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Abstract. Sub-micron sized ruthenium reinforced copper composites as suitable material 

for electronic interconnection applications was synthesized using powder metallurgy 
technique. High purity sub-micron starting powders were blended in a turbula mixer and 

sintered. Oxidation test was conducted at temperature ranging from 20 oC-800 oC with the 

heating rate of 10 oC/min inside the furnace. The X-ray photoelectron spectroscopy was 

used to examine the surface composition of the sintered Cu, Cu+2.5vol%Ru and 5vol%Ru 

samples. The RuO2 3p5/2 (280.33 eV) was observed at the surface of Cu-Ru composites 

sample. Measured  intensity ratio of Cu to CuO decrease linearly with increasing Ru 

addition and indicate the reduction in Cu oxidation rate.  
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1.  Introduction 
Electronic packaging in a variety of microelectronic applications however, involves interconnecting, 

powering, protecting, and cooling of semiconductor circuits [1]. Interconnect material purpose is to join two 

electrical terminals with low parasitics such as electrical resistance, inductance and capacitor to be reliable in 

field used [2]. Copper based interconnect are manufactured into various products especially consumer 

electronic product such as electronic toys, cell phone, microprocessor, fast static RAM and home appliances. 

However, application of copper has been limited by the oxidation of copper at elevated temperature and 

humidity [3]. When copper is heated in air at low temperature around 200 oC it formed Cu2O film on the 

surface [3]. Further increase in temperature will result in formation of cupric oxide (CuO) over the copper 

surface. The resultant effects of Cu oxidation are cracks, decrease in the interfacial shear strength and poor 

bonding between the component and the substrate which causes device failure. Therefore, it is essential to 

understand and modify their surface properties in other to improved the performance of copper interconnect 

materials.    
Copper and copper composites interconnect materials has been synthesis by several techniques such as 

electrodeposition, bottom up growth and electrochemical deposition, selective laser sintering and powder 

metallurgy. Powder metallurgy techniques have been used to synthesize copper and copper composite for 

different electronics applications [4]. Besides, there is virtually no reported studies on the effects of 

ruthenium on the oxidation properties of copper composites for interconnect materials. Studied on similar 

copper based composites synthesized by powder metallurgy route is also very limited. This study presents an 

investigation of oxidation properties of Cu-Ru composites synthesized by powder metallurgy route using X-

ray photoelectron spectroscopy. 
 

2.  Experimental procedure 

 
The specimens were produced by blended the powders using turbula T2F mixer for 5 hours.  After the 

mixing, the mixed powder was characterized using SEM/EDS to check the homogeneity and the elemental 

composition of mixed powder. The mixed powders were consolidated using high temperature high pressure 

technique. Approximately 8 g of blended powders was poured into a graphite pot and place inside the 
graphite die.  Argon gas was then allowed to flow through the furnace during the furnace temperature cycle 

to prevent oxidation. The consolidated samples measured 18mm in diameter and 3 mm thickness. Figure 1 
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showed the sintering profile of the specimens. The oxidation test was conducted at temperature ranging from 

20 
o
C-800 

o
C with the heating rate of 10 

o
C/min inside the furnace.  
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  Figure1: The sintering profile for the specimens (a) Cu, Cu+2.5vol%Ru at 850

o
C (b) Cu+5vol%Ru at 

900oC  

 

2.1 X-Ray Photoelectron Spectroscopy 

The X-Ray Photoelectron Spectroscopy (XPS) spectra measurements were carried out in a PHI 80-360 

electron energy analyzer using Al Kα photons (1486.6 eV) in an ultrahigh vacuum chamber with a base 

pressure better than 10-9 Torr. The anode type x-ray source run at 15 kV, 300 W power. The scan survey for 

full spectrum was collected at pass energies of 175.5 eV. The measurements were performed on sample 

surface at a takeoff angle of 450 between the direction of the analyzer and specimen plane. The binding 

energy scale was calibrated using sputter clean, pure copper foil. Spectral analysis was performed using the 

peak fitting software (XPSPEAK version 4.1) after a Shirley background subtraction [5]. Peak fitting 

solutions were obtained for ϰ2 < 2, where ϰ2 is the standard deviation. In order to investigate the oxidation 

behavior of sintered samples and also collect information on surface absorption, the sintered samples were 
not sputtered before XPS analysis. The XPS spectra were least curve fitted using standard Lorentzian- 

Gaussian lines. A broad scan survey spectrum was first obtained to identify the elements present in the 

samples. After the elemental composition has been determined, narrow detailed scans of selected peaks was 

carried out for more detailed analysis of the chemical composition.  

 
 

3 Results and discussion 
The as sintered samples were analyzed using XRD. The XRD results showed that the processing sequence 

used in fabricating the sample did not encourage oxidation of copper and composites samples [6]. The 
surface chemical states of heated Cu, Cu+2.5 vol%Ru and Cu+5 vol%Ru samples were characterized using 

XPS.  Wide scan spectra in the range of 0-1000 eV was done to identify the surface elemental composition of 

the samples. Generally, XPS and XAES can be used to distinguish between Cu metal, Cu2O and CuO. The 

CuO was usually characterized by high- intensity shake-up satellites at ~9 eV higher binding energy than 

main Cu 2p3/2 peak [7].  

3.1 Heated pure copper sample 

Detailed scan was carried out on the heated pure copper sample from 928.0 eV to 939 eV region. The results 

from curve fitting revealed two peaks at binding energy position of 932.44 eV and 934.27which correspond 

to pure Cu [5] and CuO 2p3/2 (when examined from the XPS database spectra line). See figure 2a.The results 

indicated that copper undergo oxidation significantly after heat treatment. This result is consistent with the 

previous report [3]. Furthermore, scan survey was carried on the oxygen peaks observed in pure heated Cu 
sample as shown in figure 2b. The O1s XPS spectrum was observed at 530.97 eV binding energy position.  

After detailed analysis, four peaks were fitted with binding energy of 530.51 eV, 531.42 eV, 532.66 eV and 

533.86 eV respectively. Judging from the XPS standard spectra line, binding energy corresponding to 533.8 

eV was found to be O2/Cu. The atomic species with O1s binding energy of 533.8 eV showed characteristic 
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feature of molecular oxygen on copper surface [8]. In addition, a unique O1s feature which could be O1- 

species is found at 531.42 eV.  This is reasonably consistent with report on Ni surface [8]. 

 
Figure 2a: XPS Cu 2p3/2 peaks spectra for after heat treatment  

 
Figure 2b:  XPS O1s spectra for oxygen peaks on pure Cu after heat treatment 

 

Table 1 summarizes the measured energy position of heated copper and copper-ruthenium composites 

samples. In the same table, the full width at half maximum (FWHM) and the intensity value of the 

constituent elements were reported.  

3.2 Heated Cu with 2.5vol%Ru  

Ruthenium has been widely used as diffusion barrier for metallization.  In examining the influence of 2.5 

vol% Ru on Cu composites samples, the XPS results revealed two peaks at binding energy positions of 932.4 

eV and 934.02 eV. The results from curve fitting indicate that, the major peak at 932.4 eV with FWHM of 
1.45 corresponds to pure Cu 2p3/2 according to [5] and the minor peak at 934.02 eV with FWHM of 1.45 

corresponds to CuO [7] as showed in figure 3. Figure 4 showed the binding energy spectra of O1s observed 

in Cu+2.5 vol% Ru sample. The O1s peak was observed at energy position 530.79 eV. The fitted peak values 

for O1s were 532.95 eV, 530.70 eV, 532.05 eV and 533.57 eV. The peak values for O1s binding energy 

532.95 and 530.70 fall in H2O and OH domain according to [9]. Furthermore, binding energy corresponding 

to 533.8 eV was found to be O2/Cu [8]. However, O1s at binding energy position 532.05 eV could not be 

identify due to the major shift in binding energy position. On the other hand, two peaks were observed at 

energy position of 280.33 eV and 284.66 eV in which the binding energy corresponds to RuO2 and Ru 

respectively [11,12,14].  The results showed that 2.5 Ru volume percent resulted in the formation of RuO2 as 

shown in figure 5.  
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Figure 3: XPS spectra for Cu 2p3/2 in Cu+2.5 vol%Ru 

 
Figure 4: XPS spectra for O1s in Cu+2.5 vol%Ru 

 

 
Figure 5: XPS spectra for RuO2 2p5/2 at BE of 280.34 eV in Cu+2.5 vol%Ru 

 

3.3 Heated Cu with 5 vol%Ru 

The results from curve fitting of Cu+5 vol%Ru sample revealed two peaks at energy positions of 932.72 eV 

and 934.14 eV which correspond to pure Cu and CuO 2p3/2 (when examined from XPS database spectra 

line) respectively [8], as shown in figure 6.  Figure 7 showed the binding energy spectra of O1s observed in 

Cu+5 vol% Ru sample. The O1s main peak was observed at energy position 530.94 eV. The fitted peak 

values for O1s were 530.51 eV, 532.66 eV, 533.86 eV and 531.42 eV. These energies are reasonably 

consistent with previously observed O1s XPS binding energy of H2O and OH [5] and [10]. 

On the other hand, the peak of RuO2 3d5/2 was observed at energy position of 280.34 eV as shown in figure 8. 

The observed energy position was reasonably consistent with previous results [11,15]. Furthermore, Over, 

cited by Ernst & Sloof [13] reported that RuO2 was the only known stable oxide of Ru at room temperature 
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up to 900 K and became volatile RuO4 above this temperature. In addition, another small peak was observed 

at energy position of 284.66 eV. The binding energy position for this peak was found between 5d3/2RuO3 

(283.3 eV) [7] and 3d3/2C2H4/Ru (284.20 eV) [14]. However, analyzing the Ru 3d peak is always a 

challenging task due to the presence of C 1s peak overlapping with Ru 3d3/2 peak [12,14]. The binding energy 

position 284.66 eV was considered as Ru since volatile RuO3 and RuO4 could only form at a temperature 

above 900K [13].  

 
Figure 6: XPS spectra for Cu 2p3/2 in Cu+5 Ru vol%  

 

 
Figure 7: XPS spectra for O1s in Cu+5 Ru vol% 

 
Figure 8: XPS spectra for RuO2 2p5/2 at BE of 280.34 eV in Cu+5vol%Ru 

 
In order to obtained quantitative insight into the effect of ruthenium on copper, the intensity value of the 

Cu/CuO peaks were obtained. Although, it is difficult to estimate the degree of reduction in CuO in each 

sample but this approach give evaluation of the effect of ruthenium in copper. The intensity ratio of Cu to 

CuO reduced linear with Ru addition and this could be attributed to the reduction in Cu oxidation rate.  

Platzman [5] reported that the change in the intensity ratio of Cu to Cu2O after 1hr of exposure to ambient air 
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give an indication that native oxidation was fast. The reduction in oxidation rate of copper could be attributed 

to an impurity segregated layer that formed on the surface of copper [4]. The present results further confirm 

the statement from [5] that the oxidation properties of Cu based alloys are highly dependent upon the 

alloying elements and concentration  

 

Table 1: Elemental surface composition of oxidized samples 

Material Cu2P3/2 (eV) RuO23d5/2 Ru3d3/2 Intensity 

(a.u) 

Int ratio 

Cu/CuO 

Cu      

Cu 932.44 (1.45)   11700.51 1.37 

CuO 934.27 (1.45)   8560.25  

Cu+2.5 vol%Ru  
Cu 932.40 (1.45)   9100.71 1.14 

CuO 934.02 (1.45)   7973.14  

RuO2  280.33 (1.45)  525.33  

Ru   284.66 (1.45) 515.02  

Cu+5 vol%Ru 

Cu 932.75 (1.45)   5334.45 1.07 

CuO 934.14 (1.45)   4982.58  

RuO2  280.34 (1.45)  244.12  

Ru   284.66 (1.45) 239.77  

Full width at half maximum (FWHM) of peaks were given in parentheses 

 

4 Conclusion 

In this paper, the study of the oxidation behavior of Cu and Cu-based composites of ruthenium (Ru) using 

XPS has been done. The information obtained from the peak fitting of oxidized Cu and Cu-Ru composite 

samples revealed that Cu and CuO form at binding energy position of 932.44 eV and 934.27 eV respectively. 

The intensity ratio of Cu to CuO in pure specimen was 1.37. The addition of 2.5 vol% ruthenium revealed 

RuO2 and CuO. The intensity ratios of Cu to CuO in the 2.5 vol% Ru and the 5 vol% were 1.14 and 1.07 

respectively. 
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