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NOMENCLATURE 

ALD atomic layer deposition 

CMP chemical mechanical polishing 

CVD chemical vapor deposition 

DMDCS dimethyldichlorosilane 

EDS energy-dispersive X-ray spectrometer 

EPDC ethyl peroxydicarbonate 

FTIR Fourier transform infrared spectroscopy  

hfacH hexafluoroacetylacetine 

HMDS hexamethyldisilazane 

HOSP hybrid-organic-siloxane-polymer  

MSQ methylsilsequioxane 

MTCS methyltrichlorosilane 

OSG organosilicate glass 

p-MSQ porous methylsilsequioxane 

POSG porous organosilicate glass  

scCO2 supercritical carbon dioxide 

SEM scanning electron spectroscopy 

TBP tri-n-butyl phosphate 

t-BuPA tert-butyl peracetate 

TMCS trimethylchlorosilane 

TMDS tetramethyldisilazane 
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XPS X-ray photoelectron spectroscopy 
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ABSTRACT 

RC (resistance × capacitance) time constant delay, cross-talk noise, and power 

dissipation of the interconnect structure become limiting factors for the performance of 

integrated circuits (IC) as device feature sizes continue to scale down. To address these 

problems, copper has replaced aluminum for interconnects in leading edge 

microelectronic devices to satisfy the demand for better performance. Low-k and porous 

low-k dielectrics are introduced to further reduce the RC delay of interconnects and 

improve signal transmission. The conventional wet and dry processing approaches, 

however, face problems with highly porous structures and changes in dielectric constant k 

due to absorption of chemicals. Supercritical CO2 (scCO2) is especially useful for 

processing porous low-k films since it has solvating properties that are comparable to 

liquids but mass transfer characteristics comparable to gases and no surface tension.  

In this work, the removal of copper from silicon surface as well as viable 

processes for drying, repair and capping of porous methylsilsesquioxane (p-MSQ) films 

using precursors dissolved in scCO2 were demonstrated. Copper was etched from a 

silicon surface using the chelator hexafluoroacetylacetone (hfacH) dissolved in scCO2 at 

40-60°C and 100-250 atm. The Cu(II) shells were removed selectively to the Cu(I)2O 

cores by processing with pure scCO2 and rapidly releasing the system pressure (300 

atm/min). Mechanical failure of the Cu(II)O and Cu(II)Cl2 when CO2 in stress corrosion 

cracks quickly expanded delaminated these layers, leaving only Cu(I)2O on the surface. 

Etching of both Cu(II) and Cu(I) was achieved when oxidized samples were processed in 

scCO2 containing approximately 120 ppm of hfacH for 2 min.  
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The effect of adding 5-7 vol% cosolvents and 0.5-1 vol% Si-bearing precursors to 

scCO2 to dry, repair, and cap blanket ashed p-MSQ films (JSR LKD5109) at 160-300 atm 

and 45-60°C for a 2 min soak was investigated. The drying experimental results showed 

that all the aliphatic C1-C6 alcohols and acetic acid removed H-bonded silanol (SiO-H) 

groups but that n-propanol and n-butanol were the most effective and had the lowest 

vapor pressure at 25°C of the cosolvents studied. Repair and capping results showed that 

methylsilyl (–O-Si-CH3) moieties were deposited on the surface by reaction with both 

isolated/geminal silanol (SiO-H) and H-bonded silanol (SiO-H) groups. As-received 

ashed p-MSQ had a contact angle of less than 10° and a dielectric constant of 3.5 ± 0.1. 

After processing in a mixture containing 7% n-propanol and scCO2, the contact angle was 

15° and the dielectric constant decreased to 3.2 ± 0.1. The hydrophobicity of the p-MSQ 

film was recovered after Si-bearing precursors treatments as shown by contact angles 

>80°. The dielectric constant of ashed p-MSQ was completely or partially restored after 

treatments. The bi- or tri-functionality of the molecules with more reactive head groups 

produced intermolecular linking, and Ti chemical vapor deposition (CVD) showed that 

the pores of MSQ were capped after bi- or tri-functionality of the molecule processes. 
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1. INTRODUCTION 

 
1.1 Background 

The increase in the speed of integrated circuits (IC) has been accomplished by 

reducing the size of transistors on a chip. Over the last two decades, device feature size 

has decreased from 1 µm to 90 nm. As IC dimensions continue to shrink, RC (resistance 

× capacitance) time constant delay, cross-talk noise, and power dissipation of the 

interconnect structure become limiting factors for the performance of integrated circuits 

(1). To address these problems, copper has replaced aluminum for interconnects in 

leading edge microelectronic devices to satisfy the demand for better performance. The 

lower resistivity of Cu (ρ ∼ 1.67 µΩ-cm) compared to Al (ρ ∼ 2.65 µΩ-cm) reduces the 

RC time constant, which improves the speed of signal transmission in a device. Moreover 

the larger mass of Cu than Al atoms significantly increases the electromigration lifetime 

of Cu interconnect wires. The processing of Cu for device fabrication, however, is much 

more challenging than the deposition and etching technologies used for Al. The 

precursors for chemical vapor deposition (CVD) of Cu have relatively low volatilities, 

require high temperatures for uniform growth, and produce low growth rates. The 

primary obstacle to anisotropic etching of Cu for patterning is the low volatility of copper 

halides, which results in low etching rates. Instead of using CVD and plasma etching, Cu 

interconnect wires are fabricated using a dual damascene process, which involves 

physical vapor deposition of a Cu seed layer into the trenches in a dielectric film 

followed by electrolytic or electroless plating of a blanket Cu film and chemical 
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mechanical planarization (CMP) to polish back down to the flat dielectric surface. The 

trenches of the dielectric must be covered with a barrier layer to prevent Cu from 

diffusing through the dielectric. Cleaning of the dielectric film before the barrier is 

deposited is necessary to obtain good adhesion and eliminate particle generation as well 

as to avoid trapping Cu contamination on the dielectric surface. Subtractive processes are 

needed in the back end of line for cleaning and bulk etching that both advance technology 

and minimize the discharge of heavy metals, such as copper, into waste streams.  

A parallel development to using Cu metal is the introduction of insulating layers 

with low dielectric constants (low-k) to further reduce the RC delay of interconnects and 

improve signal transmission. Dielectric constant is the ratio of the permittivity of a 

substance to that of free space. Low-k dielectric films are one of the performance drivers 

in the back end of line integration. Low-k films are deposited either by spin coating or 

CVD. Spin-on films are either silicates (ex. methylsilsesquioxane MSQ) or nonsilicates 

(ex. SiLK) and CVD films are organosilicates (ex. Coral). Making the polymeric low-k 

films (k = 2.5-3) porous will be required to lower k below 2.2 for the 90 nm technology 

node. Two approaches have been used to reduce the dielectric constant. One is to 

incorporate atoms and bonds that have a lower polarizability, for example, using less 

polar bonds such as Si-F, Si-C, C-F, C-C, and C-H. The electronic (at optical frequency, 

1014-15 Hz), atomic (at IR frequency, 1012-13 Hz), and orientation (at microwave frequency, 

109 Hz) responses of the film are the three polarization components usually considered. 

The other is to introduce porosity into the film thus to lower the density of the film, 

which can be constitutive or subtractive (2). For the 45 nm technology node and beyond, 
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one of the most important changes is the introduction of a porous dielectric to 

significantly reduce the dielectric constant. Porosity decreases the density of the film and 

reduces the dielectric constant, but poses challenges for integration into current IC 

manufacturing processes due to compromises in mechanical strength, thermal and 

chemical stability, and reliability. Pores compromise the structural integrity of low-k 

films as well as expose the film’s interior to the outside and must be cleaned, free of 

etching damage, and capped before deposition of the barrier and seed layers. Low-k films 

are patterned using photoresist and plasma etching followed by ashing with O2, NH3, or 

N2/H2 chemistries. A residue is left on the surface of the low-k film after this process 

sequence, which must be completely removed to obtain good adhesion and eliminate 

particle generation in the subsequent Cu barrier layer deposition step. The residue 

contains C, H, O, Cu, Si, and F-bearing organic, organometallic, and inorganic 

contaminates. Damage in the form of silanol (Si-OH) groups is introduced into 

organosilicate low-k layers during ashing of photoresist. Silanol groups are not only 

hydrophilic, but also are polarizable and raise the value of the dielectric constant k so that 

cleaning, repair, and capping must be done before the film can function as designed. 

Cleaning must not degrade the low-k film, critical dimension, etching profile, or 

electrical properties. Moreover, the low-k surface must retain its hydrophobic condition 

and Cu oxide must be removed without attacking Cu. Cleans must succeed with each 

type of low-k film, which has a specific CH3 content, porosity, etc., and be compatible 

with all of the materials in the device stack, which includes Cu interconnects, TiN or TaN 

diffusion barriers, and Si3N4 etch stops. The primary low k cleaning issues are the 
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selectivity between polymeric contaminations and the porous low k film and damage due 

to depletion of components in the low-k film. For example, O2 ashing of MSQ films 

removes CH3 groups. Water is also an issue since moisture uptake increases the k value. 

Integration issues include voiding in porous films due to the reaction of F and H2O 

forming HF, which attacks Si-O bonds and resist poisoning from the reaction of NH3 and 

components in photoresist. Low k cleaning processes are needed for photoresist removal, 

deveiling, Cu cleaning, and contamination trapped in pores. 

Wet, dry, and supercritical CO2 (scCO2) process sequences are being investigated 

for backend applications. Wet process utilizes an organic solvent or inorganic acid 

combined with modifiers such as surfactants, corrosion inhibitors, and complexation 

agents. Dry process utilizes isotropic plasma that creates reactive gas phase neutral 

species. These conventional processing approaches, however, face problems with high-

aspect ratio features, dewetting of nonpolar surfaces, highly porous structures, damage by 

plasmas, and changes in k due to absorption of chemicals. Moreover, conventional 

processes generate large volumes of waste, which must be disposed or abated in an 

environmentally sound manner. Processes based on scCO2 mixed with small amounts of 

additives (< 7vol%) such as cosolvents and chelators potentially offer a lower cost 

solution because of the mass transport, density, tunable solvating power, nonaqueous, 

low surface tension, reusability and low toxicity of scCO2. 

Densified fluids heated and compressed to near or above their critical temperature 

and pressure have solvating properties that are comparable to liquids, but mass transfer 

characteristics comparable to gases, making them promising candidates for wafer 
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cleaning and drying applications on both the front and back end of line. Utilizations of 

scCO2 in microelectronic fabrication focusing on cleaning of semiconductor devices (3), 

photoresist drying and development (4,5), supercritical CO2-based CMP process (6,7), 

supercritical fluid deposition of metal (8,9), low k film (10), and nanoscale materials (11), 

and supercritical fluid etching of metals (12,13) and oxides (14,15) have been reported as 

potential candidates of fabrication processes for next generation microelectronic devices. 

These applications of scCO2 are under active development in response to needs for 

materials and reduced-dimension compatible cleans, new patterning approaches, and low 

chemical-use processes (16-20). The combination of mass transport, density, tunable 

solvating power, nonaqueous, low surface tension, reusability and low toxicity properties 

distinguish scCO2 from the conventional fluids employed to process wafers for 

microelectronic device applications. Supercritical fluid processing may enable the 

integration of porous low-k materials, which have proven to be difficult to clean and cap. 

 

1.2 Literature review 

1.2.1 Copper etching 

There is an extensive literature on the CVD of Cu films, which are deposited from 

organometallic precursors. The most favorable precursor molecules are ligand-stabilized 

Cu(I) (21) and Cu(II) (22) β-diketonates, which are fluorinated to increase volatility. 

Processes based on Cu(I) precursors generally yield higher deposition rates and do not 

require a carrier gas, and the lower oxidation state produces lower decomposition 

  



    15  

temperatures. Deposition of solid Cu(0) metal from Cu(I) hexafluoroacetylacetonate 

precursors occurs by a thermally induced disproportionation reaction 

( ) ( ) ( ) ( ) LhfacCusCugLCuhfac II 22 2
01 ++⇔                              (1) 

where L is a Lewis base such as a triorganophosphine, olefin, or alkyne. At surface 

temperatures of 150-550°C the deposition rate is typically on the order of 0.1 µm/min 

(21). Cu(II) precursors generally have higher vapor pressures, and undergo deposition 

reactions that are enhanced by water vapor (23-26). Pyrolytic laser induced CVD of a 

hexafluoroacetylacetonate trimethylvinylsilane. Cu(II) precursor in the presence of water 

vapor produced high purity Cu lines at a growth rate of 1.8 µm/min, but under anhydrous 

conditions the growth rate was low and large amounts of carbon were incorporated (27). 

Chemistries using the organic acid hexafluoroacetylacetone (hfacH) can 

alternatively be used to dry etch Cu at much lower temperatures than are required for 

deposition. These dry etching processes are nondirectional or isotropic and have been 

proposed for cleaning the backside of wafers and CVD reactors that have been exposed to 

Cu. One approach is to reverse the CVD reaction (1) by reacting Cu metal with Cu(hfac)2 

and a Lewis base. Various Lewis bases have been shown to promote etching but the rates 

are less than 0.1 µm/min at 120-140°C (28), which is an order of magnitude lower than 

the approximately 1 µm/min needed for industrial dry etching processes. A more 

successful approach is to oxidize the Cu metal first then react the nonvolatile metal oxide 

oligomers with an organic acid such as hfacH to form a volatile product. 

Gas phase Cl2, O2, O3, and H2O2 have been used to oxidize Cu metal either prior 

or during exposure to hfacH. Jain et al. etched Cu metal at rates as high as 1 µm/min at 
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190°C and 5 Torr using a continuous gas flow of approximately 1:4 hfacH to H2O2 (29). 

They found that at 200°C the film was primarily Cu(I) oxide (Cu2O), whereas at 250°C 

the film was primarily Cu(II) oxide (CuO). Steger and Masel also achieved high Cu 

etching rates of approximately 1.65 µm/min using a continuous flow of 50 Torr hfacH 

and 200 Torr O2, but the temperature and pressure were much higher, 350°C and 250 

Torr, respectively (30). Decreasing both the temperature to 300°C and the pressure below 

200 Torr to ensure high mass transport, however, reduced the etching rate to 

approximately 0.2 µm/min. They also found that O2 gas produced a mixture of Cu(I) and 

Cu(II) oxides at 325°C but that Cu(II) oxide was primarily produced at 375°C. Nigg and 

Masel showed using temperature programmed desorption that oxygen pre-adsorbed on 

Cu(210) produced Cu(hfac)2 at 150°C after hfacH exposure and prevented polymerization 

of hfacH on the surface (31). Kang et al. used O3 gas and downstream O2 and O3 plasmas 

to oxidize Cu metal and found that the ratio of Cu(II) to Cu(I) oxide increased with 

temperature from 125 to 250°C and plasma power (32). The etching rate increased from 

0.02 to 0.14 µm/min over this temperature range at a total reactor pressure of 0.9 Torr 

using a continuous flow of 1:8 hfacH to O2 containing 5vol% O3. George et al. separated 

the oxidation and removal steps to investigate using hfacH as a chemical vapor clean for 

Cu (33). Cu(I) and Cu(II) oxides were prepared by furnace oxidation of Cu metal and 

cleaned to remove adventitious carbon in a downstream plasma. The Cu oxides were 

removed by a 5 min exposure to a gas phase containing 2.5 Torr hfacH in a 7.5 Torr N2 

carrier but only when the temperature was raised above 200°C. At lower temperatures, 

the oxidation state of the Cu was unchanged and no Cu oxides were removed when 
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exposed to hfacH. The nominal etching rate was approximately 0.04 µm/min, which is 

sufficient for an industrial surface clean in which a submonolayer surface coverage of Cu 

must be removed. 

Metal films have been deposited and etched using supercritical CO2. Blackburn et 

al. deposited Cu on metal and metal oxide surfaces seeded with clusters of Pd by 

hydrogen reduction of Cu(II) β−diketonates including Cu(hfac)2 dissolved in scCO2 at 

175-200°C and 200 atm (8). They also demonstrated that high-purity Cu films could be 

deposited using Cu(I) precursors by the disproportionation reaction (1) onto SiO2 and 

metal diffusion barriers such as TiN by hydrogen-assisted reduction at 225°C and 200 

atm. Below 200°C the deposition was found to be selective for metal surfaces over SiO2. 

The use of nonfluorinated precursors is desirable because of disposal issues and both 

Cu(I) and Cu(II) organometallic precursors were shown to yield similar results as that for 

Cu(hfac)2. Ohde et al. demonstrated that adding a homogeneous Pd catalyst to a scCO2 

mixture lowered the deposition temperature of high-quality Cu films to 100°C on Ta and 

other barrier metals by the hydrogen reduction of Cu(hfac)2 (9). Bessel et al. 

demonstrated that Cu coupons were etched in a mixture of the oxidant ethyl 

peroxydicarbonate (EPDC) and different β−diketonate chelating molecules dissolved in 

scCO2 at 40°C and 214 bar (6). The effort was directed at developing a scCO2 based 

CMP process. They found that the removal rate using hfacH was 158 layers of Cu/min or 

approximately a factor of three times greater than with chelators containing less fluorine, 

which they attribute to solubility of the Cu-bearing complexes in CO2. Since the starting 

material ethyl chloroformate of the oxidant ethyl peroxydicarbonate is very toxic, they 
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studied a different oxidant tert-butyl peracetate (t-BuPA), which is commercially 

available. Compared to EPDC/hfacH/scCO2, the Cu removal rate was 58 layers of 

Cu/min for t-BuPA/hfacH/scCO2 (7). Again, they found that the removal rate using hfacH 

was much higher than with chelators containing less fluorine, which they attribute to 

solubility of the Cu-bearing complexes in CO2. Wang et al. showed complete removal of 

metallic Cu at 200 atm and 40°C in 4 min with tri-n-butyl phosphate (TBP)-HNO3 as an 

oxidant and hfacH as a chelating agent dissolved in scCO2, as indicated by SEM images 

and energy-dispersive X-ray spectrometer (EDS) data. No Cu removal was achieved from 

the silicon surface under the same experimental conditions, when only pure TBP and 

hfacH were used (12). 

 

1.2.2 Repair and capping of porous low-k films 

Several approaches have been used to minimize or repair damage to low-k films 

after photoresist ashing, which typically raises the k value to the 3.0 range. The first 

approach is to use He, H2, or NH3 plasmas to treat the oxygen plasma ashed films and 

restore the dielectric constant. Liu et al. and Chang et al. reported that H2 plasma 

treatment could provide additional hydrogen to passivate the inner structure of porous 

MSQ film and reduce dielectric constant from 3.86 (after O2 plasma) to 2.85 (34,35). Liu 

et al. and Chang et al. used NH3 plasma to convert hybrid-organic-siloxane-polymer 

(HOSP) surface into inorganic surface by forming a thin inert SiNx passivation layer, 

which can enhance the resistance of HOSP film to O2 plasma attack during photoresist 

stripping (36,37). Chen et al. summarized the results of both single and mixed plasma 
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passivations on siloxane-based low-k polymeric films (HOSP) and showed that N2/H2 

mixed gas source plasma can form a surface of nitride-based layer which can protect 

siloxane-based low-k polymeric films from O2 plasma damage and retard copper 

diffusion during thermal annealing (38).  

The second approach is to implant boron (B) or arsenic (As) to protect the film 

during plasma ashing. Chang et al. implanted MSQ films with boron (150 keV and 

5×1015/cm2), which they propose densified the surface without inducing damage since B 

is a small atom, and showed that the k value of the as-cured film was maintained (39). 

Wang et al. showed that arsenic implantation (80 keV and 5×1015/cm2) had a similar 

effect in protecting the film during O2 plasma treatment, but in contrast to boron, arsenic 

ions damaged the film and raised the k value (40).  

The third approach is to use HMDS or TMCS vapor followed by annealing to 

remove -OH groups and produce a hydrophobic surface. Mor et al. reported that pure 

HMDS vapor reacted with silanol groups on porous organosilicate glass (POSG) films 

and converted hydrophilic SiO–H groups into hydrophobic Si-O–Si(CH3)3 moieties, 

which resisted moisture uptake (41). As cured POSG films had a dielectric constant of 

1.9. After O2 plasma ashing for 30 seconds, the dielectric constant increased substantially 

to 3.62. HMDS vapor treatment at 80°C for 15 min followed by furnace curing at 400°C 

for 60 min reduced the dielectric constant to 2.4. Chang et al. found that TMCS treatment 

of organosilicate glass (OSG) films at 60°C for 15 min reduced moisture uptake and 

recovered the dielectric constant of the initial as-cured film (k = 2.6). The dielectric 

constant decreased from 3.2 after O2 plasma ashing to 2.8 after TMCS vapor treatment, 
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and the dielectric constant decreased from 2.9 after treatment with a liquid solution 

containing hydroxylamine (NH2OH) and ethanolamine (HO-C2H2-NH2) at 60°C for 10 

min to 2.7 after TMCS vapor treatment (42). Clark et al. showed that HMDS vapor 

treatment followed by heating to 400°C yielded a hydrophobic surface and restored the k 

value of porous methylsilsesquioxane (p-MSQ) films from 3.14 after etching and ashing 

to 2.43, which was close to the 2.23 nominal dielectric constant of the starting material 

(43). 

Supercritical fluids have excellent surface wetting properties, high diffusion 

coefficients, and solvate a variety of molecules. Gorman et al. reported on the repair of 

H2 plasma ash damaged p-MSQ films using HMDS and supercritical CO2 mixtures. The 

starting contact angle, which was 18°, was increased to 90° in less than 1 min (44). 

Lahlouh et al. demonstrated that the repair of O2 plasma ash damaged p-MSQ films with 

TMCS and scCO2 was more effective in open-pore films than in closed-pore films, 

however, the surface hydrophobicity for both types of films was recovered after treatment 

(45). 

Two different methods have been proposed to seal the pores of low-k films. One 

way is to use a plasma to modify the low-k film surface. Whelan et al. reported the 

sealing of porous low-k dielectric silicon oxycarbides with UV-ozone induced oxidation 

(46). The other way is to deposit a thin capping layer such as a low-k CVD polymer and 

silica to seal a low-k film. Jezewski et al. found that a low-k CVD polymer cap with a 

thickness of 3.5 nm prevented copper penetration during subsequent metallorganic CVD 

and effectively sealed p-MSQ films (47,48). De Rouffignac et al. sealed the porous low-k 
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dielectric JSR LKD-6103 with a smooth coating of silica just a few nanometers thick 

(49). Atomic layer deposition (ALD) of tungsten nitride (WN) onto the smooth silica 

surface provided a thin (1.5 nm) barrier layer. Without the silica sealing layer, ALD WN 

penetrated through the low-k dielectric. There was no change in the dielectric constant of 

the low-k film stack. 

 

1.3 Goal of the study 

There were two goals of the work on the chemical processing science of device 

interconnect structures based on the solvent scCO2. Backend wafer cleans typically rely 

on organic solvents or inorganic acids because water can corrode exposed metal. Since 

backend cleans must be repeated for every metal layer present (5-10 times per finished 

device), a waste solvent stream is generated containing both inorganic and organic 

contaminants. scCO2 could substantially reduce both the dependence of backend wafer 

cleaning on organic solvents and inorganic acids and the risks associated with handling 

and disposing of flammable materials having relatively high vapor pressures. One goal 

was to demonstrate a proof of concept process for the removal of Cu metal from a silicon 

surface using hfacH dissolved in scCO2, and the other goal was to demonstrate viable 

processes for drying, repair and capping of p-MSQ films using cosolvents and Si-bearing 

precursors dissolved in scCO2.  

Silicon was chosen for the Cu removal study rather than a dielectric film because 

Cu deposition from solution required a conductive surface. Copper islands with nominal 

concentrations on the order of 1016 atoms/cm2 were chosen for study, since this range is 
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most relevant for wafer surface cleaning applications in the semiconductor industry. A 

two-step process of oxidation and etching with hfacH dissolved in scCO2 removed Cu on 

Si to the detection limit of X-ray photoelectron spectroscopy (XPS) and removed Cu 

islands in scanning electron spectroscopy (SEM) images. The morphology of Cu(II)O 

formed by exposure to liquid H2O2 had a flake appearance and could be etched 

selectively to Cu(I)2O by releasing the reactor pressure at a rate of 300 atm/min. Both 

Cu(II)O and Cu(I)2O as well as Cu chlorides were removed chemically using hfacH 

dissolved in scCO2. The removal of Cu(I)O is proposed to occur via oxidation by a 

byproduct of Cu(II) etching and subsequent attack of Cu(II) by hfacH.  

A p-MSQ film was chosen for study of drying, repair and capping because the 

average pore size is in the mesoporous range (mesopores have diameters between 2 and 

50 nm according to the definition of International Union for Pure and Applied Chemistry) 

and because it is sensitive to plasma ashing damage. Water is introduced into silicate 

low-k films in the form of silanol (Si-OH) groups during the etching and ashing processes 

used for pattern transfer. The hydroxyl groups increase the k value and must be removed. 

Ideally a capping layer will block access to the porous matrix and have material 

properties that are compatible with subsequent processes. For example, the capping layer 

could also serve as a copper diffusion barrier for a dual damascene architecture. Fourier 

transform infrared (FTIR) spectroscopy was used to monitor the chemical changes of 

functional groups on the surface. After treatments in cosolvents and Si-bearing precursors 

mixed with scCO2, the contact angle and dielectric constant were measured. All the 

aliphatic alcohols studied from C1 to C6 and acetic acid removed a portion of H-bonded 
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silanol groups but left isolated/geminal silanol groups on the surface. One approach to 

low-k film repair and capping is to use a precursor molecule containing a weak bond to 

Si. The model compounds using this approach are hexamethyldisilazane (HMDS) and 

tetramethyldisilazane (TMDS), which have relatively weak Si-N-Si linkages. Another 

approach is to chemically react the hydroxyl groups present on the surface after ashing 

with a molecule that reacts with water, such as trimethylchlorosilane (TMCS), 

dimethyldichlorosilane (DMDCS), and methyltrichlorosilane (MTCS). Both 

isolated/geminal and H-bonded silanol groups reacted with these chemicals. As-received 

ashed p-MSQ films had a contact angle of less than 10° and a dielectric constant of 3.5 ± 

0.1. The hydrophobicity of the starting surface before ashing was recovered after HMDS, 

TMDS, TMCS, DMDCS and MTCS mixed with scCO2 treatments as confirmed by 

contact angle measurements (>80°), whereas the surface was still hydrophilic after 

processing in mixtures of alcohol cosolvent and scCO2 because of the creation of 

isolated/geminal silanol groups on the surface. After processing in a mixture containing 7 

vol% n-propanol and scCO2, the dielectric constant decreased to 3.2 ± 0.1. The dielectric 

constant of ashed films was reduced to approximately 2.5 after processing with HMDS 

and TMCS, and 2.9 for DMDCS, but only 3.2 and 3.3 for MTCS and TMDS. 

 

1.4 Explanation of dissertation format 

This dissertation adopts the published paper format. A paper entitled “Removal of 

copper from silicon surfaces using hexafluoroacetylacetine (hfacH) dissolved in 

supercritical carbon dioxide” published in Chemistry of Materials is included in 
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Appendix A.  A paper entitled “Condensation of silanol groups in porous 

methylsilsesquioxane films using supercritical CO2 and alcohol solvents” published in 

IEEE Transactions on Semiconductor Manufacturing manuscript is shown in Appendix 

B.  Two papers entitled “Silylation of porous methylsilsesquioxane films in supercritical 

carbon dioxide” and “Repair and capping of porous MSQ films using chlorosilanes and 

supercritical CO2” published in Microelectronic Engineering are included in Appendix C 

and D. 
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2. PRESENT STUDY 

 

The methods, results, and conclusions of this work are presented in the published 

paper appended to this dissertation. The following is a summary of the most important 

findings in this document. 

2.1 Cu etching – Chemistry of Materials, 17, 1753-1764 (2005)   

In a damascene flow, after etching the low-k film to define the trench, ashing to 

remove photoresist and sputtering to remove oxides on the copper metal at the bottom of 

the via, a residue is formed on the sidewalls of the low-k film. The residues contain 

oxidized photoresist fragments and copper metal atoms and must be removed. Copper 

can be removed in wet process but this will generate lots of waste. The gas phase removal 

of copper requires higher temperature compared to wet process. Supercritical CO2 was 

chosen as a carrier for chelating agent to etch the copper because of its mass transfer to 

gases and its solvating properties comparable to liquids.  

XPS was used to determine the oxidation state and the chemical composition of 

the Cu deposits. XPS peaks in the Cu 2p range at binding energies of 932.7 and 952.5 eV 

were observed for Cu contaminated Si. The Cu oxidation state can not be completely 

resolved based on the 2p XPS data because the Cu(0) metal and Cu(I) peaks overlap. 

Auger spectra for the Cu(L3M4,5M4,5) transition, which is induced by X-ray exposure, 

were used instead to discriminate between Cu(0) metal and Cu(I). The Cu(L3M4,5M4,5) 

Auger transition of a Cu contaminated Si sample (as contaminated sample) is a single 
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peak located at a binding energy of 337.3 eV. This state is indicative of Cu(I) formation. 

These results demonstrate that in the near surface region probed by XPS, the initial Cu 

deposit contained Cu(I)2O. This oxide was likely formed after deposition during exposure 

of metallic Cu deposits to air. 

A pure scCO2 process removed approximately half of the Cu from oxidized as 

contaminated samples. The XPS spectrum indicated that Cu(II) oxide, CuO, formed as 

shown by the shake-up satellite peaks at 943 and 962 eV. Processing the as contaminated 

and oxidized sample for a 3 min soak in scCO2 at 56°C and 156 atm (0.63 g/cm3) resulted 

in a 50% decrease in the Cu peak area. Reference of the Cu to the Si 2p peak area 

allowed removal percentages to be compared across all processes without introducing 

artifacts caused by changes in other atomic constituents on the surface. The Cu(II) 

satellite peaks at 943 and 962 eV were reduced appreciably but some Cu(II)O remained 

on the sample. The Cu(L3M4,5M4,5) Auger transition shifted to higher binding energy as a 

result of scCO2 processing, which shows that Cu(II) oxide was removed preferentially to 

Cu(I). The Cu(I)2O Auger peak centered at 337.3 eV was broad, however, which is 

consistent with the presence of Cu(II)O.  

The pressure in the reactor after scCO2 processing in sequence a. was released 

quickly to ambient conditions in less than 1 min to achieve a rate of approximately 300 

atm/min. The rate of pressure release was essential to removing Cu(II)O. Cu was not 

removed, on average, from oxidized samples when the release rate was approximately 30 

atm/min or an order of magnitude slower compared to the fast release experiments. 

  



    27  

Releasing the reactor pressure rapidly after processing a nonoxidized sample with 

scCO2 did not change the amount of Cu on the surface. Processing a sample containing 

only Cu(I)2O islands (as contaminated sample) in scCO2 for 3 min at 55°C and 150 atm 

(0.62 g/cm3) and releasing the pressure quickly resulted in a net change of –21% in the 

referenced Cu peak area calculated. The negative change was the result of the adsorption 

of adventitious C on the surface since the C 1s XPS peak also increased. These results 

demonstrate that processing in pure scCO2 removed Cu(II)O selectively to Cu(I)2O when 

the system pressure was released quickly after the soak time. 

In a proof of concept experiment, a sample was exposed to hfacH in ambient air 

to chemically remove Cu. A droplet containing 0.5 ml of pure hfacH was placed on the 

surface of an as contaminated sample using a plastic bulb in a chemical hood in the 

cleanroom. After 30 min at 19°C the surface was rinsed with IPA and blown dry with N2. 

Pre- and post-process XPS spectra of the sample in the Cu 2p1/2 and 2p3/2 binding energy 

range show that Cu was completely removed from the surface to the detection limit of 

XPS. Rinsing an as contaminated sample with IPA and blowing dry with N2 did not 

change the Cu XPS spectrum indicating that pure hfacH in air completely removed Cu 

from the surface.  

In contrast to the cleanroom experiment in air at ambient conditions, dissolving 

hfacH in scCO2 did not remove Cu from the surface of as contaminated samples. 

Processing an as contaminated sample in scCO2 containing 120 ppm hfacH at 44°C and 

136 atm (0.68 g/cm3) for 60 min resulted in a –46% change in the percentage of Cu 

removed. Copper was not added to the surface rather the negative change indicates that 
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another species, in this case hfacH, adsorbed on the surface, since both the C and F XPS 

peaks increased. The attenuation of the Cu 2p3/2 peak envelope in the pre and post 

process spectra was less than for the Si 2p peaks, which explains the sign and magnitude 

of the change. Judging from the satellite peak at 943 eV, the small amount of Cu(II) 

present initially appears to have been removed. The hfacH concentration was 

approximately 120 ppm.  

Oxidizing as contaminated samples followed by processing in a mixture of hfacH 

dissolved in scCO2 removed all of the copper from the. Both a UV-Cl2 gas phase and an 

aqueous H2O2 solution were used as oxidants with identical results. Exposing an as 

contaminated sample to UV-Cl2 at 50°C converted a portion of the Cu(I)2O to Cu(II) 

chloride (CuCl2) on the surface. Following this step with 120 ppm of hfacH dissolved in 

scCO2 at 58°C and 180 atm (0.67 g/cm3) for a soak time of 5 min removed all Cu on the 

surface to below the XPS detection limit. Both the C and F XPS peaks increased, 

however. Oxidizing the surface instead with an aqueous 30% H2O2 solution for 5 min and 

processing in hfacH dissolved in scCO2 at 49°C and 138 atm (0.63 g/cm3) for 2 min 

followed by a pure scCO2 exposure to rinse the surface not only removed Cu but also left 

the C and F coverages unchanged from the initial pre-process levels. These results 

indicate that an oxidant is necessary to completely remove Cu with hfacH and that hfacH 

residue remaining on the Si/SiO2 surface after processing was readily removed by 

contacting with pure scCO2. 
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2.2 Low k film drying - IEEE Transactions on Semiconductor Manufacturing, 17, 544-

553 (2004)   

In a damascene flow, after etching low-k film to define the trench, ashing to 

remove photoresist, the low-k film properties have been changed; for example, film 

surface becomes from hydrophobic to hydrophilic. Methanol is a cosolvent commonly 

used in the microelectronic industry and has a much higher vapor pressure than other 

cosolvents such as ethanol and n-propanol investigated in this work. Supercritical CO2 

was chosen as the carrier of the OH-bearing molecules because its mass transport 

properties and zero surface tension has the potential to penetrate into narrow device 

geometries. 

Within experimental error, the C1 through C4 alcohols performed analogously 

condensing approximately half of the silanols in the film. The similar removal 

percentages obtained at both 5 vol% and 7 vol% suggests that the processes reached 

equilibrium at the pressure and temperature conditions studied. Four consecutive 

extractions of the same sample using 7 vol% n-propanol removed 55% of the silanol 

groups, which is within experimental error of the average for a single extraction, 

supporting this conclusion. 

Two possible mechanisms for the increased silanol condensation percentage due 

to alcohol addition are an increase in fluid solubility and an enhancement of a surface 

chemical reaction. Addition of C1 to C4 alcohols effectively increased the solubility of 

water in the fluid phase by H-bonding of the water produced by condensation with the 

alcohol dispersed in the scCO2. The C1 through C4 alcohols increased the capacity of the 
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fluid for water and provided a driving force for silanol condensation compared to using 

scCO2 alone. Another possible contribution of the alcohol is catalyzing the condensation 

reaction of hydrogen-bonded silanol groups. Silanol condensation reactions occur at 

relatively high temperatures starting near 100°C, yet the supercritical fluid processes 

investigated were conducted at 45-57°C. The experimental results do not directly show 

that a surface chemical effect occurred, but alcohols should hydrogen-bond to silanol 

groups on the surface. These reactions may be concerted in the sense that an alcohol 

molecule hydrogen-bonded to the hydroxyl group of a silanol moiety lowers the energy 

needed for that hydroxyl to enter the supercritical fluid phase as a water molecule. 

The drop off in silanol removal percentage measured for the three C4 alcohols 

and continuing with the C5 n-pentanol and C6 n-hexanol is the result of both the lower 

water affinity of these molecules and the lower solubility of these cosolvents in 

supercritical CO2. The performance of n-pentanol was close to pure scCO2, but that of n-

hexanol was considerably worse. There is a competition between water-water, water-

CO2, water-cosolvent, cosolvent-cosolvent, and cosolvent-CO2 interactions that 

ultimately determine which molecular aggregations are the most stable in the 

supercritical fluid and the resulting solubilities. The solubility of water decreases with an 

increase in the carbon chain length for the alcohols. This explains the lower removal 

percentage obtained with n-hexanol but does not explain why the drop is so sharp. 

Moreover, the C5 n-pentanol performed almost as well as tert-butanol even though the 

water solubility is lower. 
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The lower solubility of the longer chain alcohols reduced the capacity of the fluid 

mixture to accommodate water molecules and could have produced a system containing 

one scCO2 phase with dissolved alcohol and a pure alcohol phase, which was either 

discrete or continuous. One interpretation of these results is that the supercritical fluid 

was saturated with alcohol cosolvent and could not accept additional polar water 

molecules, but the low silanol removal percentage of n-hexanol even below that of pure 

scCO2 suggests another factor. After processing with n-pentanol and n-hexanol, there was 

a visible liquid layer remaining on the surface of the low-k film. The physisorbed layers 

could have physically blocked transport of water produced by silanol condensation from 

the surface to the scCO2 fluid phase. The solubility of the cosolvent in the supercritical 

fluid is an important parameter to consider in cosolvent selection, and may explain the 

better performance of n-butanol compared to tert-butanol. The solubility of water is 

higher in the branched chain tert-butanol, but the solubility of the straight chain n-butanol 

is higher in scCO2.  

The vapor pressure of each of the cosolvents at 25°C was plotted as a function of 

the percentage of silanol groups removed to assess the relative environmental 

performance of the cosolvents studied. Vapor pressure is one measure of the 

environmental impact of a molecule. It is important in designing waste recovery 

equipment and in assessing disposal options. In addition, it gives some measure of the 

relative safety of handling a class of compounds and their flammability. The cosolvents 

isopropanol, n-propanol, and n-butanol produced the highest silanol removal percentages 

at the lowest vapor pressures of the cosolvents studied. Methanol performed well but its 
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vapor pressure is more than twice that of isopropanol. The removal of water from the 

surface by methanol addition may have been solubility limited in these experiments 

because of the high molar percentage of methanol used. These results suggest that 

methanol is not a desirable cosolvent from an environmental perspective, and show that 

other alcohols–some of which are already present in an integrated circuit fabrication 

facility–offer a better alternative without a sacrifice in performance. 

As-received ashed p-MSQ had a contact angle of less than 10° and a dielectric 

constant of 3.5 ± 0.1. After processing ashed samples in scCO2 alone and in a mixture of 

7 vol% n-propanol and scCO2, the contact angles increased slightly to 14° and 15° and 

reduced the dielectric constants to 3.3 ± 0.2 and 3.2 ± 0.1, respectively. The decrease in 

dielectric constant after processing with pure scCO2 and scCO2/7 vol% n-propanol is the 

result of removing H-bonded silanol groups from the surface, but the creation of isolated 

silanol groups as shown by the FTIR spectra mitigates this effect.  

 

2.3 Low k film repair - Microelectronic Engineering, 76, 52-59 (2004)   

In a damascene flow, low-k films are patterned using photoresist and plasma 

etching followed by ashing with O2, NH3, or N2/H2 chemistries. Plasma ashing low-k film 

produces silanol groups making the surface hydrophilic and increasing the dielectric 

constant, which must be removed in order to restore the k value. Several approaches have 

been used to minimize or repair damage to silicon dioxide containing low-k films after 

photoresist ashing. The first approach is to use He, H2, or NH3 plasmas to treat the 

oxygen plasma ashed films and restore the dielectric constant. The second approach is to 
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use HMDS or TMCS vapor followed by annealing to remove OH groups and produce a 

hydrophobic surface. The third approach is to use HMDS or TMCS dissolved in scCO2 

because of its unique properties such as zero surface tension and high mass transfer. 

The FTIR difference spectra show that HMDS, TMDS, and TMCS reacted with 

both H-bonded O-H groups (decrease in the O-H peak at 3150-3560 cm-1) as well as 

isolated O-H groups (decrease in the O-H peak at 3740 cm-1). There is a concomitant 

increase in the C-H stretch of CH3 at 2977 cm-1 and 2922 cm-1 and Si-CH3 peaks at 1279 

cm-1 and 839 cm-1, indicating that chemical moieties with trimethylsilyl − −  

compositions were added to the film by reaction of 50-100% of the surface silanol groups 

based on integrated FTIR peak areas. For the TMDS process, additional peaks appeared 

at 2150 cm

3 3( )O Si CH−

-1, which was assigned to the Si-H stretch (50), and at 910 cm-1, which was 

attributed to the Si-H bending mode (51). The strong band at 1062 cm-1 indicates that the 

three precursors were covalently bound to the p-MSQ matrix via surface siloxane Si-O-Si 

bonds. The lack of a peak at 1650 cm-1 suggests that there were no adsorbed water 

molecules on the surface of the pores (52). Comparing difference spectra for the 

precursors shows that the peaks for the CH3 asymmetric stretch at 2977 cm-1 and CH3 

deformation mode at 1279 cm-1 were larger after processing with TMCS/scCO2 than with 

TMDS/scCO2 or HMDS/scCO2. The decrease in the isolated SiO-H peaks was 

approximately the same with all three precursors, yet the H-bonded SiO-H peak was 

smaller for the chlorosilane compared to the disilazanes.  

The interaction strength and packing of H-bonded silanol groups on ashed p-MSQ 

is so that molecular water cannot find sufficient electron density on the surface to form an 
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H-bond. The silanols were created by plasma ashing, which efficiently hydroxylated the 

top layer of blanket p-MSQ. Extensive H-bonding satisfies the electronegative O atoms 

and depletes the electropositive H atoms of the silanols such that there was insufficient 

electron density for another O atom to bond, preventing molecular water from 

physisorbing. A highly electron deficient H atom, however, is an optimal adsorption site 

for an N atom, which contains a lone pair of electrons. Donation of electron density from 

the lone pair on N to form a bond with an H atom on a surface silanol could drive the 

dissociative adsorption of HMDS and TMDS by 

3 3 2 3 3 3 3 2(( ) ) ( ) ( )CH Si NH SiO H SiO Si CH CH SiNH+ ≡ − → ≡ − +  

silylating the surface. The trimethylaminosilane produced would go on to react with 

another surface silanol group, except that reaction with both isolated and H-bonded 

silanols is possible. The dissociative chemisorption pathway is favored by less bulky 

groups on the Si bearing precursor, which explains the complete reaction of surface 

silanols by TMDS. 

There are two possible silylation reaction pathways for chlorosilanes. Si-halogen 

bonds have been shown to react with water present in a fluid phase producing 

trimethylsilanol, which condenses with a surface silanol to deposit a trimethylsilyl 

 moiety and yield a water molecule (53-55). Another path is a direct 

reaction between the chlorosilane and H-bonded silanols on the surface of the film 

depositing trimethylsilyl. Water in the fluid is catalytic in the first pathway but is not 

required in the second path. It was not possible to distinguish between these mechanisms 

since there was water present in the air in the reactor at startup and supercritical CO

3 3(O Si CH− − − )

2 has 
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been shown to extract water from hydrated silica surfaces (56). The percentage of silanols 

reacted by TMCS in supercritical CO2 was much larger than that measured with scCO2 

alone (57), which favors the latter mechanism and is supported by the dissociative 

chemisorption mechanism proposed for the disilazanes. 

The hydrophobicity of the starting surface before ashing was recovered after 

silylation treatments as confirmed by contact angle measurements of 84-90° and the 

dielectric constants were reduced to 2.5 ± 0.1 and 2.6 ± 0.1 for HMDS and TMCS, 

respectively, which are close to the starting value of 2.4 ± 0.1 before ashing. The 

dielectric constant for HMDS dissolved in liquid CO2 at 6°C and 65 atm was 2.9 and at 

20°C and 68 atm was 2.8, which shows that the supercritical state is necessary to return 

the dielectric constant to the starting value. The dielectric constant was reduced to only 

3.3 ± 0.1 using TMDS in scCO2, even though all of the silanol groups were reacted and 

there was no evidence for unreacted precursor remaining in the film, because the Si-H 

group is polarizable. 

 

2.4 Low k film capping - Microelectronic Engineering, 80, 349-352 (2005)   

In a damascene flow, low-k films are patterned using photoresist and plasma 

etching followed by ashing with O2, NH3, or N2/H2 chemistries. Plasma ashing low-k film 

produces silanol groups making the surface hydrophilic and increasing the dielectric 

constant, which must be removed in order to restore the k value. Since the low-k film has 

a porous structure, the pores need to be sealed before Cu barrier layer deposition, since 

any exposure will lead to the contamination of the porous low k dielectric.  
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The FTIR difference spectra showed that TMCS and DMDCS reacted with both 

hydrogen-bonded silanol groups (decrease in 3150-3560 cm-1 envelope) and 

isolated/geminal silanol groups (decrease in 3740 cm-1 band). In contrast, the increase in 

the 3150-3560 cm-1 envelope for MTCS suggests that it reacted only with 

isolated/geminal silanol groups on the surface or that Si-Cl moieties of the silyl reacted 

with water during ambient exposure. Since there are three Cl atoms on MTCS and 

consequently three active sites for reaction of this molecule, up to three silanol groups 

can be formed by reaction of water with each Cl. The further reaction or condensation of 

these silanol groups with the surface or between different silyl moieties bound to the 

surface is hindered since all the hydroxyl groups are attached to the same silicon atom 

(58). For all three precursors, there was a concomitant increase in the C-H stretches at 

2977 cm-1 and 2922 cm-1 due to CH3 and at 1279 cm-1 due to Si-CH3, indicating that 

chemical moieties with methylsilyl 3 3(O Si CH )− − −  compositions were added to the 

film by reaction with the surface silanol groups. The lack of a peak at 1650 cm-1 suggests 

that there were no adsorbed water molecules on the surface of the pores (52). All of the 

water was bound as lone and H-bonded silanol groups. Comparing difference spectra for 

the three precursors shows that the bands for the CH3 asymmetric stretch at 2977 cm-1 

and CH3 deformation mode at 1279 cm-1 were larger after processing with 

DMDCS/scCO2 than with either TMCS/scCO2 or MTCS/scCO2. The CH3 scissor mode at 

1409 cm-1 was more distinct after processing with DMDCS/scCO2 as well, but the 

decrease in the isolated/geminal SiO-H was approximately the same for all three 

chemistries. The Si-O-Si band vibrates between 1200 and 1000 cm-1. After TMCS 
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processing, the strong band at 1077 cm-1 indicates that TMCS was covalently bound to 

the p-MSQ matrix via siloxane Si-O-Si bonds with the surface. After DMDCS 

processing, two distinct bands were present, one at 1077 cm-1 indicative of Si-O-Si bond 

formation with the surface and another at 1030 cm-1 indicative of Si-O-Si bond formation 

between neighboring DMDCS moieties that had reacted with the surface. After MTCS 

processing, the 1030 cm-1 band was larger than the 1077 cm-1 band, suggesting that 

intermolecular reactions were more favorable than reaction of MTCS with the surface.  

The hydrophobicity of the starting surface before ashing was recovered after 

processing as shown by contact angle measurements of 79.4° ± 2.8°, 102.4° ± 0.5°, and 

95.3° ± 2.2° for TMCS, DMDCS, and MTCS addition to scCO2, respectively, at 160-300 

atm and 50-60°C. These results show that the contact angle increased in the order TMCS 

< MTCS < DMDCS. The dielectric constants were reduced to 2.59 ± 0.05, 2.88 ± 0.13, 

and 3.23 ± 0.11 for TMCS, DMDCS, and MTCS treatments, respectively. The decrease 

in dielectric constant after processing with TMCS and DMDCS was the result of 

removing both H-bonded and isolated/geminal silanol groups from the surface as shown 

by FTIR.  

In order to evaluate the pore capping after scCO2 processing, Ti CVD was done in 

a high vacuum chamber. The silyl structures formed by DMDCS and MTCS blocked 

penetration of TiCl4 into the mesoporous MSQ films, but the silyl structures formed by 

TMCS only partially blocked TiCl4. DMDCS and MTCS formed more densely packed 

films compared to TMCS, which indicates that some lateral condensation between 
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adjacent silyl moieties is beneficial for pore capping. There is a tradeoff, however, since 

some silanol groups remained which compromised the repair. 

 

2.5 Future work  

The major goals of this work were accomplished, but in addition to the 

achievements discussed above, more work will be to study the kinetics and mechanism of 

Cu etching and reaction mechanism of low-k film drying, repair, and capping. The future 

works of Cu removal will be to obtain the Cu etching rate and investigate the Cu etching 

kinetics. Besides, new methods to uniformly deposit Cu film on the silicon substrate will 

be one of the studies for future work.  

In terms of low-k film drying, the role of alcohol in the condensation of silanol 

groups in porous low-k film needs to be completely understood. The solubility data of 

alcohol in scCO2 at higher pressure and temperature ranges are needed, since the 

solubility data from literatures are far below the pressure and temperature ranges studied.  

As for the low-k film repair and capping, DMDCS and MTCS with more reactive 

head groups produced intermolecular linking and one reactive head group molecule 

TMCS can reduce the dielectric constant close to the starting film before ashing. The 

work to combine two molecules with one molecule containing one reactive head group to 

repair the low-k film and the other molecule containing more reactive head groups to cap 

the low-k film will be worthy running. Besides studying reactive head group effect, repair 

and capping of low-k films can be done by investigating carbon chain length effect using 

chemicals such as ethyltrichlorosilane, diethyldichlorosilne, butyltrichlorosilane, and 
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dibutyldichlorosilane. In addition, future work on low-k drying, repair, and capping will 

move forward to other types of low-k dielectrics, such as films with smaller pore sizes, 

CVD deposited films, and patterned low-k layers.  
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