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ABSTRACT 

The constant push for decreasing the Resistance-Capacitance (RC) delay has led to the 
implementation of Multilevel Metallization (MLM) scheme for interconnect wiring, Cu as the 
wiring material and low �  materials as Interlayer Dielectric (ILD). Polymeric materials are being 
explored to replace SiO2 based ILD materials in the next generation ICs. Several reliability and 
integration challenges arise during integration of the candidate polymeric ILD when they are 
subjected to planarization by Chemical Mechanical Polishing (CMP). In this research, we have 
performed a comparative study of certain candidate low �  materials: 1) undoped SiO2 (standard), 
2) Polyimide and 3) Benzocyclobutene (BCB). We have studied the impact of reduction in 
dielectric constant on the mechanical and tribological properties, and the CMP performance of 
these ILD materials. The adverse effect of shear and mechanical abrasion due to decreased 
mechanical properties of the low �  materials induced numerous defects during CMP.  
 
INTRODUCTION 

The RC delay in the IC operation is directly proportional to: 1) resistivity of the wiring 
materials, 2) dielectric constant of the ILD, and 3) length of the interconnect line; and is 
inversely proportional to interconnect wiring pitch and thickness1, 2. To decrease the RC delay: 1) 
Cu has replaced Al as interconnect wiring materials due to its lower resistivity, 2) several novel 
low �  materials are being explored, and 3) multilevel metallization scheme of wiring is being 
implemented. Chemical Mechanical Planarization (CMP) is the process of choice to planarize 
the constituent materials of IC interconnects scheme1. Though there is a general consensus in 
implementing Cu in IC interconnect wiring, several different materials are currently being 
explored as candidate ILD. The different materials currently under investigation to replace SiO2 
can be broadly classified as: 1) Doped (e.g. Carbon, Fluorine, Chlorine doped silica), 2) 
polymeric (SiLKTM, BCB, Polyimide etc.), 3) Porous (ceramic or polymeric) materials3. An ideal 
dielectric material should have: 1) high mechanical strength, 2) good dimensional stability, 3) 
high thermal stability, 4) ease of pattern and etch of sub-micrometer features, 5) low moisture 
absorption and permeation, 6) good adhesion, 7) low stress, 8) good etch selectivity to metal, 9) 
high thermal conductivity, 10) good gap filling and planarization capability3. Due to the known 
weak mechanical integrity and interfacial fracture toughness of the porous, doped and polymeric 
materials, the reliability and integration challenges associated with these materials are being 
extensively investigated before integration as next generation ILD. In this research, the 
mechanical, tribological properties and post CMP surface morphology of undoped SiO2 have 
been evaluated and compared with: 1) Polyimide and 2) Benzocylclobutene (BCB).  

 
EXPERIMENTAL DETAILS 

The undoped SiO2 (SiO2 U) films were deposited on an 8 inch wafer using Plasma 
Enhanced Chemical Vapor Deposition (PECVD) method in a six station sequential deposition 



process. The precursor gases were: 1) Silane (SiH4), 2) Nitrous Oxide (N2O) and 3) N2. The 
substrate temperature was maintained at 400oC. The details of the PECVD process for 
fabrication of ILD materials are available in literature4. Polyimide and BCB films were 
fabricated using the spin on method. Oligomeric solution (35 wt. %) was spin coated on top of 4 
inch wafers. The wafers were cured at 300oC for one hour. The details of the candidate ILD films 
can be seen in Table I. 

 
Table I: Details of the Candidate Samples 

 
# Sample Thickness (Å) Grown by Refractive Index �  
1 SiO2 (U) 3850 PECVD 1.474 ~ 4.0 
2 Polyimide 16000 Spin-On 1.920 ~2.9 
3 BCB 17000 Spin-On 1.542 ~2.6 
 

The mechanical properties of the ILD thin films were evaluated using MTS Nanoindenter 
XP®. Three sided Berkovich tip was used to perform the measurements in a continuous stiffness 
mode (CSM) and data obtained was analyzed using Oliver and Pharr method5. The depth of 
penetration was fixed at 50 % film thickness, and mechanical properties were evaluated at 25 % 
film thickness. 

The CMP experiments were performed on the CETRTM Bench Top CMP tester. The 
process parameters specifically studied were: 1) variation of COF with time, and 2) variation of 
material removal rate (MRR) for each material under different polishing conditions. The details 
of the CETR CMP tester have been reported in literature6. The MRR of the material was 
calculated by measuring the difference between the pre-CMP and post-CMP sample thickness 
using He-Ne Laser Ellipsometry. The post CMP surface characterization was performed using 
Atomic Force Microscopy (AFM). The details of the experiments are shown in Table II.  
 
Table II: CMP Experimental Details 
 
# Parameter Conditions 
1 Down Pressure Variable (1-6 PSI) 
2 Platen Rotation Variable (42.4-254.6 RPM) or (0.2 m/s-1.2 m/s) 
3 Slider  45mm ± 5mm (position) @ velocity of 5 mm/ sec 
4 Slurry Klebesol 1501 (pH~10.5) with colloidal silica abrasives 
5 Pad Rodel, Inc. IC1000 Suba IV A4 perforated  
6 Time of polishing COF values noted for 30 seconds 
7 Polishing Specimen 1” X 1” coupon 
                             
RESULTS AND DISCUSSION 

The material removal during CMP mostly takes place due to three body contact abrasion. 
The material removal mechanism of SiO2 has already been elucidated in literature7. In case of the 
polymeric materials polished using alkaline slurry with silica abrasive particles, the slurry can 
either 1) effectively react with the surface producing a thicker and weaker polymeric layer there 
by yielding high removal rates or 2) passivate the surface and produce low removal rates 
primarily due to mechanical abrasion8. 



There is almost an exponential decrease in the mechanical properties with the decrease in 
dielectric constant of the ILD as seen from Table III. The reduced mechanical properties 
adversely impact the ability of the material to withstand down pressure and shear during CMP. 
The particles suspended in the slurry are significantly harder than the evaluated ILD materials 
except SiO2. In the event of agglomeration of the slurry particles or due to higher down pressure, 
the depth of the particle indentation may be higher than the surface layer complex formed by the 
slurry. If the abrasive hardness is significantly higher than the material being polishing, there is 
occurrence of microscratching on the surface. If the microscratches are very deep, it may be 
difficult for the buffing step to produce a mirror flat surface after CMP. 
 
Table III Results of Nanoindentation of the ILD materials 
 
# Sample Thickness 

(nm) 
Indentation 
Depth (nm) 

Hardness 
(Gpa) 

Young’s Modulus 
(Gpa) 

1 SiO2 (U) 385 200 6.3±1.2 68.1±1.2 
2 Polyimide 1563 750 0.335±.0.03 3.2±.0.25 
3 BCB 1665 800 0.29±0.08 3.5±0.4 
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Fig. 1 Variation of COF with down pressure (PSI) and linear velocity (m/s) for a) SiO2U, b) 
Polyimide, and c) BCB. 
 

The variation of COF with time for the different conditions of down pressure and velocity 
for all the samples is shown in Fig. 1 a-c. It can be seen from Fig. 1 that the magnitude of COF 

(COF=
N

s

F
F

; where Fs is the shear force and FN is the normal force during the CMP run)9 is 

strongly dependent on: 1) the down pressure, 2) platen velocity and 3) material that is being 
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polished. Every material for given conditions of pressure and velocity shows a unique value of 
COF. This principle is used for effective end point detection (EPD) of the CMP process as 
reported earlier10. Fig 1 (a-c) shows an overall trend of decrease in the value of COF with an 
increase in down force. These results are in agreement with those obtained previously on this set 
up6. This phenomenon is caused due to non linear behavior of the viscoelastic polyurethane 
polishing pad. The pad brings about a non linear increase in normal reaction upon increasing 
application of the downward load during CMP due to the contribution of surface shear 
component in normal reaction11. Normally the value of COF should decrease with increase in the 
linear velocity due the decrease in the particle indentation depth on the pad surface. However, 
anomalies during this study (ref Fig. 1 a-c) may be due to the absence of carrier rotation.  

The variation of MRR of all the ILD samples under variable pressure and linear velocity 
conditions is shown in Fig. 2a-c.  
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Fig.2 Variation of MRR with Pressure (P) and platen RPM (linear velocity V) for a) SiO2 (U), b) 
Polyimide, c) BCB 

 
An average of thin film thickness readings at the leading edge was used for MRR 

calculation. Material removal is strongly dependent on solution chemistry of the slurry as well as 
the CMP process conditions. To achieve the highest defect free MRR, the material passivation 
and dissolution should match the mechanical material removal. In case of the lesser material 
passivation, partial material removal takes place due to mechanical abrasion. This increases the 
chances of the defects on the surface of the wafer and also reduces the removal rate. It can be 
seen from Fig. 2 that the MRR for the same process conditions is higher for SiO2 (Fig. 2 a) as 
compared to the polymeric ILD materials (Fig. 2 b, c).  The rate at which the surface chemical 
complex is formed during CMP is markedly higher for SiO2 as the slurry used is tailor made for 
it. The attack of the slurry on the polymers is relatively subdued due to their chemical 
composition. Both BCB and Polyimide have the tendency to uptake moisture. BCB moisture 

 



weight uptake (after being fully cured) or absorption is < 0.2%, while Polyimide moisture uptake 
is about 1-2%.  Though this data was obtained in air at around 80% relative humidity, similar 
behavior is expected to persist when the polymers are in contact with the slurry. Thus, when 
Polyimide and BCB wafers are subjected to CMP, there may be slightly more “bond breaking” in 
addition to slurry chemical attack due to higher moisture uptake in Polyimide than BCB. This 
can lead to a relatively softer and even thicker surface layer formation which is removed by 
slurry particle abrasion, there by resulting in slight increase in the MRR. Fig. 2 b, c shows that 
the variation of MRR of the polymers (Polyimide and BCB) does not follow the Preston’s 
equation accurately. Materials in the past, especially ILD, have exhibited two Preston’s 
coeffients12. Further polishing investigations are needed at low values of down pressure and 
linear velocity for a comprehensive MRR evaluation of the candidate polymer ILDs.   

As a part of the comparative study, pre and post CMP AFM was performed on ILD 
samples that underwent CMP at 3 PSI down force and 148.5 RPM (0.8 m/s linear) platen 
rotation. The surface morphology and roughness before and after CMP were have been reported 
in Fig. 3 a-c and Table IV respectively.  
 

 

 
 
Fig. 3 Surface morphology of the candidate ILD samples before and after CMP for: a) SiO2 (U), 
b) Polyimide, and c) BCB 

 
Table IV Surface Roughness (Rrms) of the ILD samples before and after CMP 
 
# Sample Rrms Before CMP (nm) Rrms After CMP (nm) 
1 SiO2 (U) 3.42 0.37 
2 Polyimide 0.529 8.326 
3 BCB 0.657 3.658 

 
It can be seen from Fig. 3 and Table IV that the surface roughness of SiO2 (U) decreases 

significantly upon polishing. Both the polymeric ILD materials show a very smooth surface 
before CMP. However, the surface roughness of the polymeric ILDs increases significantly after 
CMP (Polyimide has a rougher surface as compared to BCB). Due to the low hardness of the 
polymers films, numerous scratches caused by slurry abrasives or agglomerates can be seen on 
the surface of the both the polymers after CMP (Fig. 3 b, c). This may be due to the absence of 
effective formation of passivated surface chemical complex with the slurry. The material 
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removal may be primarily due to mechanical abrasion. This explains the significantly lower 
material removal of the polymers as compared to SiO2. The scratches left on the surface of 
Polyimide are far numerous when compared with those occurring on BCB, in spite of the fact 
that hardness of the Polyimide is slightly greater than BCB. As the water in the slurry attacks 
Polyimide more than BCB, the surface layer formed due to the reaction of the Polyimide with the 
slurry may be softer due to relatively higher water content or absorption in comparison with 
BCB. This explains higher post CMP roughness, more surface scratches and slightly higher 
removal rate shown by Polyimide.  
 
CONCLUSIONS 
 The mechanical properties of ILD materials decrease exponentially with their dielectric 
constant. Thus effective polishing metrology is needed for CMP of these materials. The COF is 
an important tribological attribute which can be used for in-situ CMP metrology. Post CMP 
surface analysis revealed that MRR for SiO2 is significantly higher than polymeric ILDs due to 
the effective tribo-chemical action of the slurry on the material surface, while post CMP surface 
roughness of the polymeric ILDs is significantly higher than SiO2. The material removal during 
polymeric ILD CMP is predominantly due to surface passivation and mechanical abrasion; hence 
the MRR is lower than ceramic ILD. Though the Hardness of polyimide is slightly higher than 
BCB, polyimide absorbs more H2O and forms a softer passivation layer; hence MRR, post CMP 
surface roughness, and micro-scratching of polyimide is higher than BCB. One can finally 
conclude that lower removal rates, high surface roughness, existence of microscratches are 
definitely some of the integration challenges of polymeric materials as ILD 
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