress and has a higher yield 

stress than the latter. Therefore, voids are more difficult to form in the former to initiate 

the line breakage process than in the latter. The CuOx passivation layer could be selectively 

removed from the Cu layer using a dilute HCl solution. In summary, the thickness of the 

bulk Cu layer is critical to the lifetime of the CuOx passivated sample.  
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