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Abstract 

Much effort has been undertaken to develop high performance ultra-low k (≤ 2.2) (ULK) 
dielectrics to improve the interconnect speed of ultra-large scale integrated devices. Metallization 
issues and their poor mechanical properties have plagued the successful integration of these 
porous ULK dielectrics. Both of these issues are exasperated by their open pore structure. We 
have developed a pore sealing technology, which may allow the successful integration of these 
materials. We have coined the term Molecular Caulking to describe the materials that use the 
parylene platform for the chemical vapor deposition of these polymers. They are very unique 
since they can be conformally coated on demanding geometries pin-hole free at a thickness of 
~10 Å. We have shown that the 1st generation material, poly(p-xylylene), is selective with 
respect to copper and can completely seal porous-MSQ (methyl silsesquioxane) after 30 Å of 
deposition. This is roughly the pore diameter of this porous ULK dielectric. These materials 
exhibit very fast lateral growth rates and the penetration of the sealant into the ULK dielectric 
can be controlled. An overview will be give with respect to the Molecular Caulking technology. 

 
Introduction 

In future gigascale integrated circuits resistive-capacitive (RC) delay is an increasingly 
important issue [1]. Dense hybrid chemical vapor deposited dielectrics with a siloxane backbone 
are the current materials of choice [2]. These materials can be made nanoporous to reduce their 
dielectric constant further; however, the introduction of porosity results in a number of 
undesirable properties such as a reduction in mechanical strength and susceptibility to 
penetration of chemicals. Most important, during chemical vapor (CVD) or atomic layer (ALD) 
deposition of the barrier layer, the gas-phase precursors have a tendency to infiltrate the porous 
dielectric. Significant penetration of these metallic species will significantly damage the 
electrical properties of the ULK dielectric [3-6]. 

A recent review addresses some of the currently proposed strategies to seal porous 
dielectrics [7]. One method is to conformally deposit a dielectric layer to seal the porous 
dielectric. However, the primary drawback of this method is the lack of selectivity to the copper 
via. The dielectric material presented here, Molecular Caulk, retains selectivity over Cu and its 
penetration into the porous dielectric can be controlled to address fracture mechanics issues of 
the barrier layer/dielectric interface. Molecular Caulk is deposited via chemical vapor deposition 
at room temperature utilizing a free-radical polymerization mechanism. The approach taken was 
to measure the new sealant’s ability to prevent penetration of metal precursors (copper, cobalt) 
during CVD. The depth distribution of deposited metals was measured by Rutherford 
backscattering spectrometry (RBS). In addition, changes in dielectric constant as a result of 
Molecular Caulk deposition were determined by metal insulator semiconductor (MIS) 
capacitance measurements. Deposited film thickness was determined by both ellipsometry and 
ion beam backscattering using the 4.28 MeV 4He elastic nuclear resonance of 12C. Finally, the 
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effect of Molecular Caulk deposition on surface topology was measured by atomic force 
microscopy (AFM). 

 
Experimental 

 The porous MSQ films was used as-received and went through a series of baking 
stations before the final cure in an N2 ambient at 420 °C before they were received. Two types of 
porous-MSQ films were studied here: k = 2.2 and k = 2.0, which had 29% and 37% porosity and 
an average pore size of 22 Å and 37 Å respectively. 

Copper CVD experiments were undertaken via CuII(tmhd)2 and H2 in a vertical, low 
pressure, warm-wall reactor. The precursor bubbler was held at a constant temperature of 127.5 
± 0.6 °C and delivered with 15 sccm of argon carrier gas. The substrate was kept at 217 ± 5 °C 
and the chamber walls and precursor transfer lines all held at 150 ± 5 °C. The total pressure of 
argon, H2, and precursor, was approximately 2 Torr. The deposition time was 30 min for all 
experiments. Bare MSQ and several MC/MSQ films of varying MC thickness were placed side-
by-side on the substrate heater in each experiment. For further details on the copper CVD 
process employed in this study, we refer to an earlier publication [6].   

Cobalt deposition experiments were undertaken in a vertical, low pressure, warm-wall 
reactor. Co2(CO)8 was sublimed at room temperature. The substrate was kept at 60 ± 2 °C and 
the deposition time was 2 minutes. No carrier or purge gas was used and deposition pressure was 
approximately 18 mTorr. Bare MSQ and several MC/MSQ films of varying MC thickness were 
placed side-by-side on the substrate heater in each experiment. 

Molecular Caulk thin films were deposited using the Gorham method [8]. The reactor 
consisted of a sublimation furnace, a pyrolysis furnace, and a bell jar type deposition chamber. 
Base pressure in the deposition chamber was at mid 10-6 Torr. During growth the deposition 
chamber pressure was at 2.0 mTorr yielding deposition rates between 5-8.4 Å/min. A detailed 
description of the reactor and deposition process has been described elsewhere [9-10]. Briefly, 
the precursor [2.2] paracyclophane was sublimed at a temperature of 155 ºC and the pressure 
controlled by a heated valve and measured by a heated capacitance in the deposition chamber. 
The sublimed precursor flew into a high temperature region (650 ºC) of the reactor inlet where it 
was quantitatively cleaved into two p-xylylene monomers by vapor phase pyrolysis. These 
reactive intermediates were then transported to a room temperature deposition chamber where 
upon physisorption, a free radical polymerization took place. Linear chains of poly(p-xylylene) 
with un-terminated end groups were formed. Bulk poly(p-xylylene) has an average dielectric 
constant of 2.65 [11].  In this work, ultra-thin films (10-50 Å) were deposited. Si (100) 50 Ω-cm 
substrates were rinsed in ethanol, followed by de-ionized water, blown dry with nitrogen and 
then placed side-by-side with the porous MSQ in the deposition reactor. Ultra-thin poly(p-
xylylene) films (10-50 Å) are low molecular weight and more oligomeric than polymeric. 
Molecular weight increases with film thickness. Annealing thin poly(p-xylylene) films has 
shown indications of conversion from low polymer to high polymer [12]. It is advantageous to 
have the pore sealant to be high polymer since it possesses more robust chemical bonds. In 
addition, unreacted monomer or larger oligomers that are volatile at higher temperatures will 
diffuse out of the film upon annealing. Therefore after deposition, samples were annealed in 
forming gas at 250 °C for 30 minutes. 

The deposited film thickness was measured by a variable angle spectroscopy ellipsometer 
(VASE, J. A. Woollam, Lincoln, NB) on the silicon samples. VASE measurement interpretation 
is difficult on MSQ films, so thickness measurements were used from the silicon wafers and 
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assumed similar growth on the MSQ films. The thickness of MC was determined by using the 
Cauchy coefficients of poly(p-xylylene) (An = 1.6, Bn= 0.01) or an index of refraction of 1.6658 
at 634.1 nm.  

Copper growth was characterized by RBS with the 4.0 MV Dynamitron accelerator at the 
Ion Beam Laboratory: Department of Physics, University at Albany. Measurements were made 
with 2.0 MeV 4He particles. The RBS determined areal density was converted into an equivalent 
thickness by dividing by the bulk atomic density of copper 8.45 ×1022 atoms/cm3. Spectra were 
collected with a 20 mm2 area beam spot, 2-4 µC of charge, and with 3 nA of current. Ion beam 
backscattering, using the 4.28 MeV 4He elastic nuclear resonance of 12C, was undertaken at the 
same facility.  

Two samples were chosen for extraction of the k value: 5400 Å MSQ/50 Å SiO2/Si 
(control sample) and 250 ºC annealed 37 Å MC/5400 Å MSQ/50 Å SiO2/ Si. Top aluminum dots 
of 0.5, 1.0, and 1.5 mm diameter were electron beam evaporated via a shadow mask. In order to 
achieve a good Ohmic contact at the backside of the silicon wafer, 300 nm of aluminum was 
sputter deposited. The capacitance-voltage (C-V) characteristics of the Al /low-κ (stack) / 50 Å 
SiO2 /Si structures were measured with a HP 4280A 1 MHz Capacitance meter / CV plotter. At 
least five measurements were performed for each capacitor size for each sample.  

Surface morphology was measured using an atomic force microscope (AutoProbe CP) 
made by Park Scientific Instruments, TM Microscope. A triangular silicon cantilever with silicon 
conical tip (Veeco Metrology Group) was used in non-contact mode to measure the surface 
topography. The tip radius of curvature is <10 nm and had a half apex angle of 12 º. 

 
Results and Discussion 

From previous work, copper was shown to deposit inside the porous dielectric rather than 
on the surface during CVD [6]. The copper precursor penetrated the interconnected porous-MSQ 
dielectric and selectively deposited at the interface between the MSQ film and the silicon 
substrate. This was the result of a different interfacial chemistry from the use of adhesion 
promoters. This deposition was quantitatively measured by RBS and observed by scanning 
electron microscopy (SEM). RBS has monolayer sensitivity to Cu and Co precursors and 
therefore used to quantitatively measure the amount of metallorganic penetrant or metal 
deposited. Figure 1 shows the RBS spectra after copper deposition on bare MSQ/SiO2/Si and a 
11 Å Molecular Caulk/MSQ/SiO2/Si sample. The arrows labeled “surface copper” and “surface 
silicon” show the kinematic energy of backscattering from copper and silicon at the surface. 

The observed peak at ~1400 keV shows that copper is deposited at the interface between 
the MSQ and the SiO2/Si substrate. Figure 2 is a plot of the RBS determined amount of copper 
deposited by CVD at this MSQ/SiO2 interface as a function of Molecular Caulk (MC) thickness. 
Data from two separate experiments are shown in Fig. 2, which shows only 11 Å of Molecular 
Caulk resulted in a 96 % reduction in copper penetration during CVD. After 35 Å of deposition, 
the copper penetration goes below the 0.5 Å detection limit of RBS. Reactor modifications, 
including precursor and purge gas inlet lines, resulted in different growth rates of the two 
experiments, but the Molecular Caulk liner thickness sufficient to prevent penetration was 
consistent.  
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Figure 1 - RBS spectra showing penetration of copper into interface on bare MSQ/SiO2/Si and 
11 Å thick MC/MSQ/SiO2/Si. The double arrows show the thickness of the MSQ film as 
determined by the width of the silicon signal in MSQ. Double arrow length also corresponds 
with the signal peak of penetrated copper. 
 

 
Figure 2 - RBS was used to determine the equivalent thickness of copper deposition on and in 
MC/MSQ/SiO2/Si as a function of Caulk thickness.  Two data sets: circles and triangles are from 
experiments before and after reactor alterations respectively. Data point size is larger than error 
bars. 
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If the Molecular Caulk deposition passivates the MSQ/SiO2 interface, there would be no 
deposition to signify the penetration of the copper precursor. A non-selective metallorganic 
precursor Co2(CO8) was chosen to provide further evidence that Molecular Caulk blocks the 
pores. Cobalt CVD is non-selective and readily grows on top of the Molecular Caulk layer. 
Deposition was ~5 Å/min at 60 ºC (precursor sublimation was room temperature), a temperature 
where cobalt deposition is surface-reaction controlled and thus expected to grow at the surface 
and penetrate the porous MSQ.  Figure 3 shows RBS spectra of the three samples: Co/27 Å 
MC/SiO2/Si, Co/27 Å MC/MSQ/SiO2/Si, and Co/bare MSQ/SiO2/Si. The bare MSQ shows 
penetration of cobalt supported by the long tail of the cobalt surface peak, while the other 
samples have only surface deposition. The width of penetrated cobalt is consistent with the 
silicon width (thickness) in MSQ and shows cobalt penetrates completely through the MSQ film 
without Molecular Caulk sealing. 

 
 

Figure 3 - RBS spectra of cobalt on 27 Å Molecular Caulk/Si, 27 Å MC/MSQ/SiO2/Si, and bare 
MSQ/SiO2/Si. Cobalt penetration is only observed on the bare MSQ/SiO2/Si substrate. The 27 Å 
MC/Si and 27 Å MC/MSQ/SiO2/Si samples show Cobalt deposition only at the surface. 
 

Capacitance measurements showed that the dielectric constant of a MSQ(5000 
Å)/SiO2/Si film covered with 37 Å of Molecular Caulk had essentially the same dielectric 
constant as the bare MSQ/SiO2/Si film. The effective dielectric constant of the low k stack was 
calculated from the slope of the measured accumulation capacitance vs. capacitor area. The 
measured dielectric constant of porous MSQ was 2.26, this increased to 2.30 after an annealed 
MC coated dielectric film. The ~ 1.7 % increase in dielectric constant after annealing at 250 ºC 
was less than the sample-to-sample variation in capacitor area. Of course, this MSQ film was 
rather thick. However, the point to be made here is that the Molecular Caulk material itself is low 
k and the penetration has a minimal deleterious effect on k effective. As will be shown, the 
conditions above are the worse case scenario for the penetration of the MC into the ULK 
dielectric since they were undertaken at 2.0 mTorr. 
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Molecular Caulk thickness was determined by Variable Angle Spectroscopic 
Ellipsometry (VASE) on the native oxide of Si rather than on MSQ/SiO2/Si since it is not 
possible to measure a 10 Å thick MC film on 2000-5000 Å MSQ. During CVD, precursor gases 
can readily diffuse into the porous material and therefore the penetration of the Molecular Caulk 
into the porous dielectric was expected. The quantitative measure of deposited film content in/on 
the porous MSQ/SiO2/Si stack was determined by adding a stoichiometric percentage of 
hydrogen (C8H8) to the measured carbon content as determined by 4He ion beam backscattering 
analysis at 4.28 MeV or 5.75 MeV. 12C exhibits a strong (α,α) elastic scattering resonance in 
these energy regimes. In these energy regimes the cross-section may be more than 100 times the 
Rutherford cross-section. The resonance is sufficiently broad to enable depth profiling over 
depths on the order of microns. Essentially ion beam analysis at these energies is similar to RBS 
at 2 MeV, providing there is accurate absolute cross-section data available. For example, Davies 
et al. [13] measured the non-Rutherford cross-sections in the energy region of 5.5-5.8 MeV. A 
representative example of a Molecular Caulked porous-MSQ dielectric is shown in Figure 4 in 
terms of 12C resonance. 

 

 
 

Figure 4 - 4He 4.28 MeV ion beam backscattering spectra of MC/MSQ/SiO2/Si and bare 
MSQ/SiO2/Si samples. The MC was deposited at 6.4 mTorr and ~400 Å thick, which is observed 
as the high energy peak. View has been expanded to show only the carbon region of spectra and 
the silicon substrate contribution has been subtracted from both spectra to emphasize relative 
carbon content in each sample. The tail on the low energy side of the Caulked spectrum is due to 
penetration. 

 
Measurements of carbon content were made on bare MSQ/SiO2/Si and MC/MSQ/SiO2/Si 

samples, where the MC was deposited at various pressures. Also, two different MSQ dielectrics 
were used, k = 2.2 and k =2.0. Amorphous carbon (H-Square, Sunnyvale, CA) was used as a 
standard.  Amorphous carbon is dense and has a mirror smooth surface. No detectable bulk 
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contamination was determined by RBS, and hydrogen depth profiling showed no bulk 
contamination of hydrogen at a detection limit of ∼0.1 %. 

 
 

Figure 5 - 4He 4.28 MeV ion beam backscattering data for MC/MSQ/SiO2/Si and bare 
MSQ/SiO2/Si samples (0 mTorr) as a function of MC precursor pressure. The MC was deposited 
at 2 to 15 mTorr at ~400 Å of thickness. In real application the MC layer might only be 30-50 Å 
depending on the integration scheme. 

 
It is important to be able to control the penetration of the Molecular Caulk itself into the 

porous-MSQ dielectric. Ideally, this would be undertaken from the side-walls of a reactive-ion 
etched dielectric; however, experimentally that is challenging to measure via the method 
presented here. The lateral growth rate of the parylene family of polymers can be controlled by 
deposition temperature or pressure. At higher pressures, the MC tends to exhibit very high lateral 
growth rates and at some point is not very conformal but the later only at much higher pressures 
than would be typically be undertaken. Figure 5 shows the carbon incorporation into the porous-
MSQ films as a function of MC precursor pressure. Two porous-MSQ films were used, MSQ k = 
2.2 (average pore size 22 Å) and MSQ k = 2.0 (average pore size 37 Å). A balance exists with 
respect to the pore size and the pressure needed to seal it assuming the penetration is kept 
constant. In other words, a larger pore size will necessitate the use of higher pressure so that no 
more MC is penetrated into the dielectric. Fig. 5 shows that at 2 mTorr significant MC is 
penetrated for the MSQ k = 2.0 compared to the same film Caulked at higher pressure or with 
MSQ k = 2.2 at the same pressure. Even with significant penetration of the MC into the porous-
MSQ, still the k effective will not substantially increase since the dielectric of the MC itself is 
between 2.35 and 2.65. The later being the first generation material used as proof-of-concept. 

To estimate the increase in dielectric constant, a uniform penetration of MC layer was 
assumed. One MSQ film was 5400 Å thick and contained 50 % porosity (relative to SiO2), so an 
MC equivalent thickness of 300 Å evenly distributed through the MSQ film would fill 11.1 % of 
the porosity.  An upper bound to calculation of the composite film dielectric constant can be 
found by adding the contribution of components in parallel [14]: 
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ktot = k1P1 +k2P2 + k3P3,                                              (1) 

where ktot, k1, k2, and k3 are the dielectric constants of the total film, air, MC, and the dense MSQ, 
respectively.  P1, P2, and P3 are the respective fractions of air, MC, and the dense MSQ. An 
increase of approximately 4 % in the dielectric constant should be expected assuming a dielectric 
constant of 2.65 of the MC material. A capacitance-determined dielectric constant increase of 1.5 
± 3.3 % for a 37 Å thick MC/MSQ/SiO2/Si is consistent with these results. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6 - AFM measurements: (a) bare MSQ/SiO2/Si, (b) MC/ MSQ/SiO2/Si, (c) Plot of rms 
roughness as a function of MC thickness, and (d) Lateral correlation length as a function of MC 
thickness. 
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Roughness was measured by AFM and quantitative information about surface 
morphology was extracted from a height-height correlation function defined elsewhere [15].  
Figures 6 (a) and (b) show the AFM images of bare MSQ/SiO2/Si and 50 Å MC/MSQ/SiO2/Si 
stacks. 40 Å is a suitable MC thickness to prevent penetration and the RMS surface roughness is 
6.2 Å greater than the bare MSQ/SiO2/Si sample. The morphology after deposition shows an 
initial increase in roughness followed by an apparent smoothing as deposition proceeds (Fig. 
6(c)). The lateral correlation length continues to increase with deposition thickness and increases 
from an initial 200 Å for the bare MSQ/SiO2/Si to 446 Å for the 50 Å thick MC/SiO2/Si coated 
stack. An increase in the lateral correlation length indicates that as the film grows there is some 
longer range smoothing. The MC technology might be able to smooth rough side walls generated 
after the RIE of the porous dielectrics. The lateral correlation length is roughly the wavelength of 
fluctuation of the surface. The lateral correlation length changes are evident in the AFM images 
of bare MSQ (Fig. 6(a)) and 50 Å MC coated MSQ (Fig. 6(b)) by an overall increase in surface 
feature size. 

Finally, we have shown [16] along with Vaeth et al. [17] that no deposition occurs on a 
air-exposed Cu surface. Vaeth et al. showed that 335 nm of polymer grew on a silicon substrate 
before any growth occurred on copper. Selectivity is a highly desired quality of the free radical 
polymerization process used here. For Dual Damascene structures in the back-end-of-the-line 
processes there would be no deposition on the copper via. Only the dielectric would be coated 
and there would be no series contribution to Ohmic contact from the MC film. This would 
alleviate the need to etch back the dielectric liner and therefore reduce the number of processing 
steps. 

 
Conclusions 
 A polymer sealant, coined Molecular Caulk, as thin as 35 Å has been shown to prevent 
copper penetration during CVD. Ion beam backscattering at a 12C resonance at 4.28 MeV proved 
to be a powerful technique to measure the penetration of the MC into the porous-MSQ dielectric. 
The first generation Molecular Caulk has a low dielectric constant (k = 2.65) and effectively 
seals the porous dielectric. The penetration of the Caulk could be controlled and resulted in a 
negligible increase in dielectric constant as determined by capacitance measurements. Higher 
precursor pressure favors a high lateral growth rate, which in turn favors minimal penetration 
into the porous-MSQ thin film. The k = 2.0 porous MSQ film has a larger pore diameter of 37 Å 
that necessitates the deposition of the MC at higher pressures to minimize the penetration into 
that film. AFM results show a 6.2 Å increase in RMS roughness of the sealed MSQ surface. The 
sealant is a selective CVD process and will not deposit on the copper via in Dual Damascene 
architectures. Selective growth is very important to eliminate the need to etch back the sealant 
before further metallization steps. 
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