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Low-k dielectrics with porosity are being introduced to reduce the RC delay of 

Cu/low-k interconnect. However, during the O2 plasma ashing process, the porous low-k 

dielectrics tend to degrade due to methyl depletion, moisture uptake, and densification, 

increasing the dielectric constant and leakage current. This dissertation presents a study 

of the mechanisms of plasma damage and dielectric recovery. 

The kinetics of plasma interaction with low-k dielectrics was investigated both 

experimentally and theoretically. By using a gap structure, the roles of ion, photon, and 

radical in producing damage on low-k dielectrics were differentiated. Oxidative plasma 

induced damage was proportional to the oxygen radical density, enhanced by VUV 

photon, and increased with substrate temperature. Ion bombardment induced surface 

densification, blocking radical diffusion. Two analytical models were derived to quantify 

the plasma damage. Based on the radical diffusion, reaction, and recombination inside 

porous low-k dielectrics, a plasma altered layer model was derived to interpret the 
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chemical effect in the low ion energy region. It predicted that oxidative plasma induced 

damage can be reduced by decreasing pore radius, substrate temperature, and oxygen 

radical density and increasing carbon concentration and surface recombination rate inside 

low-k dielectrics. The model validity was verified by experiments and Monte-Carlo 

simulations. This model was also extended to the patterned low-k structure. Based on the 

ion collision cascade process, a sputtering yield model was introduced to interpret the 

physical effect in the high ion energy region. The model validity was verified by 

checking the ion angular and energy dependences of sputtering yield using O2/He/Ar 

plasma, low-k dielectrics with different k values, and a Faraday cage.  

Low-k dielectrics and plasma process were optimized to reduce plasma damage, 

including increasing carbon concentration in low-k dielectrics, switching plasma 

generator from ICP to RIE, increasing hard mask thickness, replacing O2 by CO2 plasma, 

increasing CO addition in CO/O2 plasma, and increasing N2 addition in CO2/N2 plasma.  

By combining analytical techniques with the Kramers-Kronig dispersion relation 

and quantum chemistry calculation, the origin of dielectric loss was ascribed to the 

physisorbed water molecules. Post-ash CH4 plasma treatment, vapor silylation process, 

and UV radiation were developed to repair plasma damage.  
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Chapter 1:  Introduction 

In the ultra large scale integration circuits (ULSI), the interconnect wiring 

structure serves an essential function as electrical connections to link the transistors 

together as a system in providing clock signals, electrical signals, etc.. With the 

technology evolving at a rapid pace, the interconnect structure becomes increasingly 

complex. This is demonstrated, for example, by the Intel’s 32 nm high performance logic 

chip shown in Figure 1.1, which employs nine metal layers with a minimum line width of 

50 nm [1, 2]. The Metal 1 to Metal 7 interconnects are formed by a dual-damascene 

process with carbon-doped oxide (CDO) low-k dielectrics. Metal-8 is also formed by a 

dual-damascene process but the dielectric material is SiO2, deposited using plasma 

enhanced chemical vapor deposition (PECVD). Metal-9 is formed by a Cu plate-up 

process. The overall wiring structure is built based on the principle of “reverse scaling” 

of metallization [3] where the fat wires with wide spaces are used at the top global 

interconnect level, such as Metal 8, followed by wiring levels with decreasing dimensions 

in approaching the Si substrate. Such a structure is designed for minimizing the signal 

delay, voltage drop, and power consumption. Further details are discussed in ref. [1, 2, 4].  

Figure 1.1: SEM image of Intel 32 nm interconnects (a) from Metal-1 to Metal-8 and 
(b) Metal-9 to Cu bump [1, 2]. 
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Over the past forty years, the technology evolution in semiconductor industry has 

been driven by the Moore’s law, which predicts that the transistor density on ULSI 

should double every 18 months to 24 months [4]. As shown in Figure 1.2, with the 

scaling of gate length, gate oxide thickness, and junction depth, the transistor 

performance will improve [3]. However, the corresponding scaling of the interconnect 

structure will cause an increase in the RC delay of the interconnect. This can limit the 

overall performance of the chip and cause serious challenges for future development of 

high-performance chips. To overcome such technical challenges, the microelectronics 

industry has invested significant resources and efforts to develop new materials and 

processes and to optimize the interconnect system design in order to sustain the 

continuing advance of the technology. The focus of these efforts is the development of 

the Cu/low-k interconnect and the dual damascene fabrication process. The development, 

however, has faced serious technical challenges, in particular, the formulation and 

patterning of the low-k dielectrics at the nanoscale. The difficulty can be traced to the 

weak thermomechanical properties of the low-k dielectrics as compared to the 

conventional silicon dioxide. During fabrication, the plasma processes used to pattern the 

low-k dielectrics, particular the reactive ion etching and ashing processes, induce material 

and structural damages, presenting serious challenges to the implementation of the low-k 

dielectrics [5]. As the technology continues to advance, the dielectric constant of the low-

k materials has to be further reduced by incorporating porosity, i.e. pores of a few 

nanometers in size. This degrades the thermomechanical properties of the materials and 

increases further the plasma damage during processing [6-9]. 
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Figure 1.2: Gate and interconnect delay versus feature size [3]. 

The objective of this dissertation is two fold: first, to investigate the damage 

process and its underlying mechanism for porous low-k dielectrics and second, to 

develop plasma and chemical treatments to restore the plasma damage of the low-k 

dielectrics. In this introduction chapter, the technical issues related to low-k dielectrics 

and the dual damascene process will be described. This chapter consists of four parts. 

First, the Cu/low-k interconnect structure is introduced to reduce the RC delay, crosstalk, 

and power consumption. Second, the electrical reliability issue of Cu/low-k interconnect 

structure, time-dependent dielectric breakdown, is briefly discussed. Third, the dual 

damascene process for Cu/low-k interconnect structure and the plasma- and CMP- related 

process integration challenges of porous low-k dielectrics are overviewed. Fourth, the 

organization of this dissertation is outlined. 

1.1 Development of Cu/low-k interconnect structure 

In the following, three basic issues related to the performance of the interconnect 

structure will be briefly discussed, including the RC delay, crosstalk, and power 

consumption [10]. 
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1.1.1 RC delay 

 As shown in Figure 1.3, the RC delay of interconnect structure can be evaluated 

by using a multilayer capacitance model proposed by Bohr [11]. Based on the assumption 

that the metal line has resistivity ( ρ ), width (W ), thickness (T ), and length ( L ), the 

metal line resistance ( R ) can be expressed as: 

 LR
WT
ρ=                                                         (1.1) 

Hence, with the scaling, the metal line resistance increases due to the reduction of metal 

cross section area. By using four parallel capacitors, the total capacitance ( C ) can be 

approximated: 

 0
L

k TL
C

S
ε

=                                                      (1.2) 

 0

1
G

k WL
C

T
ε

=                                                      (1.3) 

 0
1

2( ) 2L G
T WC C C k L
S T

ε
 

= + = + 
 

                                       (1.4) 

where k is the dielectric constant of interline material, 0ε the permittivity in 

vacuum, S and 1T the metal spacing. By combining equations 1.1 and 1.4, the RC delay of 

interconnect structure can be derived: 

 
2 2

0
1

2 L LRC k
SW TT

ρε
 

= + 
 

                                            (1.5) 

By assuming: 

 1T T=                                                          (1.6) 

 
2
PS W= =                                                       (1.7) 

where P is the pitch, equation 1.5 is reduced to: 

 
2 2

0 2 2

42 L LRC k
P T

ρε  
= + 

 
                                             (1.8) 

If the metal line length ( L ) does not scale with the line thickness (T ) and pitch ( P ), the 

RC delay will be increased with the reduced P orT . Based on equation 1.8, there are 
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several ways to reduce the RC delay. First, new metal material with lower resistivity ( ρ ) 

and new interline dielectric with lower dielectric constant ( k ) can be introduced. Second, 

from the design point of view, the metal width, thickness, length, and spacing ( P , L ,T ) 

can be optimized. For instance, repeaters with short metal wires can be applied to replace 

the long metal wires [12].  
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Figure 1.3: Multilayer capacitance model [11]. 

1.1.2 Crosstalk 

The crosstalk noise in interconnect structure has been discussed in the textbook by 

Weste et al. [12]. As shown in Figure 1.4 (a), when metal wire A switches, its neighbor, 

metal wire B, also tries to charge or discharge due to the capacitive coupling. For 

simplicity, metal wire B is assumed to be floating. Then, based on the series capacitor 

model as shown in Figure 1.4 (b), the voltage noise on B ( BV∆ ) due to the crosstalk 

induced by A ( AV∆ ) can be derived: 
LL

B A
LL LG Load

C
V V

C C C
∆ = ∆

+ +
                                          (1.9) 

where LLC is the interline capacitance, LGC the capacitance between metal line and ground, 

and LoadC the load capacitance such as the gate capacitance of transistors. Hence, the 

crosstalk increases with the interline capacitance. In addition, with the scaling of 
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transistor gate voltage, the noise margin will be reduced, making the crosstalk problem 

more serious. Based on equations 1.2 and 1.9, the crosstalk can be reduced by (1) using 

new dielectric material with lower dielectric constant ( k ) and (2) optimizing the design 

such as the metal thickness, length, and spacing (T , L , S ), and to improve the shielding 

of ground and power lines. 

Figure 1.4: Capacitor models for crosstalk [12]. 

1.1.3 Power consumption 

The power consumption in CMOS devices is being studied actively. Weste et al. 

summarized the static power dissipation and dynamic power dissipation. The static power 

dissipation occurs due to many factors including: the subthreshold leakage through the 

off transistors, the leakage tunneling through the gate oxide, the leakage through the 

reverse-biased diode, the contention current in the ratioed circuits, and the leakage 

current between wires [12]. In addition, when capacitors are charged or discharged or the 

pMOS and nMOS networks are being turned on simultaneously, there will be dynamic 

power consumption. The average dynamic power dissipation ( dP ) can be expressed as 

[12]: 
2

0 0

1 1T T

d
QP iVdt V idt V CV f

T T T
α= = = =∫ ∫                            (1.10) 

where α is the activity factor, C the capacitance,V the power supply voltage, and f the 

clock frequency. The high-performance circuits will require continuing increase of the 

clock frequency, which will increase the dynamic power dissipation. Based on equation 
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1.2, 1.3, and 1.10, the dynamic power dissipation can be reduced by using dielectric 

material with lower dielectric constant, optimizing circuit design, and by reducing the 

operating voltage. 

1.1.4 Integration of Cu/low-k interconnect structure 

On the basis of sections 1.1.1, 1.1.2, and 1.1.3, the interconnect structure has to be 

optimized for speed, density, signal noise, and power distribution. One of the solutions is 

to integrate new metal material with lower resistivity and new interlevel dielectrics (ILD) 

with a lower dielectric constant. 

The metal resistance is reduced by substituting the traditional aluminum (Al) wire 

with copper (Cu) wire because of the lower resistivity of Cu relative to Al, as shown in 

Figure 1.5 (a). In addition, the traditional interline dielectric SiO2 (k~4.0) is replaced by 

low dielectric constant materials (k<3.0). As will be discussed in section 5.1.1, the 

dielectric constant can be reduced by decreasing the density, polarizability, and 

permanent dipole moment of dielectric. This is achieved by introducing C, H, and F 

elements as well as pores to reduce the film density and the polarizability per unit volume 

of the dielectric material [13]. As indicated in Figure 1.5 (b), the Cu/low-k interconnect 

structure can significantly reduce the RC delay as compared with the Al/SiO2 

interconnect structure. 
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Figure 1.5: (a) Relative resistivity change of Al and Cu lines [14] and (b) delays of gate 
with Cu/low-k interconnect and gate with Al/SiO2 interconnect [11].  

1.1.5 Properties of low-k dielectrics 

 Recently, the properties of the low-k dielectric materials for on-chip interconnect 

applications have been reviewed by Morgen et al. [13] and Maex et al. [15]. In general, 

there are several ways to categorize the low-k dielectrics, including constitutive (the final 

porous structure depends on the as-deposited arrangement) vs. subtractive (part of the 

original structure is removed to create pores), inorganic vs. organic, and spin-on 

(deposited by spin coating) vs. CVD (deposited by chemical vapor deposition). Recently, 

Bavel et al. reviewed the spin-on and CVD low-k dielectrics [16]. From the material 

property point of view, the spin-on low-k dielectrics have the advantage of higher 

porosity while CVD low-k dielectrics have the advantage of higher mechanical strength. 

From the process integration and capital investment point of view, semiconductor 

industry is more interested in CVD low-k dielectrics mainly due to the following two 

reasons. First, there is additional cost in acquiring the spin coater and furnace in addition 

to the CVD tools for deposition of the dielectric hard mask and barrier. Second, the 

chemicals needed for spin-on process are more expensive than CVD precursors. One of 

(a) (b)
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the most promising CVD low-k dielectrics is the organo-silicate glass (OSG) material, 

also called carbon doped oxide (CDO) material or SiCOH, which has the chemical 

composition of SiOxCyHz. This class of materials includes dielectrics with trade-names 

such as BLACK DIAMOND (BD, the trademark of Applied Materials, Inc.), CORAL 

(the trademark of Novellus Systems, Inc.), AURORA (the trademark of ASM-Japan), 

GREEN DOT (the trademark of Mattson Technology, Inc.), and LOW K FLOWFILL 

(the trademark of Trikon Technologies Inc.). In this dissertation, the OSG low-k 

dielectrics were deposited on Si wafers in two steps at Applied Materials, Inc. and Intel, 

Corp.. In the deposition process, the dual phase low-k dielectrics were first deposited by 

plasma enhanced chemical vapor deposition (PECVD), which admixed the organic 

precursor for sacrifical porogen (such as cyclohexene, etc.) and the matrix precursor for 

low-k backbone structure (such as decamethylcyclopentasiloxane, diethoxymethylsilane, 

dimethyldimethoxysilane, tetramethylcyclotetrasilane, octamethylcyclotetrasilane, etc.) 

[17, 18]. This was followed by a thermal annealing or an Ultraviolet (UV) curing process 

to remove the volatile organic porogen which was loosely bonded to the low-k backbone. 

This incorporated porosity into the low-k dielectrics. In addition, the UV curing process 

also induced the cross-linking of low-k dielectrics, improving the mechanical strength. 

By adjusting the relative flow rate ratio between the organic precursor and matrix 

precursor, the porosity and dielectric constant of low-k dielectrics can be varied [18, 19]. 

Although these OSG films were provided by different companies, they had similar 

bonding configurations. Grill et al. studied the molecular structure of OSG low-k 

dielectrics by using Fourier transform infrared spectroscopy (FTIR) and the peak 

assignment will be summarized in Table 2.1 [18].  

The backbone structure of OSG low-k dielectrics is the cross-linked SiO2-like 

tetrahedral structure. As shown in Figure 1.6, the Si-O-Si bonding configuration can be 
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separated into three peaks, including the cage (1135 cm-1, Si-O-Si~150º), the network 

(1063 cm-1, Si-O-Si~140º), and the suboxide (1023 cm-1, Si-O-Si<140º) peaks. The 

relationship between the wavenumber and Si-O-Si bridging angle can be interpreted by 

the central force model proposed by Sen. et al. [20-22]:  

 ( )2 41 cos
3o Sim m

α αω θ= − +                                         (1.11) 

where ω is the angular frequency, α the Si-O bond-stretching constant, θ the Si-O-Si 

bridging angle, om the oxygen atomic mass, and Sim the silicon atomic mass. Because 

wavenumber is proportional to angular frequency, Equation 1.11 shows that the 

wavenumber increases with the Si-O-Si bridging angle. Due to the large Si-O-Si bridging 

angle, the cage structure contributes primarily to the formation of pores [19] and the 

reductions of film density and dielectric constant. Usually, with increasing concentration 

of cage structure, the porosity increases and the film density decreases, resulting in a 

lower dielectric constant. Grill et al. reported that when the FTIR peak area ratio of Si-O-

Si cage/network increased from 0.8 to 2.3, the porosity, density, and dielectric constant of 

low-k dielectrics changed from 0 to 0.29, from 1.32 g/cm3 to 0.87 g/cm3, and from 2.80 

to 2.05, respectively [18].   

 

Figure 1.6: Peak deconvolution of FTIR Si-O-Si bonding configuration [18].  
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Carbon species mainly exist in the form of terminal groups or side chains. In 

particular, the Si(CH3)x (x=1,2,3) groups break the SiO2 network, introduce the pore 

structure, lower the film density, reduce dielectric constant, and are hydrophobic. 

However, as terminal group, the Si(CH3)x (x=1,2,3) bonds do not contribute to the 

mechanical strength of low-k dielectrics such as modulus and hardness. Zhou et al. 

reported that the higher level of SiCH3 group correlated with lower dielectric constant, 

hardness and modulus [23]. Jacques et al. found that the electron beam (EB) curing 

increased the hardness and modulus of low-k dielectric by forming more cross-linked Si-

O structures at the expense of SiCH3 depletion [24]. By using 29Si magic-angle-spinning 

nuclear magnetic resonance (MAS NMR) spectroscopy, Abell et al. observed that UV 

curing induced a 11% increase in Si-O cross-linking with commensurate losses of Si-OH 

and SiCH3 groups and an increase of Young’s modulus from 11 to 16 GPa [25]. In 

addition, with increasing porosity, the thermal conductivity of low-k dielectric decreased 

[6]. This can increase the operating temperature induced by Joule heating, resulting in 

increasing Cu line resistance and degrading lifetime of Cu electromigration [26]. Hence, 

the SiCH3/Si-O concentration ratio should be optimized for the proper tradeoff between 

lower dielectric constant and better thermomechanical properties. 

1.2 Time-dependent dielectric breakdown (TDDB) 

TDDB is one of the most important reliability issues for Cu/low-k interconnect 

structure. By applying a voltage drop across dielectric and monitoring the leakage current 

as a function of time, the TDDB property is investigated. Due to the limit of 

measurement time, the time-to-breakdown (tBD) is usually measured under very high 

electric field and the tBD prediction at normal operation condition is extrapolated by 

certain extrapolation law [27]. So the accuracy of the predicted tBD under actual operation 

condition depends on the validity of the extrapolation law [28]. Although several 
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dielectric breakdown models (such as E model, 1/E model, and E model) have been 

proposed, there is not a universally accepted breakdown model. This might be due to the 

lack of experimental data to validate the model, as shown in Figure 1.7. Due to the 

structural similarity between gate SiO2 and OSG low-k dielectrics, the physics behind the 

proposed TDDB models will be summarized together in the following. This information 

will be useful for the understanding of plasma damage induced reliability issues. 

 

Figure 1.7: TDDB data with different models [29].  

1.2.1 E model 

E model is also called the thermochemical model [30-32]. When the dipole 

moment ( p ) around the defect or the weakest molecular bond, such as oxygen vacancy 

defect or Si-Si bond, is anti-parallel to the local electric field ( locE ), the potential energy 

(U ) of the dipole is increased to 

0 0 (1 )loc exU U E p U L pEχ= − • = + +                                (1.12) 
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where 0U is the unperturbed bond energy, locE the local electric field, L the Lorentz 

factor, χ is the electric susceptibility, and exE the applied external electric field [30]. Thus, 

the activation energy for Si-Si bond breakage is reduced to  

0( ) ( ) (1 ) exH H L pEχ∆ = ∆ − +                                      (1.13) 

where 0( )H∆ is the activation energy for Si-Si bond breakage without the external electric 

field [30]. So the rate of field enhanced bond breakage is approximated as  
0

0
( )( ) exp( )ox

B

H aEdN N t v
dt k T

∆ −= − −                                 (1.14) 

where 0ν is a characteristic collision frequency [30]. By separating variables and 

integrating the above equation, the following solution is obtained [30] 
0

0
( )exp[ ]ex

BD
B

H aEt A
k T

∆ −=                                        (1.15) 

Hence, by lowering the activation energy required for the bond-breakage, the coupling 

between the dipole moment around the defects and the applied electric field accelerates 

the dielectric degradation process.  

1.2.2 1/E model 

1/E model is also called the anode hole injection model [33]. Due to the Fowler-

Nordheim conduction mechanism, the electron tunneling current density ( nJ ) is  

exp( / )n exJ B E∝ −                                              (1.16) 

where B is related to the electron effective mass in the dielectric conduction band and the 

interface between dielectric and electrode (such as SiO2 and Si substrate) [33]. When 

accelerated electrons arrive at the anode (such as the interface between poly-Si gate and 

SiO2), their kinetic energies will be consumed to generate hot holes which are injected 

back into the dielectric. Some of the holes will be trapped around the defects (such as Si 

dangling bond) or the weak bond and further weaken these weak bonds. The hole current 

( pJ ) is 
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exp( / )p n oxJ J H E∝ −                                         (1.17) 

The hole fluence ( ( )pQ t ) is [33] 

( ) exp[ ( ) / ]p p oxQ t J t t B H E∝ ∝ − +                                 (1.18) 

When the hole fluence reaches a critical level 
( )p BD cQ t Q= ,                                                  (1.19) 

the critical defect density which is required to create a conduction path through the 

dielectric is satisfied and the dielectric breakdown occurs: 

 0 expBD
ex

B Ht
E

τ
 +=  
 

                                            (1.20) 

where 0τ is a characteristic constant [33]. 

1.2.3 E  model 

E model is related to the Cu diffusion induced by electron fluence [29]. On the 

basis of Schottky emission or Poole-Frenkel conduction, electrons can be injected from 

cathode into dielectric with the electron current density ( I ) 
2 exp[ ]s s

B

EI AT
k T

β ϕ−=                                         (1.21) 

where A is effective Richardson constant, T the temperature, sϕ the contact potential 

barrier, E the electric field, and
3

04s
qβ
πε ε

=  [29]. Part of these energetic electrons can 

transfer energy to Cu ions at the anode. Assume the generated Cu ions at the anode is 

proportional to the electron density 

0
Cu

IC
l

∝                                                      (1.22) 

where 0l is the Cu wire length [29]. Then, these Cu ions can be injected into dielectric and 

diffuse through the fastest diffusion path such as the interface between OSG low-k 
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dielectric and the capping layer. According to the Fick’s law, the concentration of Cu 

ions follows [29] 

0

( , ) ( )
2

I xC x t erfc
l Dt

=                                           (1.23) 

Once Cu ion concentration reaches a certain level, the dielectric breakdown will occur 

due to the direct metallic shorting bridge or the Cu-ion catalyzed bond breakage [29] 

 4

1exp[ ( 2 2 )]BD D s s
B

Ct E E
T k T

ϕ β∝ + −                              (1.24) 

 In these three models, the defect density inside the low-k dielectric plays an 

important role on the TDDB reliability of Cu/low-k interconnect structure. The TDDB 

property depends not only on the low-k dielectric itself but also on the process history. 

By using the percolation theory and Monte Carlo simulations, Borthakur reported that the 

number of additional defects required for percolation (or dielectric breakdown) decreased 

with the increase of the number of initial defects that already existed inside the low-k 

dielectric [34]. According to his study, after plasma ashing process, some defects were 

created in the low-k dielectric, reducing the TDDB lifetime; the low-k surface roughness 

increased the defect density and the local electrical field, degrading the TDDB property; 

post-ash HMDS chemical treatment and thermal annealing reduced the defect density and 

improved the TDDB performance [34]. 

1.3 Integration challenges of porous low-k dielectrics for the dual damascene 
process 

In this section, the dual damascene process for integration of porous low-k 

dielectrics will be introduced first. Then the materials and processing challenges for the 

integration will be discussed.  
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1.3.1 Dual damascene process for Cu/low-k interconnect structure 

Due to the dry-etch challenge of copper such as the low vapor pressure of 

involatile CuClx or CuFx etch products [35], the Cu/low-k interconnect is usually 

fabricated by a damascene process. In this process, the low-k dielectrics are patterned 

first. Then, the copper via and copper trench are filled. At last, the wafer surface is 

planarized. Compared with the single damascene process which fills copper via and 

trench in separate steps, the dual-damascene process is more popular in semiconductor 

industry because it forms copper via and trench simultaneously by a single copper filling 

process. This reduces the number of processing steps such as dielectric deposition, metal 

filling, and chemical mechanical polishing (CMP) [36]. Due to the lithography challenge 

in the trench-first dual-damascene process, the via-first dual-damascene process is more 

widely accepted in semiconductor industry. In the trench-first process, after a trench is 

formed, photoresist (PR) is spun on and lithography is used to define the via structure. 

However, because the region over the trench is covered with a thick photoresist, it’s very 

challenging to resolve the fine via structure on it [36].  

The via-first dual-damascene process is illustrated in Figure 1.8. In step 1, the 

OSG low-k dielectric and the etch stop layer such as SiC as well as the capping layer 

such as SixNy are deposited sequentially by PECVD. In step 2, the via structure is 

obtained by sequential processes including photoresist coating, lithography, and RIE 

etching of low-k dielectric using fluorocarbon species [37] such as CHF3/CF4/H2/O2/Ar 

plasma. In step 3, the trench structure is produced by using processing steps similar to 

those in step 2. In step 4, the etch stop layer is etched away to expose the underlying 

metal 1 and the photoresist is removed by O2 plasma ashing process (also called 

photoresist stripping process). In step 5, the thin uniform conformal barrier layer (also 

called liner) and Cu seed layer are deposited sequentially by physical vapor deposition 
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(PVD). Because copper can ionize and penetrate into Si and OSG low-k dielectric easily, 

forming mobile Cu ions inside low-k dielectric and degrading the Cu/low-k reliability, 

it’s necessary to deposit a Cu diffusion barrier layer. The basic requirements for Cu 

diffusion barrier layer include the low solubility in Cu, good adhesion with low-k 

dielectric and Cu, moderate deposition temperature, low stress, and good 

electromigration (EM) resistance for Cu [38]. Some transition metals and metal nitrides 

have been widely studied, including Ta, TaN, TiN, etc.. Among them, the TaN/Ta bilayer 

is promising. Ta has good stability and adhesion with Cu but bad adhesion with OSG 

low-k dielectric, while TaN has good adhesion with OSG low-k dielectric but bad 

adhesion with Cu [39]. In addition, the N species in TaN clogs the grain boundaries, 

further preventing the copper diffusion. The copper seed layer is deposited as an 

electrode used for the subsequent Cu electroplating process in step 6. The seed layer 

facilitates uniform current density across the wafer and enhances the nucleation of 

electroplated Cu grains [40]. In addition, the texture and roughness of the copper seed 

layer influence the final texture and grain size of Cu via and trench [14]. In step 6, the Cu 

electroplating process is applied to superfill the Cu via and trench simultaneously and the 

CMP process is employed to remove the Cu overhang and planarize the wafer surface. 
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Figure 1.8: Schematic drawing of via-first dual damascene process  

1.3.2 Integration challenges of porous low-k dielectrics 

1.3.2.1 Etch front roughness induced by fluorocarbon plasma etching 

 After the fluorocarbon dielectric etching process, the sidewall of porous low-k 

dielectric might be rough, depending on the fluorocarbon plasma recipe, the low-k 

dielectric, and the line edge roughness (LER) of photoresist patterned by lithography. 

This etch front roughness will challenge the uniformity and conformality of PVD barrier 
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layer and seed layer deposition [41], degrading the TDDB and the electromigration 

reliabilities. In addition, due to this etch front roughness, the required minimum thickness 

of barrier layer must be increased, worsening the effective metal resistance which is the 

parallel resistance of Cu line (or via) resistance and barrier layer resistance. Moreover, 

with the scaling of Cu/low-k structure, these problems will be more serious. 

1.3.2.2 O2 plasma ashing induced damage 

During O2 plasma ashing and cleaning processes, porous low-k dielectric tends to 

degrade. The degradation of electrical performances is shown in Figure 1.9 (a) and (b). 

After plasma ashing processes, the effective dielectric constant and the leakage current of 

OSG low-k dielectric are increased. The plasma ashing induced chemical composition 

change of patterned low-k structure is shown in Figure 1.9 (c). The net result of O2 

plasma ashing induced damage is the formation of a carbon depleted surface layer on the 

sidewall. The plasma ashing induced bonding configuration change is illustrated in 

Figure 1.9 (d). During O2 plasma ashing process, the hydrophobic SiCH3 bond is 

converted into the hydrophilic SiOH bond, which induces moisture uptake and surface 

densification. These plasma ashing induced damages also worsen the TDDB reliability, 

due to the increase of Si dangling bond, moisture uptake [42] and charge trapping as well 

as the degradation of Ta-based barrier layer which can be oxidized by the water species. 
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Figure 1.9: (a) dielectric constant increase induced by various plasma treatments [43], 
(b) leakage current increase induced by O2 plasma treatment [44], (c) TEM-
EELS analysis of a metallized porous low-k trench structure shows sidewall 
carbon depletion extending about 17 nm (Courtesy of AMAT), (d) 
schematic drawing of O2 plasma ashing induced bonding configuration 
changes to porous OSG low-k dielectric. 
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1.3.2.3 Pore sealing of porous low-k dielectric 

In order to improve the uniformity and conformality of barrier layer deposition, a 

potential replacement of traditional PVD process by atomic layer deposition (ALD) to 

deposit metal and nitride thin films for metallization is being widely investigated [45]. 

Because the wafer surface is exposed alternatively to different vapor precursors in 

separate steps, ALD is surface limited and has excellent step coverage and thickness 

control [38, 46-59]. However, the ALD precursor can penetrate into the porous low-k 

dielectric, increasing the effective dielectric constant and degrading the TDDB reliability 

for Cu/low-k interconnect structure [15, 26]. Hence, the surface pore sealing of porous 

low-k dielectric is necessary. Several methods have been proposed for the pore sealing of 

the sidewall of porous low-k dielectric, including densifying the sidewall surface by He 

and NH3 plasma pretreatments [60], depositing a very thin dielectric sealing layer [61], 

and developing the post-CMP porogen burnout process. However, as discussed 

previously, besides surface densification, plasma treatment also induces methyl depletion 

and moisture uptake, increasing the effective dielectric constant and causing reliability 

issues. Hence, if the plasma pretreatment is selected as the pore sealing process, the 

plasma process must be optimized for the proper tradeoff between less plasma damage 

and better pore sealing.  

1.3.2.4 Environmentally-assisted subcritical crack of low-k dielectric during CMP 

During the CMP process, due to the weak bonding strength, low-k dielectric may 

fail by environmentally-assisted subcritical crack at stress far below the load required for 

catastrophic failure [62, 63]. As shown in Figure 1.10 (a), the environment such as 

relative humidity (RH) and potential of hydrogen (PH) will assist the bond rupture by 

chemical reaction with the low-k backbone structure, Si-O-Si bond configuration. A 
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typical graph for the relationship between crack velocity and energy release rate is given 

by Figure 1.10 (b).  

Figure 1.10: (a) schematic drawing of environmentally-assisted subcritical crack of low-k 
dielectric [64] and (b) typical graph of crack velocity vs. energy release rate 
[65]. 

Below the threshold energy release rate ( THG ), there is no crack growth. If the 

driving force or energy release rate is larger than THG  but still in the low range, the 

environment or reactants can be transported to the crack tip on time. Under this situation, 

the limiting factor is the rate of chemical reaction between environment and Si-O-Si bond 

at the crack tip. This region is usually called region I, reaction-controlled region. In 

region I, the crack velocity (ν ) increases rapidly with the energy release rate (G ): 

0
2sinh( )

2
Gv v

NkT
γ−=                                            (1.12) 

whereγ is the surface energy, N the bond density, k the Boltzmann constant, andT the 

temperature [66]. If the driving force or energy release rate is high enough, the 

environment or reactants can not catch up with the crack tip. In this case, the limiting 

factor is the transportation of environment or reactants to the crack tip. This region is 

 
(a) (b)
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called region II, transport-controlled region. In region II, the crack velocity is almost 

independent of energy release rate, but strongly dependent on the environment [67]. If the 

driving force or energy release rate is too high, critical crack or catastrophic failure 

occurs. This region is called region III. In region III, the crack velocity is independent of 

energy release rate.  

1.3.2.5 Direct CMP induced damage to low-k dielectric 

Recently, the direct CMP process has been studied to remove the capping layer 

over the dielectrics and reduce the effective dielectric constant. However, during the 

direct CMP process, OSG low-k dielectric will be exposed to the corrosive CMP 

chemicals, which contaminate the low-k dielectric and induce moisture uptake [68], 

causing TDDB reliability issues and increasing the effective dielectric constant.  

Due to these integration challenges and the chip-package interaction (CPI) 

problem (please refer to [69] for details), the incorporation of ultra low-k dielectric has 

been delayed, as shown in Figure 1.11. 

 

Figure 1.11: Trend of incorporation of low-k dielectric [70].  
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1.4 Description of dissertation research 

As discussed in section 1.3.2, plasma ashing and etching induced damages have 

presented significant challenges to the integration of Cu/low-k interconnect. This has 

generated great interests recently in studying plasma induced damage to low-k dielectric 

and dielectric recovery by chemical treatments, including the silylation process. The 

effects of plasma chemistries (such as H2, He, NH3, N2, O2, and Ar), plasma systems 

(such as reactive ion etching (RIE) and downstream plasma), and low-k dielectrics have 

been investigated [8, 42, 43, 71-98]. In spite of the extensive efforts, the understanding of 

plasma interaction with porous low-k dielectric is still incomplete because the damage 

formation in low-k dielectric is a complex phenomenon, involving both physical and 

chemical effects. The former arises from physical bombardment, the intensity of which 

depends on the plasma density and energy, while the latter involves chemical reactions of 

plasma with low-k constituents. In addition, an effective and process-compatible 

dielectric recovery method is still absent. Hence, the main objectives of this dissertation 

are (1) to investigate the mechanism behind the plasma interaction with porous low-k 

dielectric; (2) to optimize low-k dielectric and plasma process to reduce plasma damage; 

and (3) to develop post-ash process to repair plasma damage on porous low-k dielectric. 

Although this dissertation is focused on the plasma ashing and etching induced 

damage to porous low-k dielectric, the results will also be useful for the optimization of 

pore sealing process by plasma pretreatment. In addition, in order to repair the interfacial 

delamination and enhance the material resistance to the environmentally-assisted 

subcritical crack of low-k dielectric during the CMP process, Lane et al. applied liquid 

silylation process to link the two crack surfaces and block the environment transportation 

to the crack tip [99]. The vapor silylation chamber and process developed in this 

dissertation might be also useful for this purpose in the future. Moreover, some of the 



 25

dielectric recovery methods developed in this dissertation such as UV curing with 

thermal activation will also be useful for the recovery of direct CMP induced damage to 

low-k dielectric [100]. 

This dissertation is organized into the following chapters.  

In Chapter 2, the experimental details will be summarized. First, the plasma 

systems used for sample preparations will be overviewed. Then, the analytical techniques 

used for sample evaluation and plasma process diagnostic will be briefly introduced. At 

last, the principle of the quantum chemistry calculation will be discussed.  

Chapter 3 will summarize the mechanistic study of plasma ashing induced 

damage to porous low-k dielectric. It consists of three parts. First, the CO2 plasma 

induced damage to porous low-k dielectric will be summarized. Second, a gap structure 

with different optical masks will be applied to delineate the effects of energy and 

intensity of plasma ion, photon, and radical as well as the substrate temperature. Third, 

two models will be derived theoretically to quantify the extent of plasma induced 

damage. The plasma altered layer model will be derived first, which interprets the 

chemical effect in the low ion energy region. It is based on the kinetics of plasma radical 

diffusion, reaction, and recombination inside porous low-k dielectric. This model will 

show how the extent of plasma ashing induced damage is influenced by the pore radius, 

porosity, pore interconnect length, substrate temperature, oxygen radical density, carbon 

concentration in OSG low-k dielectric, and oxygen surface recombination rate on the 

pore wall. Then, the validity of this model will be verified by four sets of experiments 

and numerical simulations, including (1) ICP CO2 plasma with and without bias power; 

(2) He plasma pretreatment for ICP CO2 plasma; (3) low-k films with different k values; 

(4) Monte-Carlo simulations. Then, the second model, sputtering yield model, will be 

introduced to interpret the physical effect in the high ion energy region, based on the ion 
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induced collision cascade process. Then, the model validity will be verified by (1) 

checking the ion energy dependence of sputtering yield using O2/He/Ar plasma and low-k 

dielectrics with different k values; (2) studying the angular dependence of sputtering 

yield of O2/Ar plasma by a Faraday cage. 

Chapter 4 will optimize the low-k dielectric and plasma process to reduce plasma-

induced damage. It consists of two parts. First, the plasma ashing induced damage will be 

reduced by (1) increasing carbon concentration and reducing pore size in low-k dielectric; 

(2) switching plasma generator from pure inductively coupled plasma (ICP) to pure 

reactive ion etching (RIE); (3) increasing hard mask thickness in patterned low-k 

structure, which is studied by extending the plasma altered layer model to the patterned 

low-k structure; (4) replacing O2 plasma by CO2 plasma; (5) increasing CO partial 

pressure in CO/O2 plasma; (6) increasing N2 addition in CO2/N2 plasma. Second, the etch 

front roughness induced by CHF3/CF4/H2/O2/Ar plasma etching process will be reduced 

according to the “micromasking effect” and the “preferential reaction path” inside low-k 

dielectric proposed by quantum chemistry calculation.  

Chapter 5 will investigate the dielectric recovery by post-ash treatments. It 

consists of two parts. First, the origin of dielectric loss induced by oxidative plasma will 

be studied. By combining analytical techniques with the Kramers-Kronig dispersion 

relation, the contribution of different polarization components to the dielectric loss will 

be differentiated. Then, quantum chemistry calculations will be applied to evaluate the 

dipolar contributions of different molecular clusters. Second, O2 plasma damaged CDO 

films will be recovered by (1) post-ash CH4 plasma treatment; (2) post-ash vapor-phase 

silylation processes including Trimethylchlorosilane (TMCS), Dimethyldichlorosilane 

(DMDCS) and Phenyltrimethoxysilane (PTMOS); (3) post-ash UV radiation. The 
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bonding configuration, chemical composition, surface hydrophobicity, the recovery 

depth, and the electrical performance will be characterized. 

Chapter 6 is the summarization of this dissertation and the proposal for the future 

study. 
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Chapter 2:  Experimental Techniques and Quantum Calculations 

This chapter describes the experimental techniques and quantum chemistry 

calculation for the study of plasma damage in low-k dielectrics. It is organized into three 

parts. First, the two types of plasma etching and ashing systems used are described, 

including a capacitively coupled plasma (CCP) system and an inductively coupled 

plasma (ICP) system. In the second part, the analytical techniques used to characterize 

the plasma damage are discussed. These include Fourier transform infrared spectroscopy 

(FTIR), X-ray photoelectron spectroscopy (XPS), contact angle goniometer, 

spectroscopic ellipsometer (SE), X-ray reflectivity (XRR), and metal-insulator-

semiconductor structure (MIS). Finally, the principle of quantum chemistry calculations 

to investigate plasma damage is summarized. 

2.1 Overview of plasma etching and ashing systems 

Several commercial plasma etching and ashing systems were employed to study 

the plasma interaction with porous low-k dielectrics, including Oxford Instruments 

Plasmalab 80 Plus ICP-RIE, Oxford Instruments Plasmalab 80 RIE, TRION Oracle ICP-

RIE, Plasmatherm 790 RIE, and March Asher RIE. Although these plasma systems were 

manufactured by different companies and have different chamber configurations, they 

can be categorized into two main types: the capacitively coupled plasma (CCP) system 

(also called reactive ion etching, RIE system) and the inductively coupled plasma (ICP) 

system.  

As shown in Figure 2.1 (a), the CCP plasma system is composed of two parallel 

plate electrodes [101]. The top electrode is grounded while the bottom electrode is 

connected to a 13.56 MHz rf power supply. Using the electric field between the two 

electrodes exerted by the rf power, the plasma is generated by a number of plasma 
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reactions, including molecular dissociation, excitation, ionization, recombination, etc. 

[102]. By inserting a capacitor between the bottom electrode and the rf power supply, a 

negative DC bias voltage is formed at the bottom electrode due to the mass difference 

between electrons and ions. Under the influence of this DC bias voltage, ions are 

accelerated toward the bottom electrode. In this plasma system, the plasma density and 

energy simultaneously can be controlled by varying the rf power or chamber pressure. In 

addition, the substrate temperature can be maintained by using liquid nitrogen cooling, 

Helium backside cooling, and resistance heating. 

The schematics of an ICP plasma system are shown in Figure 2.1 (b). Here, 

instead of connecting the rf power supply to one of the electrode directly as in the CCP 

plasma system, the rf power in ICP plasma is coupled to the plasma across the dielectric 

window or wall. When the rf electric current passes through the coils, a time-varying 

magnetic field is generated in the axis direction (i.e. the vertical direction) to induce a 

time-varying electric field in the azimuthal direction. Due to this azimuthal electric field, 

a high density plasma is generated. By applying an rf bias power to the bottom electrode, 

ions are accelerated towards the wafer. Similar to the case of CCP plasma, the substrate 

temperature can be controlled. 
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Figure 2.1: Plasma etching and ashing system (a) CCP and (b) ICP. 

Compared with the CCP plasma, the ICP plasma has three advantages. First, the 

plasma density and ion energy in ICP plasma can be controlled separately by adjusting 

ICP source power and bias power, respectively. Chen et al. reported that the separate 

control of plasma density and energy was essential for producing low-k trench structures 

with good quality [103]. Second, the ICP plasma has higher plasma density than the CCP 

plasma. The technology note from Oxford Instruments showed that the density of the ICP 

plasma was usually two orders of magnitude higher than that of the CCP plasma [101]. 

Third, the ICP plasma has less contamination because the coil is outside the plasma while 

both electrodes in the CCP plasma are immersed in the plasma. The sputtered electrode 

material in the CCP plasma will contaminate the wafer. The difference between 

capacitive discharge and inductive discharge has been studied systematically by 

Lieberman et al. and reported in reference [104]. 

Besides the type of plasma generator, several other plasma process parameters are 

also varied in this dissertation. These include plasma chemistry, ICP source power, bias 
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power, chamber pressure, substrate temperature, low-k dielectrics, and plasma treatment 

time. 

2.2 Characterization techniques for plasma damage 

2.2.1 Fourier transform infrared spectroscopy (FTIR) 

Fourier transform infrared spectroscopy (FTIR) is commonly applied to 

characterize the bonding configuration or molecular structure of dielectric materials. 

FTIR is based on the IR absorption arising from the dipole-photon interaction [63]. In the 

infrared (IR) range, atoms in solid material have various types of vibrations, including 

asymmetrical stretching, symmetrical stretching, in-plane bending (scissoring or rocking) 

and out-of-plane bending (wagging or twisting). Once the IR photon energy matches the 

characteristic energy difference between two energy levels of specific vibration modes, 

IR absorption occurs. According to the Beer-Lambert’s law, the absorbance ( A ) is 

proportional to the molar absorptivity (α ), bond concentration ( c ) and film thickness ( t ) 

and can be expressed as   
1

0

log( )
I

A c t
I

α= − = ⋅ ⋅                                               (2.1) 

where 0I is the incoming light intensity and 1I the outgoing light intensity.  

In this study, a Nicolet Magna 560 Spectrometer was applied in the transmission 

mode for FTIR measurement, under the condition of the wavenumber resolution ~ 4 cm-1, 

the number of scan ~ 256, and the wavenumber range ~ 4000 cm-1 – 520 cm-1. During 

measurements, the FTIR chamber was purged with N2 gas to remove vapor moisture and 

carbon dioxide. Instead of using tons of discrete monochromatic lights, FTIR uses a 

broadband IR source. IR photons with wavenumber from 4000 cm-1 to 520 cm-1 pass 

through the sample at the same time.  
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The FTIR detection is based on the principle of the Michelson Interferometer 

[105]. As shown in Figure 2.2, by using the collimating mirror, the IR light is directed to 

the beam splitter. Then, the beam is split into two directions, one toward the fixed mirror 

and the other toward the movable mirror. By adjusting the displacement ( x ) of the 

movable mirror, the optical path difference between the two beams can be varied. After 

bouncing back from the fixed mirror and the movable mirror, the two beams recombine 

at the beam splitter with a certain phase difference and are directed toward the sample. 

Then, the intensity of the light transmitted through the sample is measured by a detector. 

By setting up a proper interference condition by adjusting the optical path difference 

between the two beams, the resultant light intensity can be expressed as: 

 
 ( ) ( )( ) 1 cos 2I x I x

ν
ν πν= +  ∑                                         (2.2) 

where ( )I ν is the intensity with wavenumber ν . Hence, by measuring the resultant 

intensity ( ( )I x ) as a function of position of the movable mirror ( x ), the intensity for each 

wavenumber can be calculated by using the Fourier transformation method:  

 

 ( )( ) cos(2 )I I x x dxν πν
∞

−∞

= ∫                                            (2.3) 
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Figure 2.2: Schematic drawing of Fourier transform infrared spectroscopy. 

 Because the low-k dielectrics used in this study were deposited on the Si 

substrate, a buffered oxide etch (BOE) was used to remove the low-k dielectrics to obtain 

a bare Si substrate for calibration. The procedure to collect the FTIR spectrum consisted 

of two steps. First, the transmission spectrum of a bare Si substrate was collected and 

saved as a background spectrum. Second, the transmission spectrum of low-k dielectrics 

on Si substrate was measured. By subtracting the background from the transmission 

spectrum of low-k dielectrics on Si substrate, the FTIR spectrum of low-k dielectrics was 

obtained.  

Once an FTIR spectrum was collected, a baseline correction was carried out using 

a series of zero points and spline fitting. In this dissertation, the zero points included: 

3999 cm-1, 3751 cm-1, 3009 cm-1, 2815 cm-1, 1802 cm-1, 1329 cm-1, 659 cm-1, and 522 
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cm-1. In order to be consistent, the same set of zero points was applied to all the FTIR 

spectra for the baseline correction.  

The structure of low dielectric constant SiCOH film has been studied extensively 

by using FTIR [17, 18, 106]. As shown in Table 2.1, Grill et al. [18] summarized the 

FTIR peak assignments of SiCOH low-k dielectrics, which were used as a reference for 

the peak identification in this dissertation. The bonding configuration changes were 

investigated by two types of FTIR analysis. First, based on the integrated peak area which 

was proportional to the film thickness as well as the concentration and molar absorptivity 

of bond, the area ratio of different bonds was calculated. Because the effect of thickness 

was canceled out and the molar absorptivity was constant, this peak area ratio was the 

indicator of the concentration ratio of different bonds. For example, the FTIR peak area 

ratios such as SiCH3/SiO and OH/SiO were applied to study the methyl depletion and 

moisture uptake, respectively.  

Second, a differential FTIR technique was developed to study the bonding 

configuration changes, especially when the plasma damage occurs mainly on the surface 

instead of in the bulk [76]. After the thickness calibration, two FTIR absorbance curves 

were subtracted from each other. In a differential FTIR, the negative peak indicates the 

reduction of bond concentration while the positive peak indicates the increase of bond 

concentration. 
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Table 2.1: FTIR peak assignments of SiCOH low-k dielectrics [18]. 
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2.2.2 X-ray photoelectron spectroscopy (XPS) 

As a powerful surface analysis tool, X-ray photoelectron spectroscopy (XPS) has 

been widely used to study the surface chemical composition and bonding configuration. 

An Axis Ultra DLD XPS spectrometer from Kratos Analytical Company was employed 

in this study. The X-ray source was monochromatic 1486.7eV Kα Al source with 0.16eV 

energy width. As shown in Figure 2.3, once a soft X-ray is absorbed by a core level 

electrons, photoelectrons will be released [107]. After photoelectrons escape the low-k 

dielectrics, it will be collected and analyzed by a concentric hemispherical electron 

energy analyzer. The analyzer measures the kinetic energy of photoelectrons, which is 

expressed as: 

K BE h E eν φ= − −                                                  (2.4) 

where KE is the kinetic energy of ejected photoelectrons, hν  the characteristic energy of 

X-ray photon, BE  the binding energy of core level electron, and eφ  the work function 

[108]. Based on the known X-ray photon energy and the measured kinetic energy, the 

photoelectron emission spectrum versus electron binding energy can be obtained. Due to 

the pass-energy setting of electron energy analyzer and the peak-width of X-ray source, 

the ultimate energy resolution of the spectrum is usually 0.4-0.6 eV.  

Once an XPS spectrum was collected and loaded into the Casa XPS software, a 

Shirley background subtraction was carried out, which assumes that the background 

photoelectron intensity is ascribed to the secondary electron emission and is linearly 

proportional to all the electrons with higher kinetic energies. By using the Gaussian-

Lorentzian fitting and atomic sensitivity factors, the XPS peak was deconvoluted and the 

peak area was integrated, which was proportional to the atomic concentration [109]. 

Based on the charge potential model [108], the core level chemical shift can be 

interpreted as: 
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0 i
i i i

i j ij

q
E E kq

r≠
= + +∑                                                (2.5) 

where iE is the binding energy of core level electron in the ith atom, 0
iE the energy 

reference, iq the charge on the ith atom, and i

i j ij

q
r≠

∑  the potential on the ith atom due to the 

surrounding atoms. Equation 2.5 shows that the core level binding energy increases with 

the electronegativity of bonded atoms. In this dissertation, the atomic concentration and 

bonding configuration of Si, C, O, N, and F were studied by XPS. 
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Figure 2.3: Schematic illustration of X-ray photoelectron spectroscopy. 

In addition to the study of surface chemical composition and bonding 

configuration, XPS can be applied for depth profiling in two ways.  

First, non-destructive angle resolved XPS (ARXPS) can detect the photoelectrons 

escaping from different depths inside low-k dielectrics. By rotating the sample, the take-

off angle (θ ) is changed, inducing the variation of effective mean escape depth of 

photoelectron ( d ). The kinetics behind is governed by:  
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sin
0

d

dI I e λ θ
−

=                                                     (2.6) 

where λ is the inelastic mean free path, an indicator of how far an electron can travel 

through low-k dielectrics before losing energy, typically 2~4 nm inside low-k dielectrics 

[108]. Equation 2.6 shows that the effective vertical sampling depth is [108]: 

 3 sind λ θ=                                                  (2.7) 

Hence, compared with XPS scan at a take-off-angle 90°, the one at 30° provides 

information for the shallower surface. 

 Second, by combining Ar ion sputtering with XPS scan, the atomic concentration 

and bonding configuration as a function of depth into the film can be obtained. By using 

a 2 kev Ar ion sputtering at an incident angle of 45°, the surface layer of low-k dielectrics 

is removed. Then, XPS high resolution scan is carried out. This Ar sputtering and XPS 

high resolution scan are repeated again and again until the desired depth is reached. 

However, there are some limitations for this ion-sputtering based XPS depth profiling. 

First, it’s destructive. Second, Ar ion sputtering modifies the composition and chemical 

state of the sample. Third, if the sample contains several layers or multiple elements, the 

sputtering rate calculation is a challenge. Due to these reasons, diluted HF dipping 

combined with SE measurement was also used in this dissertation to double check the 

XPS depth profiling results of the depth of plasma damage. In chapters 3, 4, and 5, the 

results obtained by using these two methods will be presented and the results are found to 

be consistent. 

2.2.3 Contact angle goniometer 

A CA100 Ramé-Hart Goniometer was used to measure the water contact angle of 

low-k dielectrics. As shown in Figure 2.4 (a), the goniometer consists of fiber optic 

illuminator, sample stage, microsyringe, straight needle, and a CCD camera. By 
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measuring the shape of water droplet on low-k dielectrics, the water contact angle can be 

determined. Because the contact angle measurement depends on several parameters 

including the surface roughness and the surface chemical and physical homogeneity 

[110], water contact angles in this study were measured at several positions of low-k 

dielectrics and their average was reported. 

As shown in Figure 2.4 (b), the contact angle (θ ) is the angle formed by the 

intersection of three phases including solid (low-k dielectric), liquid (water), and vapor 

(air). svγ is the surface free energy of solid, lvγ is the surface free energy of liquid, and slγ is 

the solid-liquid interfacial energy. Based on the force balance or energy minimization, 

Young’s equation can be derived [111]: 

cossv sl lvγ γ γ θ= + •                                                 (2.8) 

By dividing the surface energy (γ ) into dispersive ( dγ ) and polar ( pγ ) components, 

 d pγ γ γ≈ +                                                       (2.9) 

Owens et al. derived the following equation [112]: 

 (1 cos )

2

p
p dl l
s sdd

ll

γ θ γγ γ
γγ

 +
= + 

  
                                      (2.10) 

where γ means the surface free energy, θ  the contact angle, subscript l the liquid, 

subscript s the solid, superscript p  the polar component, and superscript d the dispersive 

component [113]. By using a series of liquids with known surface free energy ( lγ ) as 

well as known dispersive ( d
lγ ) and polar ( p

lγ ) components and measuring the contact 

angles (θ ), the dispersive ( d
sγ ) and polar ( p

sγ ) surface free energies of solid can be 

calculated on the basis of equation 2.10. In addition, for specific liquid, with the 

reduction of contact angle from 90° to 0°, the surface free energy of solid increases. By 

using contact angle measurements, Liu studied the changes of surface free energy of OSG 

low-k dielectrics induced by O2/Ar plasma and post-ash silylation process [109]. After 

plasma treatment, the water contact angle reduced from 83.8° to 5.7°, the polar surface 
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free energy of OSG low-k dielectrics increased from 4.7 erg/cm2 to 23.2 erg/cm2, and the 

dispersive surface free energy of OSG low-k dielectrics increased from 26.9 erg/cm2 to 

35.6 erg/cm2; after silylation treatment on plasma damaged OSG low-k dielectrics, the 

water contact angle increased from 5.7° to 79.3°, the polar surface free energy decreased 

from 23.2 erg/cm2 to 8.3 erg/cm2, and the dispersive surface free energy increased from 

35.6 erg/cm2 to 36.8 erg/cm2. 

Figure 2.4: Schematic drawing of (a) contact angle goniometer [114] and (b) water 
contact angle of low-k dielectrics (not to scale).    

2.2.4 Spectroscopic ellipsometer (SE)  

Because measurements by the spectroscopic ellipsometer (SE) are nondestructive 

and easy and fast to operate, the SE technique has been widely employed to determine 

film thickness, refractive index, and extinction coefficient in the semiconductor industry. 

This technique is based on the change of light polarization induced by the reflection and 

transmission at the film interface. 

As shown in Figure 2.5, the SE system consists of a light source, polarizer, 

rotating analyzer, and photomultiplier. By using a polarizer, the unpolarized light given 

out by the light source becomes linearly polarized. After reflection and transmission at 

the film interface, the linearly polarized light becomes elliptically polarized. By using 

rotating analyzer and photomultiplier, the change of light polarization is measured.  

Illuminator
Microsyringe

Camera
Sample stage

Illuminator
Microsyringe

Camera
Sample stage

Si
Low-k

Water

slγ
lvγ

svγθAir

Si
Low-k

Water

slγ
lvγ

svγθAir

Si
Low-k

Water

slγ
lvγ

svγθAir

 

(a) (b) 



 41

Light source

Polarizer

n2

Rotating analyzer

Photomultiplier

n1
1φ

2φ
n3

d

Air

Low-k

Si

p

s

p

s

Light source

Polarizer

n2

Rotating analyzer

Photomultiplier

n1
1φ

2φ
n3

d

Air

Low-k

Si

p

s

p

s

 

Figure 2.5: Schematic illustration of spectroscopic ellipsometer. 

 Historically, the reflection and transmission of electric field at the interface 

between two media has been well studied. By decomposing the linearly polarized light 

into an s wave (perpendicular to the plane of incidence) and a p wave (parallel to the 

plane of incidence) and using Maxwell’s equation, the Fresnel reflection coefficients can 

be derived: 
cos cos
cos cos

j i i jp
ij

j i i j

n n
r

n n
φ φ
φ φ

−
=

+                                          (2.11) 

cos cos
cos cos

i i j js
ij

i i j j

n n
r

n n
φ φ
φ φ

−
=

+                                           (2.12) 

where the light is incident from medium i to medium j, in the refractive index at medium 

i, jn the refractive index at medium j, iφ the angle of incidence, and jφ the angle of 

refraction [115]. 

In the case of multiple interfaces, equations 2.11 and 2.12 have to be applied at 

each interface. The resultant wave received by the photomultiplier is the interference of a 

series of waves, including the wave reflected directly at the first interface and all the 

other waves transmitted through the first interface from medium 2. For simplicity, Figure 
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2.5 only contained two interfaces, one between air and low-k dielectrics which has 

thickness d , and the other between low-k dielectrics and Si substrate. Tompkins derived 

the following total reflection coefficients: 
2

12 23
2

12 23

exp
1 exp

p p i
p

p p i

r r
R

r r

β

β

−

−

+
=

+                                            (2.13) 
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+                                            (2.14) 

2 22 cosd nβ π φ
λ

 =  
 

                                               (2.15) 

where 12
pr , 23

pr are defined by equation 2.11, 12
sr , 23

sr defined by equation 2.12, and λ the 

wavelength [115]. Based on the phase differences between s wave and p wave in the 

incident wave ( 1δ ) and the resultant wave ( 2δ ), a parameter “Del” can be defined [115]: 

 1 2δ δ∆ = −                                                      (2.16) 

Then, the fundamental equation behind SE can be expressed as:  

 tan
p

i
s

R e
R

ρ ∆= = Ψ                                                 (2.17) 

where tan Ψ  is the magnitude of the amplitude ratio [115]. In this dissertation, Psi ( Ψ ) 

and Del ( ∆ ) as a function of wavelength (λ ) were measured by a J. A. Woollam M-2000 

Spectrometer. Three angles of incidence were used, including 65°, 70°, and 75°.  

After the SE measurement was carried out, a multiple-layer model, which 

contained the initial values of the thickness, refractive index, and extinction coefficient 

for each layer, was created to represent the low-k structure. Then, based on this model 

and the equations 2.11, 2.12, 2.13, 2.14, and 2.15, the total reflection coefficients were 

calculated. By using equation 2.17, the values of ρ  were calculated and compared with 

the experimental data. Mean Squared Error (MSE) was used as a criterion to evaluate the 

fitting quality. If MSE was less than 5, the fitting result was regarded as good.  

Because the optical property of plasma damaged low-k dielectrics was unknown, 

it was necessary to make an assumption for the dielectric response. Several dispersion 
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relationships have been proposed, including Cauchy model, Sellmeier model, and Tauc-

Lorentz model [116, 117]. After studying these three models, Edwards et al. reported that 

the selection of proper model depended on the wavelength range [118]. Based on their 

results, Cauchy model should only be applied in the transparent region of the spectra. 

Hence, in this study, the Cauchy model was applied for the model fitting in the 

wavelength range from 400 nm to 1000 nm. In the Cauchy model, the refractive index 

( n ) is a function of wavelength ( λ ): 

 2 4( ) B Cn Aλ
λ λ

= + +                                              (2.18) 

where A , B ,C are three fitting parameters. 

2.2.5 X-ray reflectivity (XRR)      

One of the other applications of X-ray metrology in the semiconductor industry is 

the X-ray reflectivity, which can be used to evaluate the thickness and density of low-k 

dielectrics.  

As will be discussed in section 5.1.1, the dielectric response is a function of 

electric field frequency. In the range of X-ray radiation, the refractive index of material 

is: 
2

01 1
2 4

er
n i i

ρ λ µλδ β
π π

= − − = − −                                        (2.19) 

i i
e a m

i i

n Z
N

A
ρ ρ= ∑                                                 (2.20) 

where 0r is the classical electron radius (2.818 fm), eρ the electron density of material, λ the 

X-ray wavelength, µ the linear absorption coefficient of the material, aN the Avogadro’s 

constant, mρ the mass density, and in the number fraction of the ith element which has 

atomic number iZ and atomic weight iA  [119]. 

 As indicated by the blue curve in Figure 2.6, once X-ray impinges on the surface 

of low-k dielectrics with a grazing incident angle, a total reflection occurs because the 
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real part of the refractive index in low-k dielectrics in equation 2.19 is less than unity, the 

refractive index in air. Based on the Snell’s law, the critical angle ( cθ ) can be derived: 

 1 sin( ) sin( )
2 2c nπ πθ• − = •                                            (2.21) 

 cos( ) 1cθ δ= −                                                    (2.22) 

 2cθ δ=                                                       (2.23) 

By using equations 2.19, 2.20, and 2.23, the material density can be obtained once the 

critical angle is determined experimentally, which is usually defined as the angle where 

the measured X-ray intensity is equal to half the maximum value [120]. 
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Figure 2.6: Schematic drawing of X-ray reflectivity. 

 As indicated by the red curves in Figure 2.6, if the incident angle (θ ) is larger 

than the critical incident angle ( cθ ), X-ray can be reflected from the low-k surface and be 

transmitted into the low-k dielectrics. Similar to the spectroscopic ellipsometry in section 

2.2.4, the Fresnel reflection coefficients at each interface are represented by equations 

2.11 and 2.12 [121]. The resultant X-ray received by the detector is the interference of a 

series of X-rays, including the one reflected directly at the low-k surface and all the 

others transmitted through the low-k/air interface from the side of low-k dielectrics. By 

creating a multiple-layer model with initial thickness, density, and roughness for each 

layer, the resultant reflectance as a function of angle of incidence can be calculated from 

equations 2.11, 2.12, 2.13, 2.14 and 2.15. Then, by comparing the simulated results with 



 45

experimental findings, the film density, thickness, and roughness can be obtained. In fact, 

there is a simple way to evaluate the film thickness itself. As indicated by Figure 2.6, the 

X-ray reflected from the low-k surface (red curve) and the one reflected from the 

interface between low-k and Si substrate (purple curve) will alternatingly interfere 

constructively and destructively. The Bragg’s law shows that: 

 2 sind mθ λ=                                                    (2.24) 

Because θ  is small, equation 2.24 can be rewritten as  

 2d mθ λ=                                                      (2.25) 

Hence, the film thickness is related to the periodicity of the interference fringes of XRR 

curve ( θ∆ ) by: 

 
2

d λ
θ

=
∆

                                                      (2.26) 

 The XRR setup used in this study was a PANalytical’s X'Pert MRD system with 

1.54 Å Cu-Kα X-ray. The XRR experiment was performed by using a ω/2θ scan in a 

grazing angle range from 0° to 3°. The curve fitting was carried out by using 

PANalytical's X'Pert Reflectivity software. 

2.2.6 Dielectric measurements using metal-insulator-semiconductor (MIS) 
structure  

In this study, a metal-insulator-semiconductor (MIS) structure with HP 4194A 

Impedance/Gain Phase Analyzer was applied to investigate the dielectric constant, C-V 

hysteresis, and leakage current of low-k dielectrics. As shown in Figure 2.7 (a), Al metal 

gate (electrode) with thickness about 1µm and diameter about 1mm was deposited on top 

of the low-k dielectrics by using Al sputtering deposition and shadow mask. The vacuum 

chuck was used as the other electrode.  

The typical capacitance-voltage curve at 1 MHz for low-k dielectrics with a p-

type Si substrate is shown in Figure 2.7 (b). The applied gate voltage is divided between 
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the low-k dielectrics and the Si substrate. When the gate voltage is very negative, the p-

type Si substrate is in the hole accumulation range, inducing a very high differential 

capacitance ( AC ) [122]. The series combination of low-k capacitance ( iC ) and this high 

differential capacitance ( AC ) produces a total capacitance ( C ): 
0A i

i
A i

C C k A
C C

C C d
ε•

= ≈ =
+

                                           (2.27) 

where k is the dielectric constant of low-k dielectrics, d the thickness of low-k 

dielectrics, A  the area of Al gate, and 0ε  the permittivity of vacuum (8.854 pf/m). 

Hence, the dielectric constant of low-k dielectrics can be evaluated by measuring the total 

capacitance in the accumulation range, the low-k thickness, and the area of Al gate: 
 

0

iC d
k

Aε
⋅

=
⋅

                                                      (2.28) 

When the gate voltage increases, a depletion region is formed in the Si surface. As a 

result, the total capacitance is a series combination of iC and a depletion capacitance ( DC ) 

[123]: 
 i D

i D

C C
C

C C
=

+
                                                    (2.29) 

When the gate voltage is very positive, the Si substrate is in an inversion region. Because 

the capacitance-voltage measurement is carried out at a very high frequency, 1 MHz, the 

total capacitance will achieve a minimum value: 
 0
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where sε is the permittivity of Si, k the Boltzmann constant, T the absolute 

temperature, AN the acceptor concentration, q the electric charge, and in the intrinsic carrier 

density [123]. 
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Figure 2.7: Schematic drawing of (a) MIS structure and (b) MIS capacitance-voltage 
curve at 1 MHz (not to scale). 

2.2.7 Other experimental techniques 

Besides the major analytical techniques introduced above, there were other 

auxiliary techniques used in this dissertation. To save the space in the dissertation, their 

principles are not discussed here. The characterization and metrology for ULSI 

technology has been summarized by Seiler et al. [124]. 

The film surface roughness was measured by atomic force microscopy (AFM) 

using a Digital Instruments AFM 3000 under the tapping mode. The scanning area was 1 

µm * 1 µm. The carbon bonding configuration was double checked by Raman 

spectroscopy using a RENISHAW system at 514 nm laser wavelength since FTIR was 

not sensitive to the C=C sp2 bonding configuration. The plasma emission spectra were 

characterized by optical emission spectrometer (OES) using an Ocean Optics USB 4000 

spectrometer. The integration time was 0.8 second and the number of pixels in the 

processed spectrum was 3648. The reaction byproduct during the O2 plasma process was 

detected by residual gas analyzer (RGA) using a MKS e-Vision+ RGA and Easyview 

software.  
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2.3 Quantum chemistry calculation 

 From the quantum mechanics point of view, the fundamental law which governs a 

many-body problem can be described by the Schrödinger equation: 

 ( ) ( )r E rΗΨ = Ψ                                                  (2.32) 

 2 2

1 1 1 1 1 1

1 1 1
2 2

N M N M N N M M
A A B

i A
i A i A i j i A B AA iA ij AB

Z Z Z
M r r R= = = = = > = >

Η = − ∇ − ∇ − + +∑ ∑ ∑∑ ∑∑ ∑∑                   (2.33) 

where Η is the Hamiltonian for the system composed of M nuclei and N electrons, ( )rΨ the 

eigenfunction, E the eignevalue, AM and AZ the mass and charge of the Ath nuclei, 

and ijr (or ijR ) the distance between particle i and j [125]. Here the mass and charge of the 

electron, the Planck’s constant, and the vacuum permittivity are assumed to be unity for 

simplicity. In the above equation, the first term is the kinetic energy for electrons, the 

second term is the kinetic energy for nuclei, the third term is the interaction between 

electrons and nuclei, the fourth term is the interaction between electrons, and the last term 

is the interaction between nuclei. Although equation 2.33 is elegant, in general it is 

difficult to obtain the exact solution for a molecular structure. Hence, a series of 

assumptions are needed in order to obtain an approximate solution.  

First, due to the large mass difference between nuclei and electrons, the Born-

Oppenheimer approximation states that the nuclei are static and the electrons are moving 

in the potential field produced by nuclei [107, 126]. Based on this approximation, 

equation 2.33 can be reduced to: 
2

1 1

1 1
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= + − ∇∑∑ ∑                                   (2.34) 

elec elec elec elecEΗ Ψ = Ψ                                               (2.35) 
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where elecΗ is the electronic Hamiltonian, elecΨ electronic wave function, and elecE the 

electron energy [125].  
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 According to the Pauli principle, equation 2.35 can be further reduced by 

approximating the N-electron wave function ( elecΨ ) with the antisymmetrized product of 

one-electron wave function ( iΦ ): 

 

1 1 2 1 1

1 2 2 2 2
1 2

1 2

( )  ( )     ( )
( )  ( )    ( )1( , , , )

                          !
( ) ( )   ( )
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N
elect N

N N N N

x x x
x x x

x x x
N

x x x

Φ Φ Φ
Φ Φ Φ

Ψ =

Φ Φ Φ

                       (2.37) 

where ( )i ixΦ is the product of a spatial orbital function and a spin function [125]. 

 As shown in a number of reference texts [125, 127], by using Lagrangian 

multiplier and taking functional derivatives, the Hartree-Fock equation can be obtained: 

 (1) (1) (1)i i iF εΦ = Φ                                                (2.38) 
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where (1)F is Hartree-Fock operator, iε the eigenvalue, (1)
core

H the one-electron core 

Hamiltonian, (1)jJ the Coulomb operator, and (1)jK the Exchange operator [127].  

Further approximation is needed to expand the one-electron wave function ( iΦ ) 

into a linear combination of known basis sets ( µχ ) [127]: 
 i iCµ µ

µ
χΦ =∑                                                    (2.43) 

There are various types of basis sets of one-electron wave functions, including the Slater 

type and Gaussian type. Then, by combining equations 2.38 and 2.43, the following 

Hartree-Fock-Roothaan equation can be derived: 
 

1
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C F Sε
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 rs r sF Fχ χ=                                                  (2.45) 
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 rs r sS χ χ=                                                    (2.46) 

 det( ) 0rs i rsF Sε− =                                                 (2.47) 

where r =1,…,b [127]. On the basis of equations 2.39, 2.40, 2.41, 2.42, 2.43, 2.44, 4.45, 

2.46, and 2.47, the self-consistent-field (SCF) solutions can be obtained by using iteration 

methods.  

The above discussion describes the basic idea behind the Hartree-Fock method 

(HF). However, the Hartree-Fock method presents only a mean field theory because the 

electron interactions are considered in an average way. More accurate methods exist, 

such as configuration interaction (CI), coupled cluster method (CC), perturbation theory 

(MP), and density functional theory (DFT). For details, please refer to reference [127]. 

For this study, the commercial software, the Gaussian 03W program is readily 

available for the quantum chemistry calculations to calculate the bond energies and 

dipole moments in low-k dielectric materials. Of particular interest are the different Si-O 

ring structures and the permanent dipole moments of low-k clusters which are formed 

during oxidative plasma treatments. As shown in Figure 2.8, the input parameters include 

the assumed initial geometry, the model theory (HF, etc.), the basis set of wave functions 

(6-31 G(d), etc.), the keyword (Opt for geometry optimization), the multiplicity of the 

molecule (spin), and the charge of the molecule (0, etc.). The Gaussian 03W program is 

capable in providing outputs such as the optimum geometry, the vibrational frequency, 

the dipole moment, the total energy, the transition state, and the spectroscopic data. Some 

of these results are used in this study to evaluate the plasma damage in low-k dielectrics.    
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Figure 2.8: Schematic drawing of quantum chemistry calculation. 
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Chapter 3:  Mechanistic Study of Plasma Ashing Induced Damage to 
Porous Low-k Dielectrics 

The study on the mechanism of plasma interaction with porous low-k dielectrics 

is summarized in this chapter and organized into three parts.  

In the first part, the experimental results from CO2 plasma induced damage on 

porous BD films are reviewed, including the increase of effective dielectric constant, the 

bonding configuration change, the formation of carbon depletion layer, the film 

shrinkage, and the surface densification. 

In the second part, a novel gap structure was used as a mask to delineate the roles 

of energy and intensity of ions, photons, and radicals in producing damage in porous low-

k dielectrics. The effects of the low-k structure and chemistry were investigated as a 

function of substrate temperature. The damage induced by oxidative plasmas including 

O2 and CO2 was found to be proportional to the oxygen radical concentration, be 

enhanced by VUV photon radiation, and increase with the substrate temperature. Ion 

bombardment induced surface densification to block the diffusion of oxygen radicals. 

The results of pure Ar plasma indicated that the UV and VUV photons alone can induce 

surface damage.  

In the third part, the kinetics of plasma interaction with porous low-k dielectrics 

was theoretically analyzed, based on a plasma altered layer model and a sputtering yield 

model. In the low ion energy region, the chemical effect was found to dominate. The 

plasma altered layer model was formulated to interpret this chemical effect by taking into 

account the kinetics of radical diffusion, reaction, and surface recombination in the pore 

structure of low-k dielectrics. This model was verified by several sets of experiments and 

numerical simulations, including: (1) ICP CO2 plasma with and without bias power; (2) 

He plasma pretreatment for ICP CO2 plasma; (3) low-k films with different k values; (4) 



 53

Monte-Carlo simulation. In the high ion energy region, the physical effect dominated. 

The sputtering yield model was formulated to interpret this physical effect by considering 

the damage induced by the momentum transfer between the ion beam and low-k 

dielectrics. This model was verified by (1) checking the ion energy dependence of 

sputtering yield using O2 plasma, He plasma, Ar plasma, and low-k dielectrics with 

different k values; (2) studying the angular dependence of sputtering yield using O2/Ar 

plasma and a Faraday cage.  

3.1 CO2 plasma induced damage on porous low-k dielectrics 

3.1.1 Increase of the effective dielectric constant 

 The effective dielectric constant at 1 MHz was measured by a mercury probe 

using a metal-insulator-semiconductor (MIS) structure. After 5 mtorr, 20 sccm, 150 W 

RIE, 40 second CO2 plasma treatment, the effective dielectric constant increased from 

2.20 to 2.72. As will be shown in the following sections, the bonding configuration 

changes and film densification contributed to this increase. To investigate the origin of 

the dielectric loss induced by oxidative plasma, the contributions from dipolar, electronic, 

and ionic polarizations will be investigated in section 5.1.  

3.1.2 Bonding configuration changes 

To characterize the bonding configuration changes, differential FTIR spectra were 

obtained by subtracting the spectrum of the pristine BD from that after CO2 plasma 

treatment. A typical result is shown in Figure 3.1, after the BD film was subjected to a 5 

mtorr, 20 sccm, 150 W ICP, and 40 second CO2 plasma treatment. The spectral data 

indicate that the bond intensities of Si-(CH3)x (1280~1250, 870~760 cm-1) [18], Si-O-Si 

suboxide (~1023 cm-1), and CHx (~2960, 2925, 2900, 2865 cm-1) were reduced while 
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those of –OH/H2O (~3100~3800, 935 cm-1), C=O (~1720 cm-1), and Si-O-Si network 

(~1063 cm-1) structures increased.  
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Figure 3.1: FTIR spectra for BD film treated by ICP CO2 plasma. 

These bonding configuration changes were further confirmed by results obtained 

from 90°high resolution XPS scans. As shown in Figure 3.2 (a), the XPS C1s peak of 

pristine BD film was dominated by C-H/C-C (~284.7 eV) [128]. After CO2 plasma 

treatment, the intensity of C-H/C-C decreased while the C-O-H/C-O-C (~286.4 eV), C=O 

(~287.7 eV), and O-C=O (~289.2 eV) increased. These results are consistent with the 

differential FTIR results.  
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Figure 3.2: XPS C1s spectra for BD film (a) pristine and (b) treated by ICP CO2 plasma. 

Similar bonding configuration changes were observed for BD films after RIE CO2 

plasma treatment. The oxygen radicals and ions generated by CO2 plasma were found to 

play a key role in inducing the damage formation. A remote electron cyclotron resonance 

(ECR) plasma etcher with in-situ residual gas analyzer (RGA) was employed to identify 

the vapor byproducts during O2 plasma treatment on CDO films [129]. Two sets of 

experiments were carried out, one with pure oxygen radicals and the other with the 

combination of oxygen radicals and ions. The RGA results were similar for both cases. 

Two vapor byproducts with mass-to-charge ratio of 44 and 18 were detected, which can 

be attributed to CO2 and H2O, respectively. The combination of differential FTIR, RGA, 

and XPS results indicated that the hydrophobic Si-(CH3)x group reacted with oxygen 

radicals or ions to form hydrophilic Si-OH or Si-CH=O bonds to induce moisture 

absorption. This suggests the following reactions responsible for the bonding 

configuration changes  

3 22  [ ] O O Si CH Si CH O H O+ + ≡ −  → ≡ − = +                (3.1) 
+

3 2 24  [O ] O Si CH Si OH H O CO+ ≡ −  → ≡ − + +               (3.2) 
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There were two possible moisture sources. The first came from the reaction byproduct as 

indicated by RGA analysis, and the other was due to exposure to the ambient [130]. 

Marsik et al. found that the refractive index of plasma damaged low-k dielectrics 

increased with humidity due to the surface hydrophilization [131]. 

3.1.3 Depth of carbon depletion layer 

 Differential FTIR and XPS high resolution scan showed that CO2 plasma 

treatment induced methyl depletion (or carbon loss) extending beyond the surface of the 

porous low-k film. This raises two interesting questions: (1) is the carbon depletion layer 

(or plasma damaged layer) uniform or not?; (2) what’s the thickness (or depth) of plasma 

damaged layer? 

XPS depth profile was applied to investigate the depth and uniformity of plasma 

damaged layer. By assuming a constant Ar sputtering rate and using the film thickness 

obtained from SE measurement, the Ar sputtering time was converted to film depth. As 

shown in Figure 3.3 (a), after a 5 mtorr, 20 sccm, 150 W RIE, 150 second CO2 plasma 

treatment, a carbon depletion layer of about 23.0 nm in thickness was formed on the 

surface of the BD film. Additionally, the carbon concentration in the carbon depletion 

layer increased continuously from a minimum value at the surface to the undamaged 

level (or the pristine level) in the bulk. This trend will be further interpreted based on the 

plasma altered layer model in section 3.3. 

 Diluted HF (DHF) (1%) dipping experiments were combined with SE 

measurements to further confirm the depth of the plasma damaged layer. As indicated by 

Figure 3.3 (b), the thickness reduction of BD films induced by DHF dipping was very 

fast in the initial 30 seconds and became slow after 60 seconds. This can be attributed to 

the high etching selectivity of DHF on the SiO2-like plasma damaged layer as compared 

to an undamaged underlying layer [132]. According to the DHF dipping experiments, the 
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depth of plasma damaged layer was estimated to be 27.8 nm which is consistent with the 

XPS depth profile results. 
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Figure 3.3: Depth of carbon depletion layer (a) XPS depth profile and (b) DHF dipping 
experiments. 

3.1.4 Film shrinkage and densification 

 The density and thickness of BD film were studied by XRR and SE. In Figure 3.4, 

the blue curve represents the measured XRR data and the red curve the fitted data. As 

shown in Figure 3.4 (a), the extracted density of pristine BD film was 1.069 g/cm3. 

Figure 3.4 (b) was the XRR result for BD film after a 5 mtorr, 20 sccm, 150 W RIE, 150 

second CO2 plasma treatment. Based on the XPS depth profile result, a multiple layer 

model was used for fitting the results from the XRR measurements. The fitting yielded 

densities of 1.069, 1.285, and 2.191 g/cm3 and thicknesses of 71.3, 24.8, and 5.9 nm from 

bottom to top, respectively. This corresponded to a total thickness of the densified layer 

(or plasma damaged layer) of 30.7 nm which is consistent with the XPS depth profile 

result (23.0 nm) and DHF dipping result (27.8 nm). The difference might be due to the 

interface roughness between the underlying undamaged BD layer and the damaged layer, 

which was about 6.0 nm. Hoyas et al. studied the Toluene diffusion length and Tungsten 

(a) (b) 
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penetration depth in plasma treated low-k dielectrics and concluded that plasma treatment 

densified the low-k surface, consistent with the findings here [133]. Additionally, SE 

results showed that a 5 mtorr, 20 sccm, 150 W RIE, 150 second CO2 plasma treatment 

induced a film shrinkage about 6.6 nm.  

The results from the film shrinkage and densification suggest several possible 

mechanisms responsible for damage formation. First, oxygen radicals and ions consumed 

the Si-(CH3)x group on the pore walls, which induced pore collapse. Second, the 

condensation or crosslink of Si-OH bond or Si dangling bond can further densify the film 

to induce film shrinkage [7]. Third, the physical bombardment of ions could sputter away 

materials and densify the Si-O-Si backbone structure by momentum transfer. Using 

depth-profiled positronium annihilation lifetime spectroscopy (PALS), Sun et al. reported 

that O2 plasma treatment caused the pore collapse only at the surface of MSQ low-k 

dielectrics without damaging the underlying pore structure [71]. X-ray porosimetry 

(XRP) was employed by Lee et al. to study the nonuniform structure degradation in 

porous OSG low-k dielectrics induced by plasma ashing and etching processes [73]. One 

of their findings was that plasma treatments induced both pore collapse and the 

densification of wall material between pores. 
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Figure 3.4: XRR measurements of BD films (a) pristine and (b) treated by RIE CO2  
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3.2 Roles of ion, photon, and radical in the formation of plasma damage 

In section 3.1, the experimental results from the bonding configuration changes, 

film densification and shrinkage, and the increase of effective dielectric constant induced 

by CO2 plasma were reviewed. The results obtained from different analytical techniques 

provided a clear and consistent overall picture of the plasma damage. In this section, the 

role of plasma ion, photon, and radical on plasma induced damage were separately 

investigated using a gap structure. FTIR and SE measurements were selected to evaluate 

the extent of the plasma induced damage such as methyl depletion (∆Si-CH3/Si-O), 

moisture uptake (∆-OH/Si-O), and film shrinkage, because of their non-destructive nature 

as well as easy and fast sample preparation and measurements. 

3.2.1 Overview of the gap structure study 

To control the plasma species, a gap structure was designed. As shown in Figure 

3.5, the gap structure had a tunnel-like configuration formed by two parallel rectangular 

Si spacers and a top optical mask. The low-k dielectric film with Si substrate was placed 

in the tunnel, while leaving a gap between the film and the optical mask.  

Figure 3.5: Schematic drawing of gap structure (a) top view (b) side view. 

Outside the mask (Region I), all of ion, photon, and radical interacted directly 

with the low-k dielectrics. The plasma experiments were performed in a 13.56 MHz 
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inductively coupled plasma (ICP) etcher. The ion energy was tuned by varying the 13.56 

MHz rf bias power applied to the bottom electrode. Underneath the mask (Region II), 

only the photon and radical would reach the low-k dielectrics. Here, the radical diffusion 

into the gap was allowed only through the two ends of the gap and not through the mask. 

The radical concentration inside the gap was adjusted by the gap height and plasma 

parameters such as ICP source power and chamber pressure. After transmission through 

the optical masks, the photons impinged on the low-k dielectrics. The transmitted photon 

energy was filtered using optical masks with different cut-off wavelengths including 

MgF2 (120 nm), fused Silica (185 nm), and Si (1.5 ｕm). The transmitted photon 

intensity was controlled by varying the mask thickness from 1.0 mm to 2.0 mm and the 

process parameters such as the ICP source power and chamber pressure. The substrate 

temperature could also be changed. 

3.2.1.1 Selection of optical mask 

The photon radiation can be divided into several ranges, including infrared (IR, 

wavelength larger than 700 nm), visible (Vis, wavelength from 400 nm to 700 nm), 

ultraviolet (UV, wavelength from 200 nm to 400 nm), vacuum ultraviolet (VUV, 

wavelength from 100 nm to 200 nm), and extreme ultraviolet (EUV, wavelength less than 

100 nm) [134]. When photons emitted by plasma are incident on the optical mask, 

reflection at the mask surfaces ( R ), absorption inside the mask ( A ), and transmission 

through the mask (T ) will occur following a relation ( ) 1 ( ) ( )T A Rν ν ν= − − , where ν  is 

the photon frequency. Photon absorption by material is a complicated process. For 

simplicity, only direct optical transition is discussed here. If the photon energy ( hν ) is 

equal to or greater than the band gap of optical mask ( gE ), photon will be absorbed by the 

optical mask by exciting an electron transition from the valence band to the conduction 
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band. cut off
g

hc
E

λ − =  is called the cut-off wavelength. So the transmitted photon energy can 

be filtered by optical masks with different cut-off wavelengths or band gaps.  

Four types of optical masks were used in this study. Three of them, the <001> 

MgF2, the <111> CaF2, and the fused silica optical masks, were purchased from Red 

Optronics. The Si mask was diced from a standard 4” <100> Si wafer. Figure 3.6 shows 

the transmission spectra provided by Red Optronics and Almaz Optics Inc. for the four 

optical masks. Table 3.1 summarized the properties of the optical masks. The MgF2 mask 

has an 11.8 eV band gap [135] and 120 nm cut-off wavelength [136]. So the low-k 

dielectrics in region II will react with the radical, VUV, UV, Vis, and IR photons. The 

CaF2 mask has a 10 eV band gap [135] and a 170 nm cut-off wavelength [136]. So the 

low-k dielectrics in region II will also be exposed to the radical, VUV, UV, Vis, and IR 

photons. But the VUV photon energy will be less than that with MgF2 mask. The fused 

silica mask has a 7.8 eV band gap [135] and a 185 nm cut-off wavelength [136]. So the 

low-k dielectrics in region II will be exposed to radical, UV, Vis, and IR photons. The Si 

mask has a 1.1 eV band gap [137] and a 1500 nm cut-off wavelength [138]. So the low-k 

dielectrics in region II will receive radicals and IR photons. By comparing the results 

from different optical masks, the role of photon energy and radical can be differentiated. 

For example, the difference between the result from the MgF2 mask and that from the 

fused silica mask was mainly attributed to VUV photons.  
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Figure 3.6: Transmission spectra of optical masks (a) MgF2 [136], (b) CaF2 [136], (c) 
fused silica [136], and (d) Si [138]. 

Table 3.1: Summarization of properties of optical masks used in this study. 

Optical mask gE (eV) [135, 

137] 

cut offλ − (nm)[136, 

138] 

Photons in region II 

MgF2 11.8 120 VUV, UV, Vis, IR 

CaF2 10 170 VUV, UV, Vis, IR 

Fused silica 7.8 185 UV, Vis, IR 

Si 1.1 1500 IR 
 

3.2.1.2 Simulation of radical concentration inside the gap 

Radical species can diffuse into the gap between optical mask and low-k 

dielectrics through the two ends of the gap. The type of diffusion is determined by the 
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radical mean free path ( λ ) and the size of the gap height ( h ) and width ( w ). For 

simplicity, let’s define the effective radius as  

4
h wr +=                                                       (3.3) 

If 2rλ > , the molecules will collide with the wall such as the surfaces of optical mask 

and low-k dielectrics instead of with one another. Under this situation, the Knudsen 

diffusion dominates. The Knudsen diffusivity is given by: 

97.0 TD r
M

= • •                                             (3.4) 

where M  is the molecular weight and T  the absolute temperature [139]. If 2rλ < , the 

molecules will collide with each other instead of with the wall. As a result, the molecular 

diffusion (or Fickian diffusion) dominates. If 2rλ ≈ , both molecular-molecular and 

molecular-wall collisions are important. So let us estimate the radical mean free path 

[102]. If the atom diameter is 0.2 nm, the collision area will be  
2 15 2(0.2) 1.26 10 cmσ π −= × = ×                                         (3.5) 

If the chamber pressure is 5 mtorr and the temperature is 303.15 K, the number density of 

atoms can be calculated by using the perfect gas law 
14 3

23

5 0.133 1.59 10
1.38 10 303.15

Pn cm
k T

−
−

×= = = ×
• × ×

                             (3.6) 

The radical mean free path will be 

15 14

1 1 5
1.26 10 1.59 10

cm
n

λ
σ −= = =

• × × ×
                                 (3.7) 

Under the current experimental conditions,  

0.1 ,  2.5h cm w cm≈ ≈                                                (3.8) 

So the effective radius is 
0.1 2.5 0.65

4
r cm+= =                                               (3.9) 

In this case, since 2rλ > , Knudsen diffusion will dominate the radical diffusion inside 

the gap. For oxygen radicals,  
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3 2
3

303.7597.0 6.5 10 86.9 /
16.00 10oD m s−

−= × × × =
×

                           (3.10) 

Once radical species enter the gap, they can recombine with each other on the 

surfaces of optical mask and low-k dielectrics or react with the reactive species of low-k 

dielectrics. The specific processes will depend on the type of plasma and dielectric 

material. For the study of oxidative plasma treatments on OSG films, most of the plasma 

radicals were the oxygen radicals and reactive species the methyl group. In section 3.1.1, 

the chemical reactions between the oxygen radical and the Si-(CH3)x group were 

speculated by combining analytical techniques including FTIR, RGA, and XPS. Equation 

3.1 and 3.2 are rewritten here:  
1

3 22  reacO Si CH Si CH O H Oγ+ ≡ −  → ≡ − = +                 (3.11) 
2

3 2 24  reacO Si CH Si OH H O COγ+ ≡ −  → ≡ − + +                (3.12) 

where i
reacγ  represents the reactivity between oxygen radicals and methyl groups. The 

surface recombination of oxygen radicals can be written as  

2

i
recomO O Oγ+  →                                              (3.13) 

where i
recomγ represents the surface recombination rate of oxygen radicals. Baklanov et al. 

reported two possible surface recombination mechanisms for the OSG surface, Eley-

Rideal and Langmuir-Hinshelwood mechanisms, which depended on the substrate 

temperature and surface active sites, respectively [140]. Because experiments were 

performed using similar oxidative plasma and dielectrics with the same substrate 

temperature, the surface recombination rate can be assumed to be constant, for simplicity.  

By considering the kinetics of oxygen radical diffusion, reaction, and 

recombination inside the gap, the oxygen radical concentration inside the gap can be 

derived. Assuming that the gap has a width ( w ), length ( l ), and height ( h ), as shown in 

Figure 3.7, the mass balance of oxygen radicals in an elemental gap volume  
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dV w h dx= • •                                                   (3.14) 

can be expressed as:  

In Out reac recomx x dx
F F L L

+
− = +                                   (3.15) 

where In x
F  is the inward flux at position x, Out x dx

F
+

 the outward flux at position x+dx, 

reacL  and recomL  the loss due to chemical reaction and recombination at the surfaces of 

optical mask and low-k dielectrics, respectively.  
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Figure 3.7: Kinetics of oxygen radical inside the elemental gap volume. 

Based on the Fick’s first law:  

In x
x

dF h w D
dx
φ= − • • •                                       (3.16) 

Out x dx
x dx

dF h w D
dx
φ

+
+

= − • • •                                   (3.17) 

where φ  is the oxygen radical density. For simplicity, we consider only the first order 

approximation for reacL  and recomL  and obtain : 

 reac reacL w dx φ γ= • • •                                        (3.18) 

 1 2 *( )recom recom recom recomL w dx w dxφ γ γ φ γ= • • • + = • • •            (3.19) 

By combining equations 3.15, 3.16, 3.17, 3.18, and 3.19, the following equations can be 

obtained: 
2

2 2

d
dx

φ φ
ζ

=                                                    (3.20) 
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*
reac recom

h Dζ
γ γ

•=
+

                                                (3.21) 

Considering the symmetry of gap structure, the boundary conditions can be written as: 
 

2

0
lx

d
dx
φ

=

=                                                      (3.22) 

 00x x l
φ φ φ

= =
= =                                                  (3.23) 

By solving the second order equation 3.20 subjected to the boundary conditions 3.22 and 

3.23, the analytical solutions can be derived for the oxygen radical density inside the gap 

structure: 

 0

2( )
2( )

( )
2

l xCosh
x

lCosh

ζφ φ

ζ

−

=                                            (3.24) 

 Assuming the length of gap (or mask) to be 3”, the oxygen radical density inside 

the gap structure can be simulated numerically. In Figure 3.8, the numerical simulation 

results with two ζ  values corresponding to two different gap heights are shown. It 

turned out that the oxygen radical concentration at the position close to the edge of mask 

inside the gap was much higher than that underneath the center of the mask. Additionally, 

the oxygen radical concentration increased with the gap height. Zheng et al. employed 

similar idea to study the fluorocarbon deposition inside the small gap structure and found 

that the thickness of the deposited fluorocarbon film inside the gap fell off with distance 

from the edge of Si ‘roof’ and increased with gap height [141]. 
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Figure 3.8: Numerical simulations of oxygen radical concentration inside the gap. 

3.2.2 Damage formation by O2, CO2, and Ar plasmas 

In this section, the gap structure was used to examine the roles of the radical, 

photon, and ion as well as substrate temperature and low-k chemistry using O2, CO2, and 

Ar plasmas. As shown in Figure 3.9, after plasma treatments, the BD film (4”x1”) was 

cut into eight pieces (0.5”x1”), numbered as 1, 2, …, 8. The SE and FTIR measurements 

were done at the center of each piece of sample. 

Figure 3.9: Measurement points for FTIR and SE. 
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3.2.2.1 Effect of radical density 

The film thickness reduction, methyl depletion, and moisture uptake induced by 5 

mtorr, 150 W ICP, and 300 seconds CO2 plasma treatments in a TRION plasma etcher 

are given in Figures 3.10, 3.11, and 3.12, respectively. When a Si mask was applied, the 

plasma induced damage on BD film in region II (underneath the mask) was mainly 

attributed to the oxygen radical. As indicated by Figures 3.10 (a), 3.11 (a), and 3.12 (a), 

there were more film shrinkage, methyl depletion, and moisture uptake at positions close 

to the edge of the mask inside the gap than those underneath the center of mask. The 

numerical simulations in section 3.2.1.2 showed that the oxygen radical concentration at 

the positions close to the edge of the mask inside the gap were much higher than that 

underneath the center of the mask. The combination of experimental results and the 

numerical simulations indicated that the CO2 plasma induced damage was proportional to 

the oxygen radical concentration. 

Figure 3.10: Film thickness reduction for BD films treated by CO2 plasma in TRION 
plasma etcher, 5 mtorr, ICP 150 W, 300 seconds: (a) no bias and (b) 100 W 
bias. ο Si mask, ∇  Fused silica mask,  MgF2 mask 

The effect of oxygen radical was investigated again by using O2 plasma in an 

Oxford plasma etcher. Different plasma recipes applied are listed in Table 3.2. The 
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thickness reduction and methyl depletion of BD films measured at the same position 

underneath the masks were given in Figure 3.13. When the gap height increased from 0.7 

mm to 1.4 mm, there were more film shrinkage and methyl depletion. The numerical 

simulations in section 3.2.1.2 showed that the oxygen radical concentration increased 

with the gap height. So the O2 plasma induced damage was proportional to the oxygen 

radical concentration. This conclusion was further confirmed by the fact that film 

shrinkage and methyl depletion increased when the ICP source power increased from 200 

W to 300 W or the chamber pressure increased from 5 mtorr to 60 mtorr. As shown in 

Figure 3.14, Nagai et al reported that oxygen atom density increased with ICP source 

power and chamber pressure [142]. By varying the fraction of O2 flow relative to the total 

flow (O2+Ar), Worsley et al. investigated the influence of oxygen radical concentration 

on O2/Ar plasma induced damage to porous low-k dielectrics and found that the plasma 

induced damage increased with the oxygen flow rate ratio[9]. 

Figure 3.11: Methyl depletion for BD films treated by CO2 plasma in TRION plasma 
etcher, 5 mtorr, ICP 150 W, 300 seconds: (a) no bias and (b) 100 W bias. ο 
Si mask, ∇  Fused silica mask,  MgF2 mask 
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Figure 3.12: Moisture uptake for BD films treated by CO2 plasma in TRION plasma 
etcher, 5 mtorr, ICP 150 W, 300 seconds: (a) no bias and (b) 100 W bias. ο 
Si mask, ∇  Fused silica mask,  MgF2 mask. 

Figure 3.13: (a) Thickness reduction and (b) methyl depletion for BD films treated by O2 
plasma in Oxford plasma etcher with recipes A, B, C, D, and E. Data were 
measured at the same position underneath the masks. 
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Figure 3.14: Oxygen atom density increased with ICP source power (a) and chamber 
pressure (b) [142]. 

Table 3.2: O2 plasma recipes in Oxford plasma etcher (bias power 100 W, flow rate 20 
sccm, plasma treatment time 150 seconds, substrate temperature 32°C) 

Recipe ICP source power 

(W) 

Chamber pressure 

(mtorr) 

Gap height 

(mm) 

Mask thickness 

(mm) 

A 200 5 0.7 1 

B 200 60 0.7 1 

C 200 5 1.4 1 

D 300 5 0.7 1 

E 200 5 0.7 2 

 

3.2.2.2 Effect of ion energy 

The effect of ion energy was examined using the gap structure and different bias 

powers. In this study, the damage at the positions in region I (outside the mask) was first 

(a) (b)



 73

assessed. When the substrate bias power increased from 0 W to 100 W and the ICP 

source power was kept constant at 150 W, the plasma induced damage was reduced, as 

indicated by less film shrinkage, methyl depletion, and moisture uptake as shown in 

Figures 3.10, 3.11, and 3.12, respectively. When there was no bias power, the BD film 

surface had a floating potential of glow discharge and the typical ion energy was low, 

from 10 eV to 30 eV [143]; under 100 W bias power, the ion bombardment energy was 

much higher, around several hundred eV [144], which could induce more surface 

densification and block oxygen radical diffusion inside low-k dielectrics [145]. A remote 

electron cyclotron resonance (ECR) plasma system was employed to compare the surface 

densifications induced by hybrid O2 (ion and radical) and radical O2 plasma treatment. X-

ray Reflectivity data showed that the 400 eV hybrid O2 induced a more densified surface 

layer, 1.69 g/cm3, compared with 1.52 g/cm3, by radical O2 [129]. 

Second, the damage was discussed and compared with the results obtained using a 

100 W bias power. As shown in Figures 3.10 (b), 3.11 (b), and 3.12 (b), there were more 

film shrinkage, methyl depletion, and moisture uptake at positions close to the edge of 

mask inside the gap than those outside the mask. Since there was no ion bombardment 

underneath the mask, these results further confirmed the conclusion that ion 

bombardment reduced plasma induced damage.  

However, the physical effect due to ion bombardment was more complex. Uchida 

et al. designed a “pallet” structure for studying the effect of N2/H2 plasma radicals, 

photons, and ions on the porous SiOC film and concluded that ions caused the greatest 

damage [146]. Hua et al. used a similar gap structure (Si roof) to compare the damage 

induced by direct plasma and remote plasma and found that the damage levels induced by 

direct and remote O2 plasma were comparable [80]. Yin et al. reported that the etching 

rate of OSG low-k dielectrics by C2F6/Ar plasma increased with ion bombardment energy 
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[147]. Using a Monte-Carlo method to develop a Feature Profile Model and Hybrid 

Plasma Equipment Model, Sankaran et al. simulated the etching rate of porous SiO2 low-

k dielectrics by fluorocarbon plasma and found that the etching rate increased with the 

self-bias voltages [148]. Morikawa et al. showed that the etching rate of FLARETM low-k 

dielectrics by N2/H2 plasma increased with the applied rf bias power [149]. Shibano et al. 

[150], Todorov et al. [151], Oehrlein et al. [152, 153], and Rueger et al. [154] reported 

that the etching yield of SiO2 by low energy CF+
x, F+, and Ar+ ions increased with ion 

energies. Oostra et al. [155], Gerlach-Meyer [156],  Tachi et al. [157], Chang et al. 

[158], and Standaert et al. [159] showed that the etching yield of Si increased with ion 

energy and mass. So in addition to the surface densification, ion bombardment had other 

effects such as ion-assisted etching by creating more active sites and physical sputtering 

[160, 161].  

Further understanding of the effect of ions necessitated the study of plasma 

induced damage over a wide range of ion energies. Several sets of experiments were 

carried out in an Oxford plasma etcher without gap structures. The thickness reduction 

and methyl depletion of k~2.2 BD film with high carbon concentration induced by 5 

mtorr, 20 sccm, 150 seconds O2 plasma treatment are shown in Figure 3.15. During the 

plasma treatment, ICP rf source power was kept constant at 200 W while the rf bias 

power was changed from 50 W to 300 W. Because the plasma density of ICP was one or 

two orders magnitude higher than that of RIE [143], the plasma density was assumed to 

be constant. Due to the low plasma potential of 10 eV~30 eV, the ion energy was 

approximately equal to the DC bias voltage (VDC) at the bottom electrode which was 

monitored when the plasma was turned on [144, 153]. As indicated in Figure 3.15, when 

the DC bias voltage (VDC) was higher than 225 V, both the film thickness reduction and 

methyl depletion varied linearly proportional to the square root of VDC. This trend will be 
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discussed in details in section 3.4, sputtering yield model. In addition, as indicated by the 

results at around 225 V (in purple color) in Figure 3.15, the thickness reduction and 

methyl depletion were deviated from the linear fitting, being larger than those predicted 

from the sputtering yield model. As will be shown in section 3.4, the sputtering yield 

model only considers the effect of energetic ion. When the incident ion energy was low, 

the film surface was not densified enough to block the oxygen radical diffusion. So the 

oxygen radicals could diffuse through the densified surface layer, penetrate into the bulk 

of porous low-k dielectrics, and further induce damage. 

Figure 3.15: (a) Thickness reduction and (b) methyl depletion of BD films induced by O2 
plasma in Oxford plasma etcher 

3.2.2.3 Effect of photon energy and intensity 

As shown in Figures 3.10, 3.11, and 3.12, when the MgF2 optical mask was 

applied, there were more film shrinkage, methyl depletion, and moisture uptake in region 

II than those with the Si and fused silica masks. As summarized in Table 3.1, VUV 

photons can transmit through the MgF2 mask, although not through the Si mask and fused 

silica mask. This indicates that VUV photons emitted by CO2 plasma in a TRION plasma 

etcher can enhance the plasma-induced damage.  
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The effect of VUV photons was further examined using O2 plasma in an Oxford 

plasma etcher. As shown previously in Figure 3.13, plasma treatment with MgF2 mask 

induced more damage than that with the Si and fused silica mask. Additionally, with the 

increase of ICP source power or chamber pressure, the film thickness reduction and 

methyl depletion increased, which can be partly contributed to the increase of oxygen 

radical density as discussed in section 3.2.2.1. As shown in Figure 3.16, Cismaru et al. 

reported that the VUV intensity emitted by Ar plasma in an electron cyclotron resonance 

etcher was linearly proportional to the microwave source power and nonlinearly 

proportional to the chamber pressure [162]. So the increase of VUV photon intensity 

might also induce more plasma damage. Moreover, the plasma induced damage was 

found to decrease with the increase of MgF2 mask thickness. According to the Beer-

Lambert’s law,  

0
lI I e α−=                                                       (3.25) 

where 0I  is the incident VUV photon intensity and α  is the absorption coefficient of 

MgF2 mask, the transmitted VUV photon intensity ( I ) decreased with the increase of the 

MgF2 mask thickness ( l ). Together these results confirmed that VUV photons enhanced 

the plasma induced damage. The next question to ask is: how did VUV photons enhance 

the plasma induced damage? Two possible mechanisms are proposed. 
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Figure 3.16: Intensity of VUV photons emitted by Ar plasma [162]. 

The first mechanism suggests that under the VUV photon radiation, the densities 

of the ground state and the metastable state oxygen radicals are enhanced inside the gap 

between the optical mask and BD films. Once oxygen radicals entered the gap, the 

recombination of oxygen radicals on the surface of optical mask and BD films can lead to 
the formation of the triplet ground state O2 molecule ( 3

g
−∑ ). Since the spin selection rule 

does not allow the formation of singlet molecules by chemical reactions between singlet 
and triplet reactants [163], the 3

g
−∑  O2 molecule has a very limited (or slow) reaction 

with singlet state molecules such as the low-k dielectrics under room temperature. 

However, as shown in Figure 3.17, Lee et al. reported that O2 molecules absorbed light 

strongly in the wavelength region between 100 nm and 130 nm via a transition from the 
ground state ( 3

g
−∑ ) to the excited states ( 3

uΠ , 3
u
−∑ , 1

u∆ , 1
u
+Σ ) and the subsequent 

photodissociation of O2 molecules produced the ground ( 3( )O P ) and metastable 

( 1( )O D , 1( )O S ) oxygen atoms [164]. The following reaction mechanisms were 

proposed :  
3 3 3

2 2 ( ) ( ) ( )   242.4uO h O O P O P nmν λ+ → Π → + <                   (3.26) 
3 1 3

2 2 ( ) ( ) ( )   175.0uO h O O D O P nmν λ−+ → ∑ → + <                   (3.27) 
1 1 1

2 2 ( ) ( ) ( )   137.0uO h O O D O D nmν λ+ → ∆ → + <                    (3.28) 
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1 1 1
2 2 ( ) ( ) ( )   110.0uO h O O D O S nmν λ++ → Σ → + <                    (3.29) 

The following reaction has also been reported [165]: 

 3 1
2 ( ) ( )   133.2O h O P O S nmν λ+ → + <                            (3.30) 

The electronic energies of the 1( )O D and 1( )O S metastables are known to be 1.967 eV and 

4.189 eV respectively above the 3( )O P ground state [165, 166]. So the 1( )O D and 1( )O S  

metastables are more active than the 3( )O P ground state. 

 Additionally, CO2 molecules can exist inside the gap structure between the optical 

mask and low-k dielectrics. This can come about as the reaction byproduct between the 

oxygen radicals and carbon species, or a result of the diffusion of CO2 molecules from 

the CO2 plasma. The absorption coefficient of CO2 molecule in the wavelength range 

105-145 nm is shown in Figure 3.18 [167]. Similar to O2, the CO2 molecule can be 

photodissociated to form O radicals ( 3( )O P , 1( )O D , 1( )O S ). Okabe summarized the 

following possible photolysis reactions [165]: 

  3
2 ( )  167.2CO h CO O P nmν λ+ → + >                             (3.31) 

1
2 ( )  120.0CO h CO O D nmν λ+ → + >                             (3.32) 

1
2 ( )  128.6CO h CO O S nmν λ+ → + <                             (3.33) 
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Figure 3.17: Cross sections for photoabsorption and photodissociation of O2 molecules in 
the wavelength range 113-130 nm [164]. 

Figure 3.18: Absorption coefficients of CO2 molecules in the wavelength range 105-145 
nm [167]. 

The second mechanism suggests the absorption of the VUV photons by low-k 

dielectrics. The transition of low-k dielectrics from the ground state to an excited state 

induced by VUV photoabsorption can result in an increase of the reactivity between low-

k dielectrics and oxygen radicals [168]. Compared with the ground state, the excess 

energy possessed by an excited state can reduce the energy barrier of reaction between 

low-k dielectrics and oxygen radicals. Additionally, the intrinsic reactivity of the excited 
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state may be higher than the ground state due to the change in dipole moment, geometry, 

spin multiplicity and the transition probability. Moreover, compared with the bond 

energies inside low-k dielectrics listed in Table 3.3, the VUV photon energy is large 

enough to break the bonds or directly damage the low-k dielectrics.  

Table 3.3: Bond strengths and wavelengths in diatomic molecules [169] 

Bond Si-O Si-C Si-H Si-Si C-H C-O C-C O-H 

Bond energy (eV) 8.3 4.7 <3.1 3.4 3.5 11.2 6.3 4.4 

Wavelength (nm) 149.6 265.0 399.9 366.1 353.6 111.1 197.1 279.8

 

The radiation damage induced by VUV photons on the gate SiO2 in the Front-

End-Of-Line (FEOL) process have been studied extensively [170]. Due to the similarity 

between the gate SiO2 and the backbone structure of OSG low-k dielectrics, several 

papers about the radiation damage induced by VUV photons on gate SiO2 are reviewed 

here. Yunogami et al. reported that VUV photons generated electron-hole pairs in the 

gate SiO2 if the VUV photon energy (Ep) exceeded the SiO2 band gap energy (Eg=8.8eV) 

and the electron-hole pair generation yield was proportional to the energy difference 

between Eg and Ep [171]. The induced charges can be trapped inside SiO2 or SiO2/Si 

interface, causing the threshold voltage to shift and developing reliability issues such as 

dielectric breakdown [172]. Devine summarized that the point defects induced by photon 

radiation in SiO2 included the oxygen-vacancy center (E1’, O3≡Si---Si≡O3) and non-

bridging oxygen-hole center (NBOH, O3≡Si-O.) [173]. By combining Raman spectra 

and Electron Paramagnetic Resonance spectra (EPR), Hosono et al. reported that VUV 

photons induced ring opening of the three- or four-member rings in SiO2 and formed E’ 

and NBOH defects [174]. Tatsumi et al. found that the depth of the damaged layer 
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induced by VUV photons in gate SiO2 depended on the energy and the penetration depth 

of VUV radiation [175]. Yunogami et al. concluded that the generation yield of positive 

charges at the SiO2/Si interface decreased with the substrate temperature [176]. By 

considering the kinetics of electron-hole pair generation and comparing the VUV photon 

energy with the energy band gap of dielectrics, Ishikawa et al. developed an on-wafer 

monitoring sensor to predict the device characteristics [177]. All of these findings 

supported the argument proposed in this dissertation that VUV photons can be absorbed 

by OSG low-k dielectrics to damage low-k dielectrics directly. 

To further check the effect of the UV and VUV photons, Ar plasma with a MgF2 

mask was employed. Underneath the MgF2 mask, only IR, Vis, UV, and VUV photons 

impacted the low-k dielectrics because there was no radical for Ar plasma. The substrate 

temperature was increased from 30ºC, to 100ºC, to 200°C. As shown in Figure 3.19, after 

Ar plasma treatment, there was almost no thickness reduction or methyl depletion. 

However, as indicated in Table 3.4, the Ar plasma treatment reduced the C/Si ratio from 

1.57 to 1.40 and the water contact angle from 97.6° to 68.4°. Considering the low 

energies carried by IR and Vis photons, the surface carbon loss and surface 

hydrophilization were ascribed to UV and VUV photons. Wertheimer et al. reported that 

there were Ar VUV emission lines in the wavelength region between 120 nm and 130 nm 

[178]. This is not consistent with the finding of Woodworth et al. reporting that the Ar 

VUV emission lines are located at 104.8 nm and 106.6 nm [179]. Due to this 

contradiction and the cut-off wavelength of MgF2 of around 120 nm, further damage 

study using VUV photons is proposed, particularly in using Kr plasma which has VUV 

emission lines at 116.5 nm and 123.6 nm wavelengths [162]. 
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Figure 3.19: (a) Thickness reduction and (b) methyl depletion of k~2.2 BD film with 
high carbon concentration induced by O2 and Ar plasma at 30ºC, 100ºC, and 
200°C in Oxford plasma etcher (ICP 200 W, bias 100 W, 5 mtorr, 20 sccm, 
150 seconds, and MgF2 mask). Data were measured at the same position 
underneath the MgF2 mask. 

Table 3.4: Surface carbon and hydrophobicity for BD films with or without Ar plasma 
treatments. Data were measured at the same position underneath the MgF2 
mask. 

Ar recipe Pristine 30ºC 100ºC 200°C 

XPS C/Si 1.57 1.40 1.41 1.37 

Water contact angle (°) 97.6 68.4 65.7 70.8 

 

The essence of the VUV photoabsorptions of O2 molecules, CO2 molecules, and 

low-k dielectrics is the interaction between VUV photons and the electronic dipoles of 

molecules and dielectrics. The Franck-Condon principle states that the nuclei will stay at 

the equilibrium position during the electronic transition due to the mass difference 

between electron and nuclei [163]. The process of dipole-photon interaction can be 

investigated by using the perturbation theory. Sakurai derived the following general 
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solutions for the time-dependent Schrödinger equation by applying the perturbation 

theory [180]: 

0H H V= +                                                    (3.34) 
,0; ( )nI

n
t c t nα =Σ                                             (3.35) 

(0) (1)( ) ( ) ( )n n nc t c t c t= +                                            (3.36) 
(0) ( )n nic t δ=                                                     (3.37) 

'(1) ' '

0
( ) ( )ni

t i t
n

ic t e nV t i dtω= − ∫                                    (3.38) 

n i
ni

E Eω −=                                                   (3.39) 

where H is Hamiltonian, V the perturbation, ,0;
I

tα the time-dependent state ket in 

the interaction picture, n and nE the energy eigenket and eigenvalue defined 

by 0 nH n E n= , and ( )nc t the expansion coefficient defined by ( ) ,0;n I
c t n tα= . Due 

to the wave-particle duality of light, photons can be represented by electromagnetic 

radiation with frequencyω :   
 ( )0( ) i t i t

xE t E e e eω ω−= +                                          (3.40) 

The perturbation due to dipole-photon interaction can be written as: 

 ( ) ( )V t E t d= − •                                                (3.41) 

where d is the dipole moment of the O2 molecule, CO2 molecule, or low-k dielectrics. 

By combining equations 3.34, 3.35, 3.36, 3.37, 3.38, 3.39, 3.40, and 3.41, the following 

solution can be obtained: 

 ( )' ( )(1) ' 0
00

( ) 1ni ni
t i t x i ti t i t

n x
ni

n d iEic t e n d i E e e dt eω ω ωω ω

ω ω
−−  = − + = − −∫    (3.42) 

Hence, the transition probability is:  
22 2

02(1)
2 2

( )4 sin
2( )

( )

ni
x

n n
ni

tE n d i
P c t

ω ω

ω ω

− 
 
 = =

−
                       (3.43) 
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As shown in equation 3.43, the transition probability nP  is proportional to the photon 

intensity 2
0E , consistent with the previous experimental findings reported in section 

3.2.2.3. 

The above formulation can also be applied for the study of UV curing of as-

deposited low-k dielectrics [63] and for the investigation of dielectric recovery by 

combining CVD silylation and UV radiation. 

3.2.2.4 Effect of substrate temperature 

As shown in Figure 3.19, when the substrate temperature increased from 30ºC, to 

100ºC and then to 200°C, the O2 plasma induced damage such as thickness reduction and 

methyl depletion increased. This can be attributed to the increased oxygen radical 

diffusivity inside the gap and in the porous low-k dielectrics. As indicated by equation 

3.4, the Knudsen diffusivity ( D ) was proportional to the square root of substrate 

temperature ( T ). As will be discussed in section 3.3, equation 3.4 can also be applied to 

the diffusion of oxygen radical inside the porous low-k dielectrics. Hence, with 

increasing substrate temperature, the diffusivity of the oxygen radicals in the gap and 

porous low-k dielectrics will increase. Worsley et al. also reported that the Ar/H2 plasma 

induced damage to porous low-k dielectrics increased with the substrate temperature, 

consistent with the findings reported in section 3.2.2.4 [9]. 

3.3 Plasma altered layer model 

As shown in the previous sections, the damage formation in porous low-k 

dielectrics is a complex phenomenon, involving both physical and chemical effects. The 

former arises from physical bombardment and the latter involved chemical reactions of 

plasma with low-k constituents. The main objective of this section is to develop a kinetic 

model to investigate the formation of plasma damaged layer on the porous low-k film 
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surfaces. As will be shown in Chapter 4, this information is important for minimizing 

plasma induced damage through material and plasma process optimizations. Among the 

previous studies, Coburn et al. studied the reactive ion etching of high aspect ratio 

features by considering the Knudsen transport mechanism [181]. Baklanov et al. 

evaluated the penetration depth of oxygen plasma species into porous low-k dielectrics by 

employing the Thiele analysis [140, 182]. Their approaches are extended in section 3.3.1 

to analyze the formation of a surface altered layer by considering the Knudsen diffusion 

of plasma radical species and the chemical reaction and recombination at the pore 

surface. The analysis yielded a plasma altered layer with its properties depending on the 

pore size and chemistry as well as the density and energy of plasma species. In section 

3.3.2, the validity of the plasma altered layer model is verified by three sets of 

experiments and one set of numerical simulations, including: (1) ICP CO2 plasma with 

and without bias power; (2) He plasma pretreatment for ICP CO2 plasma; (3) low-k films 

with different k values; (4) Monte-Carlo simulations. 

3.3.1 Derivation of plasma altered layer model 

In section 3.2.1.2, the concepts of Knudsen diffusion, reaction, and recombination 

of oxygen plasma radicals inside the gap between optical mask and low-k dielectrics 

were introduced. In this section, the same kinetics is applied to the analysis of the 

formation of plasma altered layer on the porous low-k film surface.  
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Figure 3.20: The pore structure inside low-k dielectrics (a) real case; (b) simplified case 
I; (c) simplified case II. 

 Figure 3.20 shows the schematic pictures of porous low-k dielectrics. In the real 

case, there is a distribution of the pore sizes and interconnect lengths. For simplicity, the 

porous low-k dielectrics were simplified by case I and case II, as shown in Figure 3.20 

(b) and 3.20 (c), respectively. In case I, the pore structure inside low-k dielectrics was 

assumed to have a cylindrical shape with pore radius ( pr ) and infinite pore interconnect 

length. In case II, the pore structure was assumed to have radius ( 1r ) and pore 

interconnect length ( 1X ). In the following, the plasma altered layer model will be first 

derived for the simplified Case I. Then, based on the simplified Case II, the concept of 

effective pore radius would be introduced to further develop the plasma altered layer 

model taking into account the effect of pore interconnect length and porosity. 
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Figure 3.21: Kinetics of radical diffusion, reaction, and recombination inside the pore 
structure. 

The kinetics of radical diffusion, reaction, and recombination inside the pore 

structure is shown in Figure 3.21. Under the current experimental conditions, the mean 

free path of plasma radical species is about 5cm, several orders of magnitude larger than 

the pore size (~several nm). As a result, the plasma radical species will collide with the 

pore wall instead of with one another. Hence, the diffusion of oxygen radicals inside the 

pore structure is also characterized by Knudsen diffusivity ( D ). But in equation 3.4, r  

should be equal to the pore radius of low-k dielectrics ( pr ). The chemical reactions ( reacγ ) 

between oxygen radicals and methyl group on the pore surface are still represented by 

equations 3.11 and 3.12. Similarly, the surface recombination of oxygen radicals ( recomγ ) 

on the pore surface remains to be governed by equation 3.13.  

The mass balance of oxygen radicals inside the elemental pore volume 
2
pdV r dxπ=  is represented by equation 3.15. The inward flux and outward flux can be 

expressed as: 
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2
In px

x

dF r D
dx
φπ= −                                             (3.44) 

2
Out px dx

x dx

dF r D
dx
φπ

+
+

= − .                                       (3.45) 

For the first order approximation, the reaction loss can be expressed as 
 2reac p reacL r dx Cπ φ γ=                                           (3.46) 

where C  is the concentration of methyl group inside the low-k dielectrics. The 

recombination loss can be expressed as 
2recom p recomL r dxπ φγ=                                           (3.47) 

where recomγ  is the surface recombination rate of oxygen radicals on the pore wall. Then, 

the mass balance equation can be expressed as  

 
2

2

2[ ] 0reac recom

p

Cd
dx Dr

γ γφ φ+− = .                                 (3.48) 

Assuming fast diffusion ( D ), slow reaction ( reacγ ), and a boundary condition 

 ( ) 0xφ → ∞ = ,                                               (3.49) 

an approximate solution can be obtained for the oxygen radical density (φ ): 

 0( )
x

x e ζφ φ
−

=                                                  (3.50) 

where 0φ is the oxygen radical density at sample surface and ζ  the oxygen radical 

penetration depth defined by 

2[ ]
p

reac recom

Dr
C

ζ
γ γ

=
+

.                                       (3.51) 

The evolution of methyl group (or carbon) can be expressed as: 
( , ) ~ reac

C x t C
t

φ γ∂ −
∂

                                           (3.52) 

By combining equations 3.50, 3.51, and 3.52, an approximate solution for carbon 

concentration can be obtained: 

 ( )
0( , ) reacx tC x t C e φ γ−=                                            (3.53) 
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where 0C  is the carbon concentration in pristine low-k dielectrics. Define the depth of 

carbon depletion layer ( L ) as 

 0
0( , )

2
CC x L t t= = = .                                        (3.54)  

Combining equations 3.53 and 3.54, an approximate solution is obtained for the depth of 

carbon depletion layer ( L ) 

 0 0

0

48.5
( )

2
2

A reac
p

reac recom

T
M tL r LnC Ln

φ γ

γ γ
=

+
.                             (3.55) 

In equation 3.55, one can see that the depth of carbon depletion layer ( L ) can be reduced 
by decreasing the pore radius ( pr ), substrate temperature (T ), and oxygen radical density 

in vacuum ( 0φ ), or by increasing carbon concentration in pristine OSG ( 0C ) and the 

surface recombination rate of oxygen radical on the pore wall ( recomγ ). As will be shown 

in chapter 4, on the basis of equation 3.55, plasma induced damage can also be reduced 

by optimizing low-k dielectrics and plasma processes. Although equations 3.50, 3.51, and 

3.55 are based on the kinetics of oxygen radical inside porous low-k dielectrics, these 

solutions can be extended for general applications by replacing the expressions of 

Knudsen diffusion, reaction, and recombination, respectively. As will be shown in 

chapter 5, equations 3.50 and 3.51 will be modified in order to evaluate the surface 

recovery using CH4 plasma on the O2 plasma-damaged OSG film. Additionally, the 

kinetics will be employed to study the sidewall damage on patterned low-k structures in 

chapter 4. 
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Figure 3.22: Modification of simplified case II. 

Simplified case II is applied to further develop the plasma altered layer model. As 

shown in Figure 3.22, the radical diffusion inside the low-k backbone (or pore walls) is 

approximated to be the diffusion inside the pore which has radius ( 2r ) and interconnect 

length ( 2X ). Here, 2r  should be much smaller than 1r  because the Knudsen diffusivity 

inside the low-k backbone is much smaller than that inside the pore due to the size limit 

of diffusion path (bond length << pore radius). The complete solution might be obtained 

by solving a series of second order differential equations subjected to a set of boundary 

conditions. However, the form of the final solution is complicated. In order to deduce a 

simplified but qualitative solution, the concept of effective pore radius is introduced by 

averaging the pore radius across the film thickness. 
0

0

0

0

X

p

p X

r dx
r

dx
=
∫

∫
                                                   (3.56) 

where 0X is the film thickness. Considering the pore structure in Figure 3.22, the effective 

pore radius is 
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 1 1 1 2 0 1 1

0

( )
p

r X N r X X N
r

X
+ −

=                                         (3.57) 

where 1N is the number of pores with pore radius 1r and interconnect length 1X . Equation 

3.57 can also be written as 
 1 2 1 1

2
0

( )
p

r r X N
r r

X
−

= +                                              (3.58) 

By substituting the pr in equation 3.55 with pr in equation 3.58, it can be seen that, with 

decreasing interconnect length ( 1X ), porosity ( 1 1

0

X N
X

), and pore size ( 1r ), the effective 

pore radius ( pr ) and the depth of carbon depletion layer ( L ) decrease. 

3.3.2 Verification of plasma altered layer model 

In section 3.2.2.1, the effect of oxygen radical density was investigated by using 

O2 and CO2 plasma with a gap structure. The result showed that oxidative plasma 

induced damage was proportional to the oxygen radical concentration, consistent with 

equation 3.55. In section 3.2.2.4, the effect of substrate temperature was examined by 

using O2 plasma. The results showed that the oxidative plasma induced damage increased 

with substrate temperature, consistent with the prediction of plasma altered layer model. 

In this section, the validity of the plasma altered layer model is further verified by 

studying the effect of pore radius, radical diffusivity, and recombination rate. 

3.3.2.1 ICP CO2 plasma with and without bias power 

The effect of pore radius ( pr ) was studied first by changing the bias power of ICP 

CO2 plasma. As discussed in section 3.2.2.2, comparing with the situation without bias 

power, the ion bombardment under the 100 W bias power induced more surface 
densification. Because

100  0  p pW Bias W Bias
r r , the plasma altered layer model predicted 

that the use of bias power can reduce plasma damage
100  0  W Bias W Bias

L L . As shown in 

Figures 3.23 and 3.24, with 100 W bias power, less methyl depletion, moisture uptake, 
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and film shrinkage were resulted. Hence, the use of 100 W bias power reduced plasma 

induced damage, consistent with the prediction from plasma altered layer model.  

Figure 3.23: (a) Methyl depletion and (b) moisture uptake for k~2.2 BD film with high 
carbon concentration treated by CO2 plasma in TRION plasma etcher (ICP 
150 W, 5 mtorr, 20 sccm). 
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Figure 3.24: Thickness reduction of k~2.2 BD film with high carbon concentration 
treated by CO2 plasma in TRION plasma etcher (ICP 150 W, 5 mtorr, 20 
sccm). 

3.3.2.2 He plasma pretreatment for ICP CO2 plasma 

The effect of pore radius ( pr ) was further checked using He plasma pretreatment 
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including He plasma pretreatment (He, RIE 150 W, 5 mtorr, 20 sccm, 150 seconds), He 

plasma pretreatment followed by CO2 plasma (He, RIE 150 W, 5 mtorr, 20 sccm, 150 

seconds => CO2, ICP 150 W, 5 mtorr, 20 sccm, 150 seconds), and CO2 plasma without 

He plasma pretreatment (CO2, ICP 150 W, 5 mtorr, 20 sccm, 150 seconds). The results 

are shown in Figures 3.25 and 3.26, where He plasma pretreatment clearly reduced the 

ICP CO2 plasma induced damage with less film shrinkage, methyl depletion, and carbon 

loss. This may be attributed to the reduction of the pore radius and the densification of 

the film surface induced by He plasma pretreatment. The results are consistent with the 

model predictions.  

Figure 3.25: (a) Thickness reduction and (b) methyl depletion for k~2.2 BD film with 
high carbon concentration treated by He/CO2 plasma in TRION plasma 
etcher. 
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Figure 3.26: XPS depth profile (C/Si) for k~2.2 BD film with high carbon concentration 
treated by He/CO2 plasma in TRION plasma etcher. 

The plasma induced pore radius reduction and film surface densification of low-k 

dielectrics have been studied by several groups. Using Positron annihilation lifetime 

spectroscopy (PALS), Cui et al. investigated the evolution of pore structure inside SiCOH 

low-k dielectrics induced by N2/H2 plasma and found that plasma did induce pore 

collapse resulting in surface densification of low-k dielectrics [74]. By using x-ray 

reflectivity (XRR), Takahashi et al. evaluated the surface densification of MSQ low-k 

dielectrics induced by He plasma treatment, from 1.25 g/cm3 to 2.0 g/cm3 [183]. Wang et 

al. reported that material resistance to O2 plasma of k~2.8 carbon-doped silicon oxide 

(CDO) can be enhanced by He plasma pretreatment [184]. Beynet et al. found that the 

surface densification induced by He plasma pretreatment reduced the NH3 plasma 

induced damage to k~2.6 low-k dielectrics [185]. Liu et al. observed that the surface 

densification induced by the physical bombardment of He plasma pretreatment reduced 

the sidewall damage of ultra low-k dielectrics such as undercut and carbon depletion 

[186].  



 95

Although He plasma pretreatment can reduce the plasma induced damage to low-

k dielectrics by reducing pore radius and densifying low-k film surface, the He plasma 

process should be optimized in order to reduce the overall damage. Urbanowicz et al. 

reported that He plasma treatment damaged SiOCH films, but the extent of He induced 

damage was much less than that with O2 plasma [77, 187]. Abell et al. applied He plasma 

treatment to seal the surface of low-k dielectrics by forming an ultra thin SiO2-like layer 

and found that, with an increase of porosity (or reduction of k value), higher He plasma 

source power and bias power were needed in order to seal the low-k surface efficiently 

[188]. In the present study, the He plasma induced damage to k~2.2 BD films were 

studied as a function of He plasma treatment time and bias power. As shown in Figures 

3.27 and 3.28, the He plasma induced damage such as methyl depletion, moisture uptake, 

and thickness reduction increased with He plasma treatment time and bias power, 

probably due to more physical bombardment induced by higher ion energy. This trend 

can be interpreted by the sputtering yield model in section 3.4. 

Figure 3.27: (a) Methyl depletion and (b) moisture uptake for k~2.2 BD film with high 
carbon concentration treated by He plasma in TRION plasma etcher (ICP 
150 W, 5 mtorr, 20 sccm). 
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Figure 3.28: Thickness reduction for k~2.2 BD film with high carbon concentration 
treated by He plasma in TRION plasma etcher (ICP 150 W, 5 mtorr, 20 
sccm). 

3.3.2.3 Low-k films with decreasing k values 

The effect of pore radius ( pr< > ) was checked again by using low-k dielectrics 

with decreasing k value from 3.0 to 2.2. According to the studies of Liu et al. [6] and 

Huang et al. [189], the porosity and pore size increased with the decrease of the k value. 

Hence, 

2.2 2.5 2.7 3.0p p p pr r r r> > > .                                    (3.59) 

Based on equation 3.59, the plasma altered layer model predicts that 

2.2 2.5 2.7 3.0
L L L L> > > .                                          (3.60) 

Three sets of experiments were designed to verify equation 3.60.  

In the first set of experiments, the film shrinkage rates of k~2.2, 2.5, and 3.0 BD 

films induced by ICP CO2 plasma were evaluated. As discussed in section 3.2.2.2, when 

there was no bias power, the ion energy was low and plasma induced damage can be 

ascribed to oxygen radical and photons. As shown in Figure 3.29, with the reduction of k 

value, film shrinkage rate increased, consistent with the model prediction.  
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Figure 3.29: Film shrinkage rate for BD films treated by CO2 plasma in TRION plasma 
etcher (ICP 150 W, bias 0 W, 5 mtorr, 20 sccm).  

Second, the depths of carbon depletion layer of k~2.2 and 3.0 BD films induced 

by RIE CO2 plasma were investigated by XPS depth profile and DHF dipping 

experiments. As shown in Table 3.5, when the k value reduced from 3.0 to 2.2, the depth 

of carbon depletion layer increased from 14.7 nm to 60.9 nm in XPS, or 9.6 nm to 57.2 

nm in DHF tests, consistent with equation 3.60. 

Table 3.5: Depth of carbon depletion layer of BD films induced by CO2 plasma in 
TRION plasma etcher (RIE 150 W, 5 mtorr, 20 sccm, 150 seconds). 

Depth of carbon depletion layer k 

XPS Depth Profile (nm) DHF (1%), 90 seconds (nm) 

2.2 normal 60.9 57.2 

3.0 14.7 9.6 

 

Third, the pure oxygen radical induced damage to k~2.2, 2.5, and 2.7 BD films 

were evaluated by using O2 plasma and a Si mask with plasma treatment times from 150 

seconds to 300 seconds. As shown in Figure 3.30, with the reduction of k value, plasma 
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induced damage such as film shrinkage and methyl depletion increased, consistent with 

equation 3.60. Here, considering the thickness difference and FTIR Si-CH3 peak intensity 

difference among different pristine BD films, the methyl depletion was normalized by 

film thickness and Si-CH3 peak intensity in pristine BD films 

3 3

3

r

3
r

plasmap istine plasma
Si CH Si CH

pristine

plasmap istine
Si CH

pristine

T
I I

T
Si CH

T
I

T

− −

−

× −
∆ − =

×
,                                   (3.61) 

where 
3

rp istine
Si CHI − is the peak intensity of Si-CH3 bond in pristine BD film, pristineT the thickness 

of pristine BD film, 
3

plasma
Si CHI −  the peak intensity of Si-CH3 bond in plasma treated BD film, 

and plasmaT  the thickness of plasma treated BD film. 

Figure 3.30: (a) Thickness reduction and (b) methyl depletion for BD films treated by O2 
plasma in Oxford plasma etcher (ICP 200 W, bias 100 W, 5 mtorr, 20 sccm, 
Si mask, 32°C). Data were measured at the same position underneath the Si 
mask. 

The effect of porosity on plasma induced damage has been studied by several 

groups. Ryan et al. reported that mesoporous OSG low-k dielectrics were more 

susceptible to plasma damage than nonmesoporous OSG low-k dielectrics [190]. 

Shamiryan et al. [79] and Moore et al. [7, 191] found that SiCOH low-k dielectrics with 

higher porosity had more O2 plasma induced damage than that with lower porosity. 
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Worsley et al. also reported that low-k dielectrics with 45% porosity had more plasma 

induced damage than that with 0% porosity [9]. All of these findings were consistent with 

the experimental observations in the present study and supported the validity of the 

plasma altered layer model. 

3.3.2.4 Monte-Carlo simulations 

By using Monte-Carlo simulations, Bao et al. [129] and Liu et al. [109] 

investigated the key parameters governing the kinetics of atomic layer deposition of TaN 

barrier layer on porous low-k dielectrics. By considering the probability of radical 

diffusion, reaction, recombination, we have further developed the Monte-Carlo program 

to simulate the depth profile of carbon concentration inside porous low-k dielectrics as a 

function of O2 plasma treatment. As shown in Figure 3.31 (a), with the increase of radical 

diffusivity, the depth of carbon depletion layer increased. As indicated in Figure 3.31 (b), 

with the increase of surface recombination rate, the depth of carbon depletion layer 

reduced. All of these simulation results are consistent with the plasma altered layer 

model. 

Figure 3.31: Monte-Carlo simulations of the depth profile of carbon concentration as a 
function of (a) diffusion probability and (b) recombination probability. 
(Courtesy of H. Huai). 

(a) (b)
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3.4 Sputtering yield model 

3.4.1 Formulation of the sputtering yield model 

Once ions enter the low-k dielectrics, a cascade collision process occurs. Ions will 

transfer their momenta and energies to low-k dielectrics by elastic or inelastic collisions. 

Several bond energies were summarized in table 3.3 [169]. Considering the ion energy of 

around several hundred eV, not only the Si-CH3 bonds on the pore walls but also the Si-

O-Si backbone structure can be strained and broken.  

Two kinds of ion stopping mechanism have been reported [192]. First, ion energy 

can be transferred to the target nuclei with nuclear stopping power 
1

n
n

dES
N dx
 =  
 

                                                  (3.62) 

where E is the ion energy at position x and N the density of the target atom. Second, ions 

deliver energy by interacting with bound and free electrons inside the target, with the 

electron stopping power 
 1

e
e

dES
N dx
 =  
 

                                                   (3.63) 

The ion penetration range 0( )R E , i.e. the total distance traveled by ion before it comes to 

rest, is derived as  

 
0

0
0

1( )
( ) ( )

E

n e

dER E
N S E S E

=
+∫                                           (3.64) 

where 0E is the incident ion energy. As shown in equation 3.64, with the reduction of 

density of target atom, the ion penetration range increases. In addition, similar to the ion 

implantation process, the ion penetration range increases with the ion energy [192]. By 

using Monte-Carlo simulations based on the binary collision approximation, Jacob found 

that the penetration range and sputtering yield of energetic carbon particles impinging on 

C0.7H0.3 and C0.5H0.5 films increased with the incident carbon energy [193]. Moreover, it 

has been reported that the ion penetration range depends on the mass-to-charge ratio of 
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incident ion. Fukasawa et al. compared the penetration ranges of N2 (m/e=28), NH4 

(m/e=18), and H3 (m/e=3) ions inside SiOCH films by Monte-Carlo simulations [194]. 

Their results showed that H3 ions had the largest ion penetration range. 

On the basis of the collision cascade process of target atoms induced by energetic 

ions, Sigmund studied the sputtering yield of amorphous and polycrystalline targets 

[195]. An analytical solution was derived to explain the angular dependence of sputtering 

yield when the incident angle (θ ) was not too oblique: 
( ) 1

( 0) os f

S
S c

θ
θ θ

=
=

                                                (3.65) 

where 5
3

f ≈  if mass of target atom ≤  three times of mass of incident atom. Hence, 

different with the etching yield induced by chemical effect which has a cosine 

dependence on incident angle, the etching yield induced by physical sputtering has a 

“over-cosine” dependence on incident angle and maximizes at a higher angle [196]. By 

considering different atom-atom interaction potential, Zalm [197] and Steinbrüchel [198] 

further developed the sputtering yield model and obtained the universal energy 

dependence of physical and ion-enhanced chemical etch yields at a low ion energy 

( ) ( )thY E A E E≈ −                                               (3.66) 

where A is inversely proportional to the surface binding energy and thE is the threshold 

energy or minimum energy required to remove atoms from the target. As discussed in 

section 3.2.2.2, due to the low plasma potential, 10 eV~30 eV, the ion energy is 

approximately equal to the DC bias voltage (VDC) at the bottom electrode. Hence, 

equation 3.66 can be rewritten as 

  ( ) ( )DC Bias thY E A V V= −                                           (3.67) 

Above certain threshold DC bias voltage ( thV ), sputtering yield ( ( )Y E ) was proportional to 

the square root of DC bias voltage (  DC BiasV ).  In section 3.2.2.2, this trend was verified 
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by studying O2 plasma induced damage to k~2.2 BD film with a high carbon 

concentration in an Oxford plasma etcher. 

3.4.2 Angular dependence of sputtering yield by O2/Ar plasma 

The angular dependences of plasma etching of Si, polysilicon, low temperature 

oxide, thermal oxide, fused-silica, and Si3N4 by plasmas have been studied by several 

groups, including CHF3/O2, C4H8/O2, and Ar [196, 199-201]. Boyd et al. designed 

Faraday Cage and sample holders with different inclination angles to study the directional 

reactive ion etching of fused-silica at oblique angles [200]. Barklund et al. studied the 

angular dependence of silicon nitride etching using a Kaufman-type ion beam source and 

sample holders which can be adjusted to hold samples in various angles with respect to 

the ion beam direction [201]. In the current study, a Faraday Cage was designed to study 

the angular dependence of O2/Ar plasma induced damage to porous low-k dielectrics. 

3.4.2.1 Application of the Faraday cage 

By modifying the designs of Lee et al. [202] and Hwang et al. [203], a Faraday 

cage was fabricated. As shown in Figure 3.32 (a), the Faraday cage was made of stainless 

steel 316 with 6” ID and ¾” height; the top mesh was made of stainless steel 316 with a 

wire diameter 0.01” and a square opening 0.015”x 0.015”; the sample holders were made 

of stainless steel 316 and had different inclination angles including 0°, 30°, 45°, 60°, 65°, 

70°, 75°, 80°, 85°, and 90°. The cage wall and top mesh were spark-welded. As shown in 

Figure 3.32 (b), above the top mesh, the ion direction was mainly perpendicular to the top 

mesh due to the acceleration within the sheath layer and the bottom self-bias voltage. 

Because the Faraday cage wall, top mesh, and bottom electrode contacted each other and 

had an equal-potential, the total electric field inside the cage was zero. Cho et al. 

simulated the electric field and potential around the Faraday cage and concluded that the 
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external electric field attenuated quickly within the Faraday cage in about several mesh 

openings away [204]. After ions entered the Faraday cage, the ion direction was almost 

not changed due to the zero electric field inside the cage. By using the sample holders 

with different inclination angles, the angular dependence of plasma induced damage can 

be investigated. One piece of highly doped Si wafer was inserted in order to avoid the 

contamination from bottom electrode. 

Figure 3.32: (a) Faraday cage and sample holders with different inclination angles (b) 
schematic of Faraday cage with different sample holders in Plasma-Therm 
790 RIE etcher (not in scale). 

3.4.2.2 Results of O2/Ar plasma 

Three sets of experiments were carried out in Plasma-Therm 790 RIE etcher by 

using a piece of film, k~2.2 BD, having a high carbon concentration. Three plasma 

recipes applied were O2 (10 sccm, 20 mtorr, 200 W, 10 minutes), O2/Ar (O2 5 sccm, Ar 5 

sccm, 20 mtorr, 200 W, 10 minutes), and Ar (10 sccm, 20 mtorr, 200 W, 10 minutes). 

During the plasma processes, the DC biases on the bottom electrode were monitored 

around 430 V DC. As shown in Figure 3.33, at angles below 80°, the shapes of 

normalized thickness reduction curves were “over-cosine” and they reached maximum at 

an incident angle between 40° and 60°, consistent with the findings by Yin et al. [78] and 
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the prediction of sputtering yield model. Additionally, the thickness reduction increased 

with the flow rate ratio of Ar. At angles above 80°, the shapes of normalized thickness 

reduction curves were “under-cosine”, especially for the pure Ar plasma experiment. The 

negative thickness reduction, or increased thickness, was probably due to the redeposition 

of sputtered particles induced by Ar+ ions from the bottom Si wafer [203]. By changing 

the top mesh and sample holders inside Faraday cages, Cho et al. [205] and Min et al. 

[206] studied the reposition of etch products on the sidewall during SiO2 etching by CF4 

plasma and found that the redeposited particles induced sidewall roughness. However, 

this redeposition process also had some advantages. In the “Barrier-first PVD Liner” 

process, after PVD Ta liner deposition, Ar+ was applied to induce the resputtering of Ta 

from the via bottom and the redeposition of Ta on the sidewall [39]. This Ar+ resputtering 

process can lower the contact resistance in the via bottom, improve the coverage of 

barrier layer on the via sidewalls, and improve the reliability of Cu/low-k structure 

including the electromigration performance. The data fluctuation in Figure 3.33 can be 

attributed to the etching nonuniformity induced by flux blockage due to the top metal 

mesh [200] and the deviation of ion direction induced by the ion-neutral collisions inside 

the Faraday cage. 
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Figure 3.33: Angular dependence of normalized thickness reduction induced by O2/Ar 
plasma in Plasma-Therm 790 RIE etcher. The thickness reduction under 
zero incident angle was used as reference to normalize the thickness 
reductions. 

3.4.3 Energy dependence of sputtering yield by Ar plasma 

As shown in Figure 3.34, the thickness reductions of k~2.2, 2.7, and 3.0 BD films 

induced by Ar plasma as a function of DC bias voltage were evaluated to check the 

validity of the sputtering yield model. Above certain threshold DC bias voltage, the 

thickness reduction was a linear function of the square root of DC bias voltage. With 

reducing k value, the thickness reduction increased, probably due to the reduced film 

density and bond strength. Wang et al. found that the etching rate of porous SiO2 aerogel 

by C2F6/H2 plasma was higher than that of thermal SiO2 [207]. Ono et al. reported that the 

etching rate of porous silica films by Ar/C5F8/O2 plasma increased with decreasing k 

value. All of these findings are consistent with the sputtering yield model [208].  
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Figure 3.34: Thickness reduction of k~2.2, 2.7, and 3.0 BD films induced by Ar plasma 
treatment in Oxford plasma etcher as function of DC bias voltage (ICP 200 
W, 5 mtorr, 20 sccm, 150 seconds, 32°C). 

3.5 Summary 

CO2 plasma induced damage to porous BD films has been characterized using 

several analytical techniques. The combination of FTIR, RGA, and XPS results revealed 

that the hydrophobic Si-(CH3)x group reacted with oxygen radicals or ions and was 

converted to be hydrophilic Si-OH or Si-CH=O bonds which can induce moisture uptake. 

XRR measurements indicated that CO2 plasma treatment densified the surface of BD 

films. The extent of the plasma damaged layer was investigated by XPS depth profile and 

DHF dipping experiments. Due to the methyl depletion, moisture uptake, and surface 

densification, the effective dielectric constant increased for BD films treated by CO2 

plasma. 

A gap structure with different optical masks was applied to delineate the effect of 

energy and intensity of plasma ion, photon, and radical as well as substrate temperature 

and low-k structure. Oxidative plasma induced damage was found to be proportional to 

the oxygen radical density, be enhanced by VUV photon radiation, and increase with the 
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substrate temperature. The effect of ions was complex, including surface densification 

and physical sputtering, the extent of which depended on the ion energy and incident 

angle. The UV and VUV photons emitted by Ar plasma induced surface damage.  

On the basis of the kinetics of plasma radical diffusion, reaction, and 

recombination inside porous low-k dielectrics, a plasma altered layer model was derived. 

The model predicted that the depth of carbon depletion layer can be reduced by 

decreasing pore radius, porosity, pore interconnect length, substrate temperature and 

oxygen radical concentration and by increasing carbon concentration inside BD film and 

the oxygen surface recombination rate. The validity of the plasma altered layer model 

was verified by combining several sets of experiments and Monte-Carlo simulations. 

By considering the collision cascade process of target atoms induced by energetic 

ions, the sputtering yield model was introduced. The validity of sputtering yield model 

was checked by using O2/Ar plasma. Above the threshold ion energy, the sputtering yield 

was a linear function of the square root of ion energy. Hence, in order to reduce plasma 

induced damage, lower ion energy was preferred. Additionally, with a reduction of k 

value, the sputtering yield increased. Moreover, the sputtering yield had an “over-cosine” 

dependence on the incident angle. 

Because both plasma altered layer model and sputtering yield model are valid, the 

next question to ask is: how to select the proper model for the purpose of plasma process 

control? As shown in Figure 3.35, in the low ion energy region, the chemical effect and 

the plasma altered layer model dominate; in the high ion energy region, the physical 

effect and the sputtering yield model dominate. 
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Figure 3.35: Model selection 
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Chapter 4:  Material and Process Optimization to Reduce Plasma 
Damage 

In this chapter, the feasibility of reducing plasma etching- and ashing-induced 

damage by materials and process optimization was investigated. The study is based on 

the analysis from the plasma altered layer model which indicates that the extent of 

oxidative plasma induced damage depends on the density and energy of the plasma, the 

low-k structure, the plasma chemistry as well as the substrate temperature. As can be seen 

from the results deduced in section 3.3.1, the model predicts that the depth of carbon 

depletion layer can be reduced by decreasing the pore size ( pr ), interconnect length ( 1X ), 

porosity ( 1 1

0

X N
X

), substrate temperature (T ), and oxygen radical concentration ( 0φ ), or by 

increasing the carbon concentration in low-k dielectrics ( 0C ) and surface recombination 

rate ( recomγ ). The parameters chosen for this part of the study include the low-k dielectrics, 

plasma chemistry and plasma generating systems. 

This chapter is organized into two main sections: the first one is on materials and 

processing optimization studies of plasma damage and the second one is on the evolution 

of etch front roughness of low-k surfaces. The first section is further divided into four 

sub-sections with each on one of the materials or processing parameters. In the first sub-

section, the effect of low-k optimization was investigated. The material studied had a 

dielectric constant ~2.2 and was optimized by tuning the carbon concentration and pore 

size. The results showed that the high carbon concentration in low-k dielectrics was most 

effective in improving the material resistance to plasma damage.  In the second sub-

section, the study compared the effect of two plasma generating systems: Inductive 

Coupled Plasma (ICP) and Reactive Ion Etching (RIE). Under an identical plasma 

condition, pure RIE plasma induced less damage than ICP plasma due to the lower 

plasma density and higher ion energy. In the third sub-section, the plasma altered layer 



 110

model was extended to a patterned low-k structure. An analytical solution of radical 

density distribution inside the trench was derived and applied to study the effects of the 

hardmask thickness and trench width and length on reducing plasma induced sidewall 

damage. The fourth sub-section is on the effect of the plasma chemistry where the study 

extended from O2 to CO2, CO/O2, and CO2/N2. The gap structure geometry was varied to 

simulate the effect on sidewall damage of patterned low-k structures. Compared with O2 

plasma, CO2 plasma induced less plasma damage. The damage can also be reduced with 

increasing CO partial pressure in CO/O2 plasma and increasing N2 addition in CO2/N2 

plasma. The results showed a reduction in plasma induced damage including thickness 

reduction, methyl depletion, moisture uptake, and carbon loss decreased. Passivation of 

the sidewalls and the pore surfaces of the patterned low-k structure by carbon and 

nitrogen species contributed to the reduction of the sidewall damage. 

In the second section of this chapter, the etch front roughness induced by 

CHF3/CF4/H2/O2/Ar plasma was investigated. First, a literature survey on the 

fluorocarbon plasma etching mechanism of SiO2 and the micromasking effect on surface 

roughening was performed. The plasma etching process was found to be complicated, 

involving both chemical and physical effects. The chemical composition and thickness of 

the polymer layer induced by CxFy radicals on the surface of low-k dielectrics played a 

key role on the plasma etching process. Then, the roughness of the etch front induced by 

CHF3/CF4/H2/O2/Ar plasma was measured and minimized with processing optimization.  

With increasing Ar addition or decreasing chamber pressure, the surface roughness of 

low-k dielectrics was reduced. In addition, the microstructure of low-k dielectrics also 

contributed to etch front roughness by pore filling, ion shadowing, and preferential 

reaction paths. Quantum chemistry calculation was carried out to compare the bonding 
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energies of different ring structures and the concept of “preferential reaction path” was 

developed to explain the observed plasma damage formation.  

4.1 Material engineering by varying carbon concentration and pore size 

The material resistance of low-k dielectrics to plasma ashing process can be 

improved by engineering the low-k dielectrics. As shown in section 3.3.2.2, Helium 

plasma pretreatment can reduce the ICP CO2 plasma induced damage to porous BD films 

by densifying the low-k surface. In order to overcome the integration problems of porous 

low-k dielectrics such as plasma ashing induced damage, Calvert et al. proposed “Solid 

First Integration Processing”, which was also named as “Post Integration Porogen 

Removal Approach”[209]. In this method, the low-k dielectrics were deposited using a 

spin-on process and composed of MSQ-based matrix polymer and acrylic polymer-based 

nanoparticles (porogen). Instead of porogen removal before plasma etching and ashing 

processes, the porosity was created after patterning or copper filling by thermal curing 

process and porous dielectric mask. The presence of polymeric nanoparticles (porogen) 

during the plasma ashing process improved the material resistance to plasma by reducing 

the pore size and porosity and blocking oxygen radical diffusion. Fayolle et al. further 

checked the validity of “Post Integration Porogen Removal Approach” for Cu/low-k 

interconnect and showed 25% reduction of RC delay [210]. By using a similar idea, 

Darnon et al. deposited hybrid low-k dielectrics by spin-on process for “Post Integration 

Porogen Removal Approach” and reported that the methyl depletion induced by O2 

plasma was reduced from 25% to 15%, for porous low-k film and hybrid low-k film, 

respectively [211]. Jousseaume et al. developed ultra low-k dielectrics which was 

deposited by Plasma Enhanced Chemical Vapor Deposition (PECVD) and can be applied 

for the “Post Integration Porogen Removal Approach” [72]. In this section, low-k 

dielectrics were engineered by changing the carbon concentration and pore size. 
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Two types of k~2.2 pristine BD films were deposited on silicon wafers. Type A 

had a normal level of carbon concentration with XPS C/Si atomic concentration ratio 

1.22 and refractive index 1.336. Type B had a high level of carbon concentration with 

XPS C/Si atomic concentration ratio 1.66 and refractive index 1.367. Ryan et al. reported 

that at k~2.2, high carbon concentration (XPS C%~35) OSG film had a smaller pore size, 

2.1 nm, than 2.7 nm from normal carbon concentration (XPS C%~19) OSG film [212]. 
Because 0 0B A

C C and p pB A
r r , the plasma altered layer model, equation 3.55, 

predicted that the high carbon concentration level and smaller pore size in type B BD 
dielectrics improved the material resistance to plasma damage, L L

B A
. As discussed 

in section 3.1.2, the depth of carbon depletion layer was double checked by two methods, 

including XPS depth profile, and DHF dipping combined with SE measurement. The 

results obtained by these two methods are summarized in Table 4.1. It turned out that the 

depth of carbon depletion layer in type B BD dielectrics was 23.0 nm by XPS (27.8 nm 

by DHF), much thinner than that in type A BD dielectrics, 60.9 nm by XPS (57.2 nm by 

DHF), consistent with the model prediction. 

Table 4.1: Depth of carbon depletion layer of BD films induced by CO2 plasma in 
TRION plasma etcher (RIE 150 W, 5 mtorr, 20 sccm, 150 seconds). 

Depth of carbon depletion layer Carbon concentration 

XPS Depth Profile (nm) DHF (1%), 90 seconds (nm) 

Normal 60.9 57.2 

High 23.0 27.8 
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4.2 Effect of plasma generator: ICP vs. RIE 

It’s well known that the distribution of plasma density and energy of ion, photon 

and radical depends on the configuration of the plasma chamber. Hopwood et al. reported 

that the plasma temperature in a multipolar electron cyclotron resonance (ECR) plasma 

can be controlled by varying pump speed and gas flow rate [213]. Hopwood reviewed 

different types of inductively coupled plasma sources, including helical inductive 

couplers, helical resonators, spiral inductive couplers, immersed inductive couplers, and 

transformer-coupled plasmas [214]. In VLSI fabrication, sputtering has been applied for 

thin film deposition. Because the sputtered atoms from the target followed the cosine 

distribution, good step coverage on low aspect ratio patterned structure can be achieved. 

But for a high aspect ratio patterned low-k structure, the PVD deposition of TaN barrier 

layer was limited due to the buildup of overhang [39]. Rossnagel et al. developed ionized 

magnetron sputter (also named as Ionized Physical Vapor Deposition, IPVD) to reduce 

the angular distribution of sputtered atoms by ionizing the sputtered atoms using an 

inductively coupled rf plasma in the region between cathode target and sample [215]. 

Materer et al. compared ECR and ICP plasmas of Ar and N2 and found that the mean 

energies induced by ICP plasma were greater than those in ECR plasma and ECR plasma 

induced more N2 molecular dissociation than ICP plasma [216]. By comparing the ion 

transit time through the plasma sheath layer and the plasma rf period, Sobolewski et al. 

interpreted the fact that ion energy distribution was narrowed when the rf bias frequency 

increased in a rf biased ICP plasma system [217]. By using an acceleration ring 

surrounding the plasma as well as an extraction ring and a rejection ring at the 

downstream of the plasma, Xu et al. built a pulsed plasma system and extracted nearly a 

monoenergetic ion beam [218].  
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The effect of plasma generator on plasma induced damage to low-k dielectrics has 

been studied extensively. Matsushita et al. investigated the H2/He plasma induced 

damage to porous ultra low-k dielectrics and found that remote plasma induced less 

methyl depletion, moisture uptake, and dielectric constant increase than downflow 

plasma [90]. In order to eliminate the charging and UV induced damage to low-k 

dielectrics, Goeckner et al. [219], White et al. [220], and Ohtake et al. [221] developed 

neutral beam systems for photoresist stripping process. By using bottom electrode grid 

which had high aspect ratio apertures, most of ions were converted into collimated 

energetic neutral beams through charge-transfer collisions between ions and gas 

molecules or aperture sidewalls. It turned out that neutral beam reduced sidewall damage 

of low-k dielectrics and improved the RC delay. Posseme et al. reported that downstream 

O2 plasma induced more methyl depletion to high porosity low-k dielectrics than RIE O2 

plasma [8]. In this section, the CO2 plasma induced damage to k~2.2 BD film with a high 

carbon concentration was studied by using ICP and RIE plasma generators.  

As discussed in section 3.2.2.2, RIE plasma had much higher ion energy than ICP 

plasma, so the former was more effective in densifying low-k surface and reducing pore 
size, p pRIE ICP

r r . Additionally, RIE plasma had much less plasma density than ICP 

plasma, 0 0RIE ICP
φ φ  [143]. According to plasma altered layer model, equation 3.55, 

RIE plasma would induce less damage than ICP plasma, RIE ICPL L . As shown in 

Figures 4.1 (a), 4.2 (a), and 4.2 (b), compared with ICP plasma, RIE plasma induced less 

film shrinkage, methyl depletion, and moisture uptake. In Figure 4.3 (a), the evolution of 

XPS atomic concentration ratio C/Si of BD films induced by CO2 ICP and RIE plasmas 

was studied. Up to 125 seconds, RIE plasma induced more surface carbon loss than ICP 

plasma, probably due to the physical bombardment of higher energy ions in RIE plasma. 

After 125 seconds, the ICP plasma continued to reduce the C/Si ratio. In contrast, the 
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C/Si ratio under RIE plasma became stable because the densified surface layer induced 

by RIE plasma helped block diffusion of oxygen radicals. In Figure 4.3 (b), XPS depth 

profiling was applied to evaluate the depth of carbon depletion layer induced by 150 

seconds ICP and RIE CO2 plasma treatments. Under similar conditions, the carbon loss 

induced by ICP plasma was deep into the bulk while RIE plasma-induced damage was 

limited to the low-k surface. In Table 4.2, the depth of carbon depletion layer was 

measured by DHF dipping experiment. RIE plasma induced a thinner plasma damaged 

layer, 23.6 nm, than ICP plasma, 38.0 nm. After ICP and RIE CO2 plasma treatments 

(150 W, 5 mtorr, 20 sccm, 40 seconds), the dielectric constants at 1 MHz were evaluated 

by mercury probe. RIE plasma induced a smaller dielectric constant, 2.72, as compared 

with 3.42 for ICP plasma. In Figure 4.4, DHF cleaning after plasma ashing process was 

applied to remove the plasma damaged layer [132]. Prior to DHF dipping, the surface 

roughness induced by CO2 plasma treatment was about the same as the pristine BD film. 

However, after DHF dipping, the surface became much rougher than the pristine BD 

film, probably due to the plasma-induced formation of SiO2-like structure near the 

surface. The results indicated that, although DHF cleaning helped remove the plasma 

damaged layer, it induced a very rough surface, which presented a serious challenge to 

the subsequent barrier deposition. Additionally, RIE plasma induced a much less surface 

roughness, 0.76 nm, as compared with 1.59 nm for ICP plasma. All of these findings 

showed that RIE plasma induced less damage than ICP plasma, consistent with the model 

prediction. Hwang et al. reported that RIE O2 induced less methyl depletion and moisture 

uptake to porous silica than ICP O2  [222], consistent with the current observations.  
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Figure 4.1: (a) Thickness reduction and (b) refractive index for BD films treated by CO2 
plasma in TRION plasma etcher (5 mtorr, 20 sccm). 

Figure 4.2: (a) Methyl depletion and (b) moisture uptake for BD films treated by CO2 
plasma in TRION plasma etcher (5 mtorr, 20 sccm). 

Plasma Treatment Time (Sec)
0 50 100 150 200 250 300T

hi
ck

ne
ss

 R
ed

uc
tio

n 
(A

ng
st

ro
m

)

0

100

200

300

400

ICP 300W
ICP 150W
RIE 150W

Plasma Treatment Time (Sec)
0 50 100 150 200 250 300

R
ef

ra
ct

iv
e 

In
de

x 
@

 6
33

nm

1.34

1.35

1.36

1.37

1.38

1.39

ICP 300W
ICP 150W
RIE 150W

Plasma Treatment Time (Sec)
0 50 100 150 200 250 300M

et
hy

l D
ep

le
tio

n:
 ∆

Si
-(

C
H

3)
x/

Si
-O

0.00

0.01

0.02

0.03

0.04

0.05

ICP 300W 
ICP 150W 
RIE 150W 

Plasma Treatment Time (Sec)
0 50 100 150 200 250 300

M
oi

st
ur

e 
U

pt
ak

e:
 ∆

-O
H

/S
i-O

0.00

0.05

0.10

0.15

0.20

0.25

ICP 150W
RIE 150W
ICP 300W

(a) (b)

(a) (b)



 117

Plasma Treatment Time (Sec)
0 50 100 150 200 250 300

X
PS

 A
to

m
ic

 C
on

ce
nt

ra
tio

n 
R

at
io

: C
/S

i

0.4

0.6

0.8

1.0

1.2

1.4

1.6 ICP 150W
RIE 150W

Thickness (Angstrom)
0 100 200 300 400 500 600

X
PS

 A
to

m
ic

 C
on

ce
nt

ra
tio

n 
R

at
io

:C
/S

i

0.0

0.2

0.4

0.6

0.8

1.0

1.2

ICP 150W
RIE 150W

 

Figure 4.3: (a) XPS atomic concentration ratio C/Si (b) XPS depth profile for BD films 
treated by CO2 plasma in TRION plasma etcher (5 mtorr, 20 sccm). 

Table 4.2: Depth of carbon depletion layer of BD films induced by CO2 plasma in 
TRION plasma etcher (5 mtorr, 20 sccm, 40 seconds). 

Plasma generator Depth of carbon depletion layer (nm), DHF (1%), 90 seconds 

ICP 50 W 38.0 

RIE 50 W 23.6 

 

Besides the comparison between ICP plasma induced damage and RIE plasma 

induced damage, the following interesting findings were also obtained. 

First, as shown in Figure 4.1 (b), the evolution of refractive index depended on 

the plasma treatment time and the type of plasma generator. With the increase of plasma 

treatment time, the refractive index decreased first and then increased. The initial drop of 

refractive index was ascribed to the depletion of carbon, which has larger polarizability 

than oxygen and hydrogen [169]; the subsequent increase might be due to the moisture 

uptake and film densification. Additionally, the final refractive index induced by RIE 

(a) (b)
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plasma was less than that by ICP plasma, probably due to the damage limited to the 

surface by RIE plasma and the damage into the bulk by ICP plasma. Although several 

groups reported that oxidative plasma treatments induced the increase of refractive index 

of OSG low-k dielectrics, the observations here showed that the increase of refractive 

index should no longer be used as a criterion to assess plasma damage on k~2.2 BD film 

with a high carbon concentration.  
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Figure 4.4: AFM roughness for BD films treated by CO2 plasma in TRION plasma 
etcher (5 mtorr, 20 sccm, 40 seconds). 

Second, as shown in Figures 4.1, 4.2, and 4.4, with the increase of ICP source 

power, there were more film shrinkage, methyl depletion, and moisture uptake as well as 

bigger surface roughness, probably due to the increase of plasma density and photon 

intensity, as discussed in Chapter 3. 

4.3 Effect of hardmask thickness on porous low-k sidewall damage 

Recently, plasma ashing damage study has been extended to patterned low-k 

structures. Liu et al. reported that plasma induced damage to the sidewalls such as 

undercut was reduced by increasing hardmask thickness [186]. In this section, the plasma 
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altered layer model was extended to formulate the kinetics of the plasma process in 

patterned low-k structures. The effects of the hardmask thickness, trench width, and 

trench length on the plasma interaction with the trench sidewall were analyzed. 

Figure 4.5: (a) sidewall damage of patterned low-k structure (b) kinetics of diffusion, 
reaction, and recombination inside trench. 

Using the low-k trench structure in Figure 4.5 (a), the kinetics of mass transport 

can be formulated by taking into account the diffusion ( D ), reaction ( reacγ ), and surface 

recombination ( recomγ ) of the plasma radicals inside the trench as shown in Figure 4.5 (b). 

In the experiments, the mean free path of plasma radical was about 5cm, much larger 

than the trench width (W ) and trench length ( L ) (~several hundred nm). Hence, Knudsen 

diffusivity, equation 3.4, dominates the mass transport with  

4p
W Lr +≈ .                                                  (4.1) 

The chemical reactions ( reacγ ) between oxygen radicals and the methyl group on the low-

k sidewall were still represented by equations 3.11 and 3.12. The surface recombination 

of oxygen radicals ( recomγ ) on the low-k sidewall was still governed by equation 3.13. The 

mass balance of oxygen radicals inside the elemental volume dV WLdx=  was also 

represented by equation 3.15. The inward flux and outward flux should be 
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In x
x

dF WLD
dx
φ= −                                              (4.2) 

Out x dx
x dx

dF WLD
dx
φ

+
+

= − .                                        (4.3) 

The reaction loss can be expressed as 

 2( )reac reacL L W dxφγ= +                                          (4.4) 

The recombination loss can be expressed as 

2( )recom recomL L W dxφγ= +                                        (4.5) 

For simplicity, consider only two regions ( 1, 2).i iφ =  The mass balance of the plasma 

radicals can be expressed as:  
2

2 2
i i

i

d
dx

φ φ
λ

=                                                     (4.6) 

1 12
i

i i
reac recom

D

W L

λ
γ γ

=
   + +   

                                 (4.7) 

where the first region 1φ is for 0d x− < < ,the hardmask region which has 

thickness d , and the second 2φ for the low-k region 0 x< < ∞  extending below the 

hardmask. iλ is the diffusion distance of the radical, which increases with W and L , the 

size of the trench. It also varies with the radical species, depending on the diffusivity D. 

The mass balance equation can be solved by using the following boundary conditions:  

1 0( )x dφ φ= − = ;                                              (4.8) 

1 2( 0) ( 0)x xφ φ= = = ;                                         (4.9) 

1 2

0 0x x

d d
dx dx
φ φ

= =

= ;                                             (4.10) 

2 ( ) 0xφ → ∞ =                                                (4.11) 

where 0φ  is the oxygen radical density at the wafer surface. This yields the following 

solutions: 



 121

1 1

1 1

2 1 0 2 1 0
1

2 1 2 1

( ) ( )( )
( ) ( )

x x

d d

e ex
e e

λ λ

λ λ

λ λ φ λ λ φφ
λ λ λ λ

−

−

+ + −=
+ + −

                           (4.12) 

2

1 1

2 0
2

2 1 2 1

2( )
( ) ( )

x

d d

ex
e e

λ

λ λ

λ φφ
λ λ λ λ

−

−
=

+ + −
.                             (4.13) 

Two extreme cases might be examined as follows:  

(1) If there is no hardmask ( 0d = ), 

2
2 0( )

x

x e λφ φ
−

= .                                                (4.14) 

(2) If the hardmask has the similar property as the low-k dielectrics ( 1 2λ λ= ), 

2 1
2 0( )

x d

x e λ λφ φ
− −

= .                                              (4.15) 

As shown in Figure 4.6, the effects of trench width and length as well as 

hardmask thickness were examined by assuming 1 2λ λ=  for simplicity. There were 

more oxygen radicals at the trench top than at the trench bottom; with the increase of 

trench width or length (or λ ), the oxygen radical density inside trench increased; with the 

increase of the hardmask thickness, the oxygen radical density inside trench decreased. 

The plasma altered layer model, equation 3.55, and the previous experimental studies in 

section 3.2.2.1 showed that oxidative plasma induced damage was proportional to the 

oxygen radical density. Hence, plasma damage such as undercut at the trench top was 

more severe than that at the trench bottom; plasma damage increased with the trench 

width and length; the sidewall damage could be reduced by increasing the hardmask 

thickness, consistent with the experimental findings by Liu et al. [186].  

By varying atomic mass, reactivity, and recombination rate, the solutions above 

can be applied to study the density distribution of other radical species inside trench such 

as C and N. Such solutions would also find useful for the prediction of etching profile of 

Through Silicon Via (TSV) in 3D interconnect. 
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Figure 4.6: Radical density inside trench. 

4.4 Effect of plasma species on damage formation 

In this section, the potential of using CO2, CO/O2 and CO2/N2 plasma to replace 

O2 plasma ashing process was examined. 

4.4.1 CO2 vs. O2 plasmas 

Under similar plasma conditions, CO2 plasma induced less damage than O2 

plasma. As indicated in Figures 4.7 and 4.8, CO2 plasma induced less film shrinkage, 

higher FTIR Si-CH3/Si-O ratio, and less moisture uptake than O2 plasma. As shown in 

Table 4.3, CO2 plasma induced a thinner carbon depletion layer, 23.0 nm, as compared 

with 27.6 nm for O2 plasma. In addition, after 40-second ICP plasma treatments, CO2 

plasma induced less degradation of dielectric constant, 3.42 at 1 MHz, than 3.57 by O2 

plasma. Moreover, test structures of 125 nm line/space were formed in k = 2.4 BD 

dielectrics by the process involving plasma etch and resist strip in a commercial RIE etch 

chamber and metallization to extract RC delay data. Results showed that CO2 based strip 

process gave 17% lower RC delay compared to O2 based strip process at the same RF 
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power and pressure. Three possible mechanisms were proposed to interpret the less 

damage by CO2 plasma than O2 plasma.  
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Figure 4.7: Thickness reduction for k~2.2 BD films with high carbon concentration 
treated by CO2 and O2 plasma in TRION plasma etcher (ICP 150 W, 5 
mtorr, 20 sccm). 

Figure 4.8: (a) FTIR Si-CH3/Si-O peak area ratio and (b) moisture uptake for k~2.2 BD 
films with high carbon concentration treated by CO2 and O2 plasma in 
TRION plasma etcher (ICP 150 W, 5 mtorr, 20 sccm). 
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Table 4.3: Depth of carbon depletion layer of k~2.2 BD films with high carbon 
concentration induced by CO2 and O2 plasma in TRION plasma etcher (RIE 
150 W, 5 mtorr, 20 sccm, 150 seconds). 

Plasma chemistry Depth of carbon depletion layer (nm), XPS depth profile 

CO2 23.0 

O2 27.6 

 

First, according to the optical emission spectroscopy (OES) of CO2 plasma given 

by Yang et al. [223] and Reyes et al. [224], CO2 plasma species included C, C2, CO, 

CO+, etc. These polymerizing species can passivate the pore surface and low-k surface, 

reducing the pore size, blocking oxygen radical diffusion, increasing the carbon 

concentration in low-k dielectrics, and acting as a sacrificial material to consume oxygen 

radicals. Kong et al. reported that C-rich passivation layer reduced the O2 induced trench 

sidewall damage [225]. 

Second, considering the atomic mass difference between C and O radicals in CO2 

plasma, Knudsen diffusivities satisfy 1.2C OD D= . Because C diffuse faster than O, a C-

rich passivation layer might be formed on the pore surface of low-k dielectrics before 

oxygen radicals attack it.  

Third, the energy for C=O bond was 799 kJ/mol, much larger than 495 kJ/mol for 

O=O bond [226]. So the dissociation of CO2 plasma was more difficult than O2 plasma, 

resulting in lower oxygen radical density for CO2 plasma.  
Because

2 2
p pCO O

r r , 
2 2

0 0CO O
φ φ , and 

2 2
0 0CO O

C C , the plasma altered layer 

model predicted that CO2 plasma produced a thinner plasma damaged layer than O2 
plasma, 

2 2
L L

CO O
, consistent with experimental findings in Figures 4.7 and 4.8 and 

Table 4.3.  
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4.4.2 CO/O2 plasma 

The CO/O2 plasma induced damage to porous BD films was first studied without 

any gap structure. The effect of ICP source power, bias power, chamber pressure, CO/O2 

flow rate ratio, and plasma treatment time were investigated. 

As shown in Figure 4.9, with the increase of ICP source power, bias power, and 

plasma treatment time, plasma induced damages such as thickness reduction and methyl 

depletion increased. As discussed in chapter 3, the increase of plasma density and ion 

energy contributed to this increase of plasma damage. 

As indicated in Figure 4.10, with the increase of chamber pressure, plasma 

induced damage such as thickness reduction and methyl depletion increased. As 

discussed in chapter 3, the increase of oxygen radical density and photon intensity 

contributed to this increase of plasma damage. 

Figure 4.9: (a) Thickness reduction and (b) methyl depletion of k~2.2 BD films with 
high carbon concentration induced by CO/O2 plasma in Oxford plasma 
etcher. Plasma recipe was CO 18 sccm, O2 2 sccm, 5 mtorr, and no mask. 
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Figure 4.10: (a) Thickness reduction and (b) methyl depletion of k~2.2 BD films with 
high carbon concentration induced by CO/O2 plasma in Oxford plasma 
etcher. Plasma recipe was ICP 200 W, bias 100 W, CO 18 sccm, O2 2 sccm, 
no mask. 

As shown in Figure 4.11, at certain flow rate ratio between CO and O2, plasma 

induced damage such as thickness reduction, methyl depletion and moisture uptake was 

maximized. During the CO/O2 plasma process, the DC bias voltage monitored was about 

290 V. Hence, the effect of ion energy can be excluded. In the following, the mechanism 

behind the flow rate dependence will be investigated by combining optical emission 

spectroscopy measurement and gap structures with Si and MgF2 masks. 
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Figure 4.11: (a) Thickness reduction, (b) methyl depletion, and (c) moisture uptake of 
k~2.2 BD films with high carbon concentration induced by CO/O2 plasma in 
Oxford plasma etcher. Plasma recipe was ICP 200 W, bias 100 W, 20 mtorr, 
total flow rate (CO+O2) 60 sccm, 290 V DC, no mask. 

First, the optical emission spectra for CO/O2 plasma were measured without 

loading any BD film inside plasma chamber. As shown in Figure 4.12 (a), plasma species 

in pure O2 plasma included O, O+, O2
+, etc. [227-229]. The atomic oxygen emission lines 

at 843.7 nm (3p3P => 3s3S) and 776.5 nm (3p5P => 3s5S) were applied for plasma 

diagnostics. As indicated in Figure 4.12 (b), the optical emission spectra for CO/O2 

plasma was complex, including excited CO molecule [230], O [231], C [223, 231], C2 

[223, 224, 231], etc..  
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Figure 4.12: Optical emission spectra for (a) O2 (O2 60 sccm) and (b) CO plasma (CO 59 
sccm, O2 1 sccm) in Oxford plasma etcher (ICP 200 W, bias 100 W, 20 
mtorr) 

As indicated by the oxygen emission lines at 776.5 nm and 843.7 nm in Figures 

4.13 (a) and 4.13 (b), with the increase of CO fraction in the total flow (CO+O2), the 

oxygen radical density decreased. Two possible mechanisms were proposed. First, CO 
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molecule just contains one oxygen atom, compared with two from O2 molecule. Once a 

molecule is dissociated, CO molecule will produce one oxygen atom while O2 produces 

two oxygen atoms. Second, because the bond energy for C≡O bond was 1076.5 kJ/mol 

[169], much larger than 495 kJ/mol for O=O bond, the dissociation of CO plasma was 

more difficult than O2 plasma.  

Figure 4.13 (c) showed the optical emission spectra in wavelength region between 

200 nm and 770 nm. The peak deconvolution was complex and not shown here. The 

basic trend was that, with the increase of CO partial pressure in CO/O2 plasma, 

polymerizing species such as C, C2, and CO increased.  
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Figure 4.13: Optical emission spectra for CO/O2 plasma (a) O 776.5 nm, (b) 843.7 nm, 
(c) polymerizing species such as C, C2, CO. Plasma recipe was ICP 200 W, 
bias 100 W, 20 mtorr, 60 sccm in Oxford plasma etcher. 

Then, the synergetic effect of radicals and photons on the flow rate dependence of 

CO/O2 plasma damage to BD films was examined by a gap structure with MgF2 mask. As 

shown in Figure 4.14, the radical and photon induced damage such as thickness reduction 

and methyl depletion was maximized under certain flow rate ratio of CO and O2, similar 

to the observation in Figure 4.11. Hence, the synergetic effect of radicals and photons 

dominated the flow rate dependence of CO/O2 plasma damage to BD films. 
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Figure 4.14: (a) Thickness reduction and (b) methyl depletion of BD films induced by 
CO/O2 plasma in Oxford plasma etcher. Data were measured at the same 
position underneath MgF2 mask. ICP 200 W, bias 100 W, 20 mtorr, 60 
sccm. 

In order to differentiate the effect of radicals on the flow rate dependence of 

CO/O2 plasma damage to BD films, a gap structure with Si mask was applied. In 

addition, the gap structure with Si mask can also simulate the sidewall damage in 

patterned low-k trench structures. In the low ion energy region, the sidewall damage is 

dominated by chemical effect due to the influence of plasma radicals. This is because in 

this region, the physical effect is negligible and ions are directional.  

As shown in Figure 4.15, with the increase of CO addition in CO/O2 plasma, the 

radical induced damage such as thickness reduction and methyl depletion decreased, 

consistent with the optical emission spectra results in Figure 4.13: less oxygen radicals 

and more polymerizing species. In addition, as discussed in section 4.4.1, the larger 

Knudsen diffusivity of carbon inside the gap and porous low-k dielectrics than oxygen 

radical might also contribute to the reduction of plasma damage.  
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Figure 4.15: (a) Thickness reduction and (b) methyl depletion of BD films induced by 
CO/O2 plasma in Oxford plasma etcher. Data were measured at the same 
position underneath Si mask. ICP 200 W, bias 100 W, 20 mtorr, 60 sccm. 

In Figure 4.16 (a), the intensity of oxygen radical emission lines, which were 

proportional to the oxygen radical density, were redrawn as a function of flow rate in 

CO/O2 plasma. In Figure 4.16 (b), the sum of photon intensity from 200 nm to 850 nm 

was plotted as a function of flow rate in CO/O2 plasma. With the increase of CO fraction 

in the total flow (CO+O2), the photon intensity increased. In Figure 4.16 (c), the 

correlation among CO/O2 plasma induced damage, oxygen radical density, and total 

photon intensity was shown. Due to the synergetic effect of radicals and photons, plasma 

damage was maximized under a certain flow rate ratio between CO and O2. In section 

3.2.2.3, it was shown that photon can increase plasma damage by exciting the low-k 

dielectrics and oxygen radicals. Equation 3.43 showed that the excitation probability 

increased with the photon intensity. The correlation reported here further supported that 

argument. Hence, in order to mitigate the oxidative plasma induced damage, it is 

important to reduce photon radiation during ashing process. From the plasma chamber 

design point of view, the low-k dielectrics can be moved away from the plasma 

generation zone, such as the use of remote plasma asher. 
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Figure 4.16: (a) oxygen radical density, (b) total photon intensity, (c) correlation among 
plasma damage, oxygen radical density, and photon intensity as a function 
of flow rate ratio between O2 and CO. 

4.4.3 CO2/N2 plasma 

The sidewall damage induced by CO2/N2 plasma was simulated by using a gap 

structure with Si mask. 

The carbon bonding configuration change and the nitrogen incorporation on the 

low-k surface induced by CO2/N2 plasma were studied by XPS. As shown in Figure 4.17 

(a), the XPS C1s peak was deconvoluted into four peaks, including C-H/C-C (284.9 eV), 

C-O-H/C-O-C/C-N/C=N (286.4 eV), C=O (287.9 eV), and O-C=O (288.9 eV) [128]. As 

indicated in Figure 4.17 (b), the XPS N1s peak was deconvoluted into four peaks, 
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including N-Si (398.6 eV), N-C (399.2 eV), N=C (400.6 eV), and N-N/N-O (402.6 eV) 

[232]. Similar findings have been given by several groups. Ohtake et al. reported that 

N2/H2 beam induced the formation of CxNy layer on the surface of MSQ low-k dielectrics 

[221]. Kurihara et al. observed the formation of CxNy layer on the surface of porous silica 

films induced by N2 plasma [233]. Bao et al. found that NH3 plasma caused the formation 

of CxNy layer on the surface of CDO films [81]. 

Figure 4.17: (a) XPS C1s and (b) N1s peak deconvolution for k~2.2 BD films treated by 
CO2/N2 plasma in TRION plasma etcher (CO2 5 sccm, N2 15 sccm, ICP 150 
W, bias 100 W, 5 mtorr, 60 seconds ). 

As indicated in Figure 4.18, with the increase of N2 partial pressure in CO2/N2 

plasma, the plasma induced damage such as thickness reduction, methyl depletion, 

moisture uptake, and carbon loss decreased, attributable to the increase of nitrogen 

incorporation and decrease of oxygen radical density. Three possible mechanisms were 

proposed.  

First, similar as the C-rich passivation layer induced by CO2 and CO/O2 plasma, 

the CxNy passivation layer on the sidewall caused by CO2/N2 plasma can reduce plasma 

damage by reducing the pore size, blocking oxygen radical diffusion, and increasing the 

carbon concentration. Similar arguments have been given by several groups. Chang et al. 
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reported that the passivation layer induced by N2O plasma on the surface of MSQ low-k 

dielectrics improved the material resistance to O2 plasma [130]. Nagai et al. found that 

the CxNy passivation layer induced by N2/H2 plasma on FLARE organic low-k film 

protected against the etching caused by H radicals [234]. Uchida et al. also observed that 

the N radicals induced the formation of CxNy layer on SiCOH film, reducing the etching 

by H radical [235].  

Figure 4.18: (a) Thickness reduction, (b) methyl depletion and moisture uptake, and (c) 
carbon loss and nitrogen incorporation for k~2.2 BD films treated by 
CO2/N2 plasma in TRION plasma etcher (ICP 150 W, bias100 W, 5 mtorr, 
20 sccm, 300 seconds). Data were measured at same positions underneath Si 
mask. 
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Second, considering the atomic mass difference between N and O radicals in 

CO2/N2 plasma, Knudsen diffusivities satisfy 1.1N OD D= . Because N diffuses faster 

than O, a N-rich passivation layer might be formed on the sidewall surface and pore 

surface of low-k dielectrics before oxygen radicals attacks them.  

Third, considering the molecular structures of O2, CO2 and N2, the N2 plasma 

produced the least oxygen atom density. In addition, because the bond energy for N≡N 

bond was 945.3 kJ/mol [169], much larger than 799 kJ/mol for C=O bond and 495 kJ/mol 

for O=O bond, the dissociation of N2 plasma was more difficult than O2 and CO2 plasma. 

Additionally, Figure 4.18 also showed that the trench top suffered more plasma 

damage than the trench bottom, consistent with the numerical simulation results in Figure 

4.6. 

4.5 Evolution of etch front roughness induced by CHF3/CF4/H2/O2/Ar plasma 

In the previous sections, material engineering and plasma process optimization 

were applied to reduce plasma ashing induced damage to porous BD films. In this 

section, the reduction of etch front roughness will be discussed briefly by optimizing 

CHF3/CF4/H2/O2/Ar plasma and low-k dielectrics. This topic is also very important for 

the implementation of porous low-k dielectrics because the etch front roughness will 

make the PVD liner deposition quite challenging and induce reliability issues such as 

electromigration and time dependent dielectric breakdown. 

4.5.1 Overview of fluorocarbon plasma etching mechanism 

Historically, the fluorocarbon plasma etching mechanism of SiO2 has been well 

established [148, 152, 153, 236]. As shown in Figure 4.19, CxFy radicals induced the 

deposition of polymer at the top of SiO2 film [148]. This CxFy passivation layer inhibited 

the transport of plasma species and the delivery of activation energy to the interface 
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between polymer and SiO2. When the activation energy was delivered to the interface 

between polymer and SiO2, oxygen in SiO2 reacted with fluorocarbon species in polymer 

and released COFx and COx; Si in SiO2 reacted with F in polymer and produced SiFx. 

Hence, the chemical composition and physical thickness of the CxFy polymer layer 

determined the etching rate and surface morphology. 

 

Figure 4.19: Mechanism of fluorocarbon etching of SiO2 [148]. 

Yin et al. studied the roughening of thermal SiO2 and Coral low-k films induced 

by C4F8/Ar plasma [237]. According to their findings, at the high neutral-to-ion ratio 

region, the local fluorocarbon deposition induced micromasking effect which caused the 

surface roughening. The micromasking effect was proposed based on the common 

observations: the fluorocarbon-rich surfaces were etched slower than oxide-rich surfaces; 

polymer deposition occurred on the fluorocarbon-rich surface and etching occurred on 

the oxide-rich surface.  

4.5.2 Effect of chamber pressure and Ar dilution 

On the basis of the fluorocarbon plasma etching mechanism and micromasking 

induced surface roughening as discussed in section 4.5.1, the surface roughening might 

be reduced by optimizing the factors affecting the chemical composition and thickness of 

the polymer layer such as the plasma chemistry, density, and energy. For example, the 
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F/C ratio inside plasma can be reduced by adding H2,CxFy, and CxHyFZ into CF4 plasma 

and increased by adding O2, CO2, NO2, and F2 into CF4 plasma. In this section, the initial 

results about the effects of the chamber pressure and Ar dilution were presented. 

As shown in Figure 4.20, with decreasing chamber pressure from 100 mtorr to 40 

mtorr in CHF3/CF4/H2/O2/Ar plasma, the RMS roughness was decreased from 2.04 nm to 

0.41 nm. After DHF cleaning, the RMS roughness was magnified to 3.65 nm and 1.79 

nm, respectively. This observation was consistent with others’ findings. By combining 

XPS and AFM measurements, Yin et al. reported that the local fluorocarbon deposition 

increased with pressure due to the high neutral-to-ion flux ratio [237]. On one hand, there 

were more polymerization species at higher chamber pressure. On the other hand, 

equations 3.6 and 3.7 showed that the mean free path decreased with the increase of 

chamber pressure. Hence, there will be less ion energy at higher chamber pressure due to 

more frequent collisions. According to the sputtering yield model introduced in section 

3.5, less ion energy at higher pressure induced less physical sputtering, which might 

benefit the formation of fluorocarbon polymer. 
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Figure 4.20: Effect of chamber pressure. Plasma recipe was CHF3 2 sccm, O2 1 sccm, H2 
10 sccm, Ar 50 sccm, CF41.5 sccm, RIE 300 W, 4 minutes in Plasma-Therm 
plasma etcher. BD films were k~2.2 with normal carbon concentration. The 
RMS roughness is written at the lower corner of each AFM image. 

As shown in Figure 4.21, with increasing Ar dilution from 77.5% to 87.3% in 

CHF3/CF4/H2/O2/Ar plasma, the RMS roughness was decreased from 0.41 nm to 0.31 

nm. After DHF cleaning, the RMS roughness was magnified to 1.79 nm and 1.24 nm, 

respectively. Two possible mechanisms for the increased roughness were proposed. First, 

with the increase of Ar dilution, there were less polymerizing species in the plasma. 

Second, the ion-induced physical bombardment increased with Ar addition, which might 

reduce the local fluorocarbon deposition. 
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Figure 4.21: Effect of Ar addition. Plasma recipe was CHF3 2 sccm, O2 1 sccm, H2 10 
sccm, CF4 1.5 sccm, RIE 300 W, 40 mtorr, 4 minutes in Plasma-Therm 
plasma etcher. BD films were k~2.2 with normal carbon concentration. The 
RMS roughness is written at the lower corner of each AFM image. 

Although the effects of chamber pressure and Ar dilution were briefly discussed 

here, a complete study of the etch-front roughness as a function of plasma chemistry, 

density, and energy is strongly recommended. The combination of plasma diagnostic 

(optical emission spectroscopy and Langmuir probe) and surface analysis (XPS, XRR, 

AFM, and SE) will be useful. 

4.5.3 Effect of low-k dielectrics 

The microstructure of porous low-k dielectrics might also influence the etch front 

roughness. In this section, the effect of low-k dielectrics was studied by using quantum 
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chemistry calculation. As indicated in Figure 4.22, the Si-O bond energies in 3-fold Si-O 

ring and 4-fold Si-O ring were investigated by using quantum chemistry calculation 

softwares, Gaussian 03W and GaussView [238]. For each Si-O ring structure, a Hartree-

Fock model and a 6-31 G(d) basis set were used for geometry optimization and frequency 

calculation. The 6-31 G(d) basis set applies six primitive Gaussian functions to each 

inner-shell contracted Gaussian-type function (CGTF), uses one CGTF with three 

primitive Gaussian functions and one Gaussian with one primitive for each valence-shell 

atomic orbital, and adds six d-type Cartesian-Gaussian polarization functions to each of 

the atoms from Li to Ca [127]. It turned out that the 3-fold Si-O ring had smaller bond 

energy, 5.6 eV, compared with 5.8 eV from 4-fold Si-O ring. Because the bond energies 

for different ring structures were different, there might be a preferential reaction path 

during plasma etching. With the increase of plasma etching time, this preferential 

reaction path might contribute to the formation of etch front roughness. 

Figure 4.22: Si-O bond energy obtained by quantum chemistry calculation. 

4.6 Summary 

Results from the studies performed in this chapter show that the plasma ashing 

induced damages can be reduced by optimizing materials and processing parameters, 

5.8eV4-fold

5.6eV3-fold

Si-O bond energySi-O ring structure

5.8eV4-fold

5.6eV3-fold

Si-O bond energySi-O ring structure
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including low-k dielectrics, patterned low-k structure, plasma chemistry, and plasma 

generator, First, by increasing carbon concentration and reducing pore size in low-k 

dielectrics, the material resistance to plasma damage was improved. Second, compared 

with pure ICP plasma, pure RIE plasma induced less damage due to the less plasma 

density and higher ion energy. Third, an analytical solution of radical density distribution 

inside the trench was derived. With the increase of hard mask thickness, plasma ashing-

induced damage reduced. Then, the potentials of replacing O2 plasma by CO2, CO/O2, or 

CO2/N2 for the photoresist strip process were investigated. Compared with O2 plasma, 

CO2 plasma induced less damage; with the increase of CO partial pressure in CO/O2 

plasma and the increase of N2 addition in CO2/N2 plasma, plasma induced sidewall 

damage decreased. The C- and N-rich passivation layer on the sidewall and pore surface 

of the patterned low-k structure contributed to the reduction of sidewall damage. 

The etch front roughness can be reduced by optimizing low-k dielectrics and by 

reducing the micromasking effect induced by the local fluorocarbon deposition. With 

increasing Ar additions or decreasing chamber pressure, the surface roughness of low-k 

dielectrics was reduced. Quantum chemistry calculations revealed that the 3-fold Si-O 

ring had a smaller bond energy than the 4-fold Si-O ring, which might induce a 

“preferential reaction path” inside low-k dielectrics and cause the etch front roughness. 
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Chapter 5:  Dielectric Recovery by Post-ash Silylation, CH4 Beam, and 
UV Process 

The study on dielectric recovery of oxidative plasma damaged low-k dielectrics is 

presented in this chapter and organized into two parts. 

In the first part, the origin of the dielectric loss induced by O2 plasma in porous 

low-k dielectrics is investigated. Since the dielectric response is frequency-dependent, the 

contributions of polarization components to dielectric loss can be delineated by 

combining several analytical techniques and using the Kramers-Kronig dispersion 

relation. The techniques included capacitance-voltage measurements, spectroscopic 

ellipsometry, and Fourier transform infrared spectroscopy. Compared with the electronic 

and ionic polarizations, the dipole polarization contribution was found to dominate the 

dielectric loss. The origin of the dipole polarization contribution was further investigated 

by performing quantum chemistry calculations. The dipole moments of various molecular 

clusters were calculated. The physisorbed water molecules were found to be primarily 

responsible for the dipole moment increase and thus the dielectric loss.  

In the second part, based on the origin of dielectric loss, three processes were 

developed to repair the plasma-induced damage on porous low-k dielectrics. 

First, CH4 plasma treatment was applied to O2 plasma damaged OSG low-k 

dielectrics. After CH4 plasma treatment, the surface carbon concentration and surface 

hydrophobicity were partially recovered. Additionally, a gradient densified surface layer 

was found on top of the damaged OSG low-k dielectrics, containing certain amounts of 

C=C and Si-CH3 or C-C bonds. Moreover, both the C-V hysteresis and the leakage 

current were reduced, confirming a partial removal of Si-OH bond and Si dangling bond. 

However, XPS depth profiling revealed that the dielectric recovery was limited mainly to 
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the surface region within 10 nm. Plasma Altered Layer model was employed to interpret 

this surface recovery. 

Second, a CVD silylation process was developed for dielectric recovery of O2 

plasma damaged OSG low-k dielectrics. The methyl or phenyl containing silylation 

agents were applied to convert the hydrophilic -OH groups to hydrophobic groups. The 

effects of departing group, functionality of silylation agent, and substrate temperature 

were examined. Compared with Trimethylchlorosilane (TMCS) and 

Phenyltrimethoxysilane (PTMOS), Dimethyldichlorosilane (DMDCS) was found to be 

more effective in recovering the surface carbon concentration and hydrophobicity. But 

the carbon recovery effect was limited to the surface region.  

Third, UV radiation with thermal activation was applied for dielectric recovery of 

O2 plasma damaged OSG low-k dielectrics. The combined UV/thermal process was 

found to be efficient in reducing –OH, physisorbed water, and C=O bonds. Due to these 

bonding configuration changes, the electrical properties such as dielectric constant and 

leakage current were also much improved. Aging test in air showed that no moisture 

retake was observed, indicating the repaired low-k dielectric was stable. However, the 

film surface was still hydrophilic. So the combination of UV radiation and silylation 

process is promising. 

5.1 Origin of dielectric loss 

5.1.1 Dielectric response as a function of electric field frequency 

Based on the Clausius-Mossotti-Debye equation [137]: 
2
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1 1
2 3 3

o
e e i i o

pN N N
kT

ε α α
ε ε

 − = + + +  
,                           (5.1) 

the dielectric constant ( ε ) can be separated into three components - the electronic 

polarization ( e eN α ), the ionic polarization ( i iN α ), and the dipolar polarization 
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), where , ,e i oN is the density, ,e iα  the polarizability, op the permanent dipole 

moment, and T  the temperature. As shown in Table 5.1, the electronic polarization is 

due to the displacement of electron cloud of a neutral atom; the ionic polarization is 

induced by the displacement of anions and cations; the dipolar polarization is caused by 

the alignment of permanent dipole moments.  

Table 5.1: Polarization components 
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 As shown in Figure 5.1, the dielectric response of each polarization component is 

frequency-dependent. Hence, contributions from polarization components to dielectric 

loss can be delineated at different frequencies by combining several analytical 

techniques. 

In the visible to ultraviolet range (vis-UV), only electrons can respond to the time 

varying fields. Thus, the electronic contribution ( eε ) can be calculated from the refractive 

index ( n ) and the extinction coefficient ( k ) obtained by the SE measurement according 

to: 
2 2 1e vis UV

n kε
−

 = + −  .                                        (5.2) 
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In the infrared range (IR), both electrons and ions can respond. Thus the ionic 

contribution ( iε ) can be calculated by subtracting the electronic dielectric constant ( eε ) 

from the dielectric constant in the IR range: 
2 2 1i eIR

n kε ε = + − −  .                                       (5.3) 

In the radio-frequency range (RF), all three components can respond. Therefore, 

the dipolar dielectric constant ( dε ) can be obtained by subtracting the electronic ( eε ) and 

ionic ( iε ) components from the dielectric constant at 1 MHz ( 1MHzε ) which can be 

evaluated by using a capacitance-voltage (C-V) measurement: 

1 1d MHz e iε ε ε ε= − − − .                                        (5.4) 
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Figure 5.1: Dielectric response as a function of electric field frequency [239]. 

It has been reported that the refractive index ( n ) and the extinction coefficient ( k ) 

in the IR range in equation 5.3 can be obtained by using SE and FTIR measurements 

combined with Kramers-Kronig dispersion relation [63, 239-244]. The idea behind is 

introduced briefly here. 

First, the extinction coefficient ( k ) is correlated with the absorbance ( ( )A ϖ ) from 

FTIR measurement and with the film thickness ( l ). The complex refractive index can be 

expressed as: 
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n cn ik
v

= − =                                                (5.5) 

whereν is the velocity. The electric field can be written as: 

 
( )

0E(x,t)=E
xi t
ve

ω −
                                                (5.6) 

whereω is the angular frequency, t the time, and x the position. By using equations 5.5 and 

5.6, the electric field ( E(x,t) ) can be expressed as:  

 
[ ( )] ( )

0E(x,t)=E
n ki t x x
c ce e

ωω − −
.                                         (5.7) 

Then, the electric field intensity can be obtained: 

 
2 2( ) 2( )2

0 0( ) E(x,t) E
k kx x
c cI x e I e
ω ω− −

= = = .                         (5.8) 

By combining equation 5.8 with the Beer-Lambert’s law in equation 3.25, the following 

equation is derived: 

 2 k
c
ωα = .                                                    (5.9) 

whereα is the absorption coefficient. By using the relation among velocity ( c ), angular 

frequency (ω ), and wavelength ( λ ) 

 
2

c ω λ
π

= ,                                                    (5.10) 

the extinction coefficient ( k ) can be written as 

 
4 4

k λ αα
π πϖ

= =                                              (5.11) 

whereϖ is the wavenumber with the unit, cm-1. Considering the definition of absorption 

coefficient (α ), the expression of extinction coefficient ( k ) can be further derived: 
0 0
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where 0
10( ) og ( )IA l

I
ϖ = is the absorbance, 0I the incident photon intensity, and I the 

transmitted photon intensity. Thus, the extinction coefficient ( ( )k ϖ ) in IR range can be 
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determined by the absorbance ( ( )A ϖ ) from FTIR measurement and the film thickness 

( l ). 

 Second, the refractive index ( n ) in the IR range is investigated by combining 

FTIR and SE measurements. The Kramers-Kronig dispersion relation [126] is 

 2 20

2 ( )( )i
i

kn n P dϖ ϖϖ ϖ
π ϖ ϖ

∞

∞= +
−∫ .                                (5.13) 

where ( )in ϖ is the refractive index at wavenumber ( iϖ ), n∞ the refractive index at 

infinity, and P  the principal value. By using the refractive index at -115787.06cmrϖ = from 

SE measurement, equation 5.13 can be rewritten as 

 2 2 2 20 0

2 ( ) ( )( ) ( ) [ ]i r
i r

k kn n P d P dϖ ϖ ϖ ϖϖ ϖ ϖ ϖ
π ϖ ϖ ϖ ϖ

∞ ∞
= + −
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Based on equations 5.12 and 5.14, the following equation is derived 

2 2 2 2 20 0

1.1513 ( ) ( )( ) ( ) [ ]i r
i r

A An n P d P d
l

ϖ ϖϖ ϖ ϖ ϖ
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Due to the FTIR setup limit, equation 5.15 was approximated as 

 2 2 2 2 2

1.1513 ( ) ( )( ) ( ) [ ]b b

a a
i r
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ϖ ϖ
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where -1
a =520cmϖ and -1

b =4000cmϖ . Hence, the refractive index in the IR range ( ( )in ϖ ) 

can be determined by the refractive index in the vis-UV range ( ( )rn ϖ ) from SE 

measurement, the absorbance in IR range ( ( )A ϖ ) from FTIR measurement, and the film 

thickness ( l ).  

 By using equations 5.2, 5.3, 5.4, 5.12, and 5.16, the dielectric constant 

components can be differentiated. Lim et al. [240, 241], Han et al. [239], Kim et al. [244], 

Koh et al. [243], and Smith [63] applied a similar idea to investigate the reasons for lower 

dielectric constant of fluorinated SiO2 films and SiOCH films. In section 5.1.2, this idea 

will be applied to study the origin of dielectric loss induced by oxidative plasma 

treatment. As discussed in Chapters 3 and 4, plasma treatment induced a multilayer 
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structure inside low-k dielectrics, including the surface damaged layer and underlying 

undamaged layer. By introducing the concept of effective refractive index [242] 

 1 1 2 2 1 1 2 2

1 2
eff

l n l n l n l nn
l l l

+ += =
+

                                  (5.17) 

where il and in are the thickness and refractive index for each layer, equation 5.16 can be 

extended to apply to the multilayer structure 
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5.1.2 Differentiation of electronic, ionic, and dipolar distributions 

Figure 5.2: (a) FTIR spectra and (b) dielectric spectra for pristine and O2 plasma 
damaged CDO films in IR range.  

A pristine CDO film with ~ 25% porosity was deposited to yield a dielectric 

constant of 2.5 and refractive index of 1.339 at 633 nm. An O2 plasma treatment was 

performed under the conditions of RIE 150 W, 372 V DC bias, 30 mtorr, 30 sccm for 10 

minutes in an Oxford Plasmalab 80 Plus RIE chamber operating at 13.56 MHz. The 

changes in bonding configuration were examined by differential FTIR. As shown in 

Figure 5.2 (a), the CHx bond at 2974 cm-1, the Si-(CH3)x bonds at 1280~1250 cm-1 and 

870~760 cm-1, and Si-O-Si suboxide bonds at 1021 cm-1 decreased; while the -OH/H2O 
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bonds at 3100~3800 cm-1 and 935 cm-1, the C=O bond at 1732 cm-1, and Si-O-Si network 

bonds at 1074 cm-1 increased [18]. As discussed in section 3.1.1, the mechanism behind 

these bonding configuration changes was that the hydrophobic Si-(CH3)x group reacted 

with oxygen radicals or ions to form hydrophilic Si-OH or Si-CH=O bonds, which can 

adsorb moisture. After O2 plasma treatment, the film thickness was found to reduce from 

89.8 nm to 83.8 nm and the dielectric constant at 1 MHz increased from 2.50 to 3.26, 

while the refractive index changed little from 1.339 to 1.338.  

Based on equations 5.12 and 5.18, the dielectric constant in the IR range was 

evaluated, as indicated by Figure 5.2 (b). The peaks around 1000 cm-1 are due to the 

resonance absorbance of Si-O-Si bonds. According to equations 5.2, 5.3, and 5.4, the 

polarization components were separated to trace the origin of the dielectric loss. As 

shown in Table 5.2, after O2 plasma treatment, the electronic component was only 

slightly reduced from 0.793 to 0.790, the ionic component remained constant at 0.288 

while the dipolar component increased from 0.419 to 1.181. Hence, compared with the 

electronic and the ionic polarizations, the dielectric loss was dominated by the dipole 

contribution. 

Table 5.2: Electronic dielectric constant ( eε ), ionic dielectric constant ( iε ), dipolar 
dielectric constant ( dε ), and dielectric constant at 1 MHz ( 1MHzε ). 

Sample Pristine  O2 plasma 

eε  0.793 0.790 

iε  0.288 0.288 

dε  0.419 1.181 

1MHzε  2.500 3.259 
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Similar methodology was applied to investigate the origin of the dielectric loss of 

BD films induced by CO2 and O2 plasma. As shown in Figure 5.3, after 40-second CO2 

ICP plasma treatment, the dielectric constant obtained from C-V measurement at 1 MHz 

increased significantly from 2.20 to 3.42, while the sum of the electronic dielectric 

constant and the ionic dielectric constant remained almost unchanged at about 2.10. This 

indicates that the major dielectric loss was originated from the dipolar contribution. This 

conclusion was further confirmed by the results from RIE CO2 and ICP O2 plasma, as 

indicated in Figure 5.3. 
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Figure 5.3: Dielectric constant components for BD films treated by different plasmas in 
TRION plasma etcher (5 mtorr, 20 sccm, 150 W, and 40 seconds). 

5.1.3 Dipole moments by quantum chemistry calculation 

In order to investigate the origin of the dipolar contribution, quantum chemistry 

calculations were preformed to evaluate the permanent dipole moments of various 

molecular clusters derived from a basic unit of the OSG material as a result of oxidative 

plasma interaction. The pristine OSG was simulated using a Si8O12H10C1 cluster - the first 

molecular cluster in Figure 5.4. In accordance with the differential FTIR spectra, the 
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effects of O2 and CO2 plasma induced damage were simulated by replacing the Si-CH3 

group with various molecular groups, including Si-OH, Si-OH-OH2, Si-, Si-O-, and Si-

CH=O as shown in Figure 5.4. For each cluster, a Hartree-Fock model and a 6-31 G(d) 

basis set were used for geometry optimization and frequency calculation. Results are 

summarized in Table 5.3. The square of the dipole moment of Si-CH3 cluster ( 2
op ) was 

used as a normalization base for all clusters. The results showed that the physisorbed 

water molecule induced the biggest dipole moment increase as indicated by the largest 

normalized 2
op , 24.8 for Si-OH-OH2. If more water molecules were linked together by 

additional hydrogen bonds, the dielectric loss can be even higher. Among the other 

clusters, the Si-CH=O and Si-O- clusters also contributed to the dielectric loss, but less 

than by moisture uptake. Thus, the results obtained so far suggested that oxidative plasma 

induced methyl depletion and formation of the Si-OH-OH2 and Si-CH=O bonds were the 

primary dipolar contributions to the dielectric loss. The removal of –OH/H2O bonds was 

important for dielectric recovery. This result is consistent with several reports. Bao et al. 

observed that the refractive index of plasma damaged low-k dielectrics was reduced after 

thermal annealing [81]. Kim et al. reported that the thermal treatment can remove the 

physisorbed water in O2 plasma damaged SiO2 aerogel and reduce the dielectric constant 

[245]. Liu et al. found that the dielectric constant and leakage current of O2 plasma 

damaged OSG films were reduced by furnace annealing due to the moisture outgassing 

[246]. Ross et al. reported that the condensation reaction between proximal hydroxyl 

groups induced the drop of dielectric constant of OSG film [247].  
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Si-CH3 Si-OH    Si-OH-OH2

Si- Si-O- Si-CH=O
Si C O H

Si-CH3 Si-OH    Si-OH-OH2

Si- Si-O- Si-CH=O
Si C O H  

Figure 5.4: Clusters used in quantum chemistry calculation. 

Table 5.3: Dipole moments op and 2
op . 

Bonding Configuration Dipole Moment po (c.m) Normalized po
2

≡Si-CH3 2.924*10-30 1.000 

≡Si-OH 4.453*10-30 2.319 

≡Si-OH-OH2 1.457*10-29 24.836 

≡Si- 5.905*10-31 0.041 

≡Si-O- 7.139*10-30 5.962 

≡Si-CH=O 8.867*10-30 9.198 

 

5.2 CH4 plasma beam treatment on O2 plasma damaged low-k dielectrics 

Aimadeddine et al. reported that CH4 plasma treatment effectively passivated the 

sidewalls of porous low-k dielectric, achieved pore sealing, and improved the electrical 

reliability [248]. In this section, CH4 plasma treatment was performed on O2 plasma 
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damaged CDO films to recover their dielectric loss. The ionic and radical CHx species in 

the CH4 plasma were expected to interact with the Si-OH bond in low-k dielectrics, 

resulting in the formation of Si-CH3 bonds to recover the dielectric loss. 

5. 2.1 Bonding configuration changes 

k~2.5 CDO films were damaged by O2 plasma in a March Asher under the 

condition: 300 W, 50 sccm, and 5 seconds. Then, O2 plasma damaged CDO films were 

treated by CH4 plasma in an Oxford RIE chamber under the condition: 50 W, 10 mtorr, 

30 sccm, and 30 seconds.  

As indicated by the XPS C1s spectra in Figure 5.5 (a), after O2 plasma ashing 

process, the surface carbon was almost completely removed. After the post-ash CH4 

plasma treatment, the C1s intensity was almost completely restored. These results were 

consistent with the water contact angle measurements. After O2 plasma ashing process, 

the water contact angle decreased from 78.9° to 13.1°, indicating that the surface became 

hydrophilic. After the post-ash CH4 plasma treatment, the water contact angle increased 

from 13.1° to 71.7°, indicating the surface hydrophobicity was mostly recovered. By 

fitting to the Gaussian and Lorentz function forms, the XPS C1s peak after post-ash CH4 

plasma treatment can be deconvoluted into the C=C (283.9 eV) and C-H or C-C (285.1 

eV) peaks [128, 249]. For the C-C peak, since it overlapped with the C-H peak, it was 

hard to differentiate them. In Figure 5.5 (b), the ARXPS peak area ratios for the pristine 

CDO, the O2 plasma damaged CDO, and the post-ash CH4 plasma treated CDO are 

presented. The XPS peak obtained at smaller detection angle (30°) provided more 

information about the surface chemistry than that obtained at a larger detection angle 

(90°). Accordingly, the results show that there is more C=C bonding configuration on the 

surface than inside the bulk. This suggests one possible reaction mechanism that, in the 

initial stage of post-ash CH4 plasma treatment, the energetic CHx ionic and radical 
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species reacted with Si-OH and formed an intermediate layer with Si-CH3 bond. With 

further CH4 plasma treatments, the reaction between CHx and CHx induced the formation 

of the C-C and C=C bonds at the topmost layer.  

Figure 5.5: (a) XPS C1s spectra and (b) ARXPS peak area ratio for pristine CDO, O2 
plasma damaged CDO, and post-ash CH4 plasma treated CDO. 

Since FTIR is not sensitive to the C=C sp2 bonding configuration, Raman 

spectroscopy with 514 nm laser wavelength was applied to further confirm the formation 

of C=C bonds. As shown in Figure 5.6, after post-ash CH4 plasma treatment, the 

appearance of the C=C sp2 bonds (~1600 cm-1) was clearly observed on the surface [250]. 

Raman is not sensitive to carbon sp3 bonding due to its small scattering cross section. 
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Figure 5.6: Raman spectra for O2 plasma damaged CDO and post-ash CH4 plasma 
treated CDO. 

5. 2.2 Recovery depth 

The recovery depth induced by post-ash CH4 plasma treatment on an O2 plasma 

damaged CDO film was investigated by XPS depth profiling. As shown in Figure 5.7, the 

carbon concentration recovery effect was limited to the top surface of about 10 nm. In 

addition, this result is consistent with the multiple layer fittings of XRR measurements. 

As indicated in Table 5.4, above the Si substrate, there were three low-k layers with the 

densities of 1.606, 1.713, 1.911 g/cm3 and thicknesses of 80.670, 2.195, and 4.886 nm 

from bottom to top, respectively. The gradient densified surface layer can be attributed to 

the C=C, C-C, and CHx bonding configurations, respectively. 
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Figure 5.7: XPS depth profiling result for CDO film which was damaged by O2 plasma 
first and modified by post-ash CH4 plasma then. 

Table 5.4: XRR result for for CDO film which was damaged by O2 plasma first and 
modified by post-ash CH4 plasma then. 

Layer Density (g/cm3) Thickness (nm) 

Layer 1 1.911 4.9 

Layer 2 1.713 2.2 

Layer 3 1.606 80.7 

Si 2.328 600000 

 

The surface recovery induced by post-ash CH4 plasma treatment on O2 plasma 

damaged CDO film can be interpreted by the plasma altered layer model. By replacing 

the atomic mass, reactivity, and recombination rate, equations 3.50 and 3.51 represent the 

distribution of CHx radicals inside low-k dielectrics. As shown in Figure 5.8 (a), there are 

more CHx radicals at the sample surface than inside the bulk; with the decrease of pore 

size (equivalent toζ ), there will be less CHx radicals inside low-k dielectrics. Hence, the 
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densified surface and small pore radius due to the aggressive O2 plasma recipe limited the 

penetration depth of CHx plasma species inside CDO films. In addition, due to more CHx 

radicals at the CDO surface, there will be more carbon recovery or polymer deposition at 

the CDO surface than inside the CDO bulk, which can further reduce the pore size at the 

CDO surface and limit the CHx radical diffusion. With the increase of post-ash CH4 

plasma treatment time, polymerization induced pore sealing at the CDO surface might be 

achieved eventually, limiting the carbon recovery at the CDO surface.  

The effects of pore size and chamber pressure on polymerization were further 

studied by using CHF3 plasma treatment on pristine BD films. As shown in Figure 5.8 

(b), with the increase of chamber pressure from 30 mtorr to 60 mtorr, there was a higher 

F/Si ratio inside BD films. Based on the assumption that the atomic concentration of F 

was proportional to the deposited CFx polymer thickness, it can be concluded that CFx 

induced polymerization increased with the chamber pressure, which can be interpreted by 

two possible mechanisms. First, the plasma density increased with the chamber pressure; 

second, the ion energy decreased with the increase of the chamber pressure, inducing less 

physical bombardment and densification. In addition, Figure 5.8 (b) showed that there 

was a lower F/Si ratio in k~2.5 BD film in comparison with k~2.2 BD film. As discussed 

in section 3.3.2.3, k~2.5 BD film had a smaller pore size than k~2.2 BD film. Hence, the 

extent of polymerization increased with the pore size. These results were consistent with 

the findings from other groups. By using similar Thiele-type analysis, Cho et al. 

investigated CHF3 plasma on nanoporous silica and found that the penetration depth and 

polymer deposition increased with porosity [251]. 
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Figure 5.8: (a) normalized radical density inside porous low-k dielectrics and (b) XPS 
depth profiling results for F/Si atomic concentration ratio of BD films 
treated by CHF3 plasma in Oxford plasma etcher (RIE 150 W, 20 sccm, 2 
minutes) 

5. 2.3 Electrical performance improvement 

In Figure 5.9 (a), the C-V hysteresis was found to be reduced after the CH4 

plasma treatment, implying a partial removal of Si dangling bonds and the polar silanol 

groups [109].  

The leakage current results are shown in Figure 5.9 (b). The mechanism behind 

the sudden drop of leakage current around 0.3 MV/cm was not clear. But the electric field 

induced recombination of mobile charges such as negative electron and positive hole 

might contribute to this sudden drop of leakage current. This speculation needs further 

study. Interestingly, after CH4 plasma treatment, there was more reduction of leakage 

current in the smaller electric field range, due to the removal of Si dangling bonds and the 

polar silanol group at the surface. In comparison, there was less leakage current reduction 

in the higher electric field range because of the charge buildup around defects inside the 

bulk of the dielectric caused by an aggressive O2 plasma recipe.  
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Moreover, the reduction of the dielectric constant was rather limited. This can be 

attributed to the limited carbon rich surface layer, which only accounts for about 5% of 

the total sample thickness. The C-V measurements can not be resolved beyond the 

experimental uncertainty. 

Figure 5.9: (a) C-V hysteresis and (b) leakage current results for O2 plasma damaged 
CDO and post-ash CH4 plasma treated CDO. 

5.3 CVD silylation process on O2 plasma damaged low-k dielectrics 

Recently, several groups reported the dielectric recovery by post-ash silyation 

methods. Chang et al. observed that Trimethylchlorosilane (TMCS) vapor silylation 

process at a pressure of 760 Torr can reduce the dielectric constant and leakage current of 

O2 plasma damaged OSG low-k dielectrics by converting the hydrophilic Si-OH group to 

hydrophobic Si-CH3 group [252, 253]. Mor et al. [254] and Chang et al. [255] found that 

Hexamethyldisilazane (HMDS) vapor silylation process at ambient pressure also can 

eliminate Si-OH group and repair O2 plasma induced damage to ultra low-k dielectrics. 

Hu et al. modified the surface hydrophobicity of O2 plasma damaged MSQ low-k 

dielectrics by using liquid Dichlorodimethylsilane (DMDCS) [256]. Liu et al. 

investigated the pore sealing and dielectric recovery by using liquid phenyl-containing 
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silylation agents including Phenyltrimethoxysilane (PTMOS), 

Diphenyltetramethyldisilasane (DPTMDS), and Phenyldimethylchlorosilane (PDMCS) 

[257]. Gorman et al. studied the repair of hydrogen-based reductive plasma damaged 

MSQ low-k dielectrics by using Hexamethyldisilazane (HMDS) dissolved in supercritical 

carbon dioxide (scCO2) [258]. Xie et al. compared the restorations of O2 plasma damaged 

MSQ low-k dielectrics by using different Trimethylhalosilanes dissolved in supercritical 

carbon dioxide (scCO2), including Trimethylchlorosilane (TMCS), Trimethylbromosilane 

(TMBS), and Trimethyliodosilane (TMIS) [259]. Smith et al. employed 

Trimethylmethoxysilane (TMMS), Dimethyldimethoxysilane (DMDMS), and 

Methyltrimethoxysilane (MTMS), which were dissolved in supercritical carbon dioxide 

(scCO2) to repair O2 ash damaged MSQ low-k dielectrics [260].  

Although these ambient vapor, liquid, and scCO2 silylation processes can assist 

the repair of plasma ashing induced damage to porous low-k dielectrics, two concerns 

still exist.  

First, since silylation agents are susceptible to water molecules, moisture should 

be removed before the silylation process. Otherwise, even a small amount of moisture 

will react with the silylation agents and form byproducts which can be adsorbed on the 

film surface to prohibit the dielectric recovery and complicate the reaction mechanism. 

Hence, a better control on moisture is necessary. 

Second, although scCO2 process has the advantage of low surface tension and 

high diffusivity in comparison with vapor and liquid processes [259], the process 

compatibility is a big challenge. ScCO2 process needs a chamber pressure as high as 

several hundred atm, but most of the dual-damascene processes are carried out under 

ultra-high vacuum, including PECVD, plasma etcher, plasma asher, and PVD. The 
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integration of ultra-high pressure process with ultra-high vacuum process is questionable 

from the point of view of safety, cost, and yield. 

In this section, a vapor-phase silylation process under high vacuum with in-situ 

heating was demonstrated. This arrangement improved the control of moisture uptake and 

the process compatibility. 

5.3.1 Overview of silylation chamber 

Prior to vapor silylation process, O2 plasma damage was induced to k~2.5 CDO 

films in Plasma-Therm 790 RIE chamber under the condition of 150 mtorr, 15 sccm, 150 

W, and 5 minutes. Then, these films were loaded into the ultra high vacuum silylation 

chamber, as shown in Figure 5.10. By using the heating stage (d), the O2 plasma damaged 

CDO film was baked under high vacuum (~10-6 torr) around 120°C for about 1 hour to 

remove the physisorbed water molecules. By using the MKS mass flow controller (b) and 

CO2 carrier gas (a), the silylation agents were delivered into the vacuum chamber. During 

the silylation process, the bubblers (c) which contained liquid silylation agents were kept 

around the boiling point of silylation agents, for instance 70°C for DMDCS. In addition, 

the chamber walls and gas delivery manifolds were kept around 100°C to minimize the 

condensation of silylation agents and moisture uptake. Moreover, the chamber pressure 

during silylation process was around 260 Torr.  
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Figure 5.10: (a) CO2 carrier gas, (b) MKS mass flow controller (MFC), (c) bubbler with 
liquid silylation agents, (d) heating stage, (e) turbo pump, (f) mechanical 
pump, (g) temperature controller. 
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The silylation mechanism was investigated as a function of functionality, size, 

and effectiveness of departing group of silylation agents as well as substrate temperature. 

Three kinds of silylation agents were compared: Trimethylchlorosilane (TMCS), 

Dimethyldichlorosilane (DMDCS), and Phenyltrimethoxysilane (PTMOS), as shown in 

Figure 5.11. 

Si O C H ClSi O C H Cl  

Figure 5.11: Silylation agents (a) Trimethylchlorosilane (TMCS), (b) 
Dimethyldichlorosilane (DMDCS), and (c) Phenyltrimethoxysilane 
(PTMOS). 

5.3.2 Surface recovery by TMCS/DMDCS/PTMOS 

The methyl or phenyl containing silylation agents were expected to convert the 

hydrophilic Si-OH groups to hydrophobic groups by the following reactions [253, 256, 

257]: 

3 3 3 3( ) ( )CH SiCl HOSi CH SiOSi HCl→+ +                        (5.19) 

3 2 2 3 2 2( ) 2 ( ) ( ) 2CH SiCl HOSi CH Si OSi HCl→+ +                   (5.20) 

6 5 3 3 6 5 3 2 3( ) ( ) ( )HClC H Si OCH HOSi C H Si OCH OSi CH OH +→+ .      (5.21) 

When PTMOS was used, a small amount of TMCS was also added. The HCl from the 

interaction between TMCS and Si-OH can act as catalyst to enhance the reaction between 

PTMOS and Si-OH.  

As indicated by the XPS C/Si ratio in Figure 5.12, with the increasing substrate 

temperature during the vapor PTMOS/TMCS silylation process, the recovery of surface 

carbon concentration increased. In addition, the water contact angle also increased with 
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the increasing substrate temperature, indicating more surface hydrophobicity recovery. 

The temperature dependence can be explained by a thermally activated diffusion process 

of silylation agents inside CDO films or a chemical reaction between silylation agents 

and silanol group.  

Figure 5.12: Substrate temperature dependence of vapor PTMOS/TMCS silylation 
process. 

Under similar conditions, DMDCS had the best recovery effect in comparison 

with TMCS and PTMOS, as indicated by the largest XPS C/Si ratio and water contact 

angle in Figure 5.13. Three possible mechanisms are proposed for the high efficiency of 

DMDCS.  

First, compared with TMCS and PTMOS, DMDCS has a smaller molecular size, 

which induces faster diffusion and less steric hindrance effect. The development of the 

steric hindrance by TMCS can be illustrated as follows. Different types of silanols are 

produced by O2 plasma treatment into CDO film, including isolated silanol and disilanol 

(also named as geminal silanol). TMCS can react with the isolated silanol easily. But 

once a TMCS molecule reacts with the first hydroxyl of a disilanol group, the three CH3 
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groups introduced by this TMCS molecule can cause steric hindrance to block the further 

interaction between other TMCS molecules and the second hydroxyl. The similar steric 

hindrance effect has been reported by other groups. By combining quantum chemistry 

calculation and analytical techniques, Gun’ko et al. investigated the kinetics behind the 

interaction between HMDS and fumed silica. One of their findings was that, once one of 

the hydroxyl group in a germinal silanol was silyated by HMDS, the absorption of 

another HMDS onto the second hydroxyl group in this geminal silanol would be 

hindered, slowing down the silylation process [261]. Hence, considering the molecular 

size, DMDCS should have the least steric hindrance.  

Second, because DMDCS has two chlorine departing groups while TMCS has one 

chlorine departing group, DMDCS has a bigger chance to react with silanol groups.  

Third, PTMOS has the least effective departing group, OCH3.  

So far, the results indicate that the recovery induced by vapor silylation process 

depends on the functionality, size, and effectiveness of departing group of silylation 

agents, consistent with the findings from Nitta et al. [262]. 
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Figure 5.13: Comparison of C/Si and water contact angle for vapor TMCS, DMDCS, and 
PTMOS/TMCS silylation processes. Experimental Conditions: Tsub=120°C, 
t~60 minutes. 
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Interestingly, as shown in Figures 5.12 and 5.13, the XPS C/Si ratio of the treated 

samples at 30° scan was higher than that at 90° scan, indicating more recovery on the 

surface than in the bulk. By combining the XPS depth profiling and film thickness from a 

SE measurement, the recovery depth of carbon concentration was evaluated. As indicated 

by Figure 5.14, the recovery effect was limited to the surface within 5 nm. One of the 

possible reasons for this surface recovery is that the small pore size or densified surface 

induced by O2 plasma treatment or by the interaction between silylation agents and the 

surface Si-OH bonds can block the diffusion of silylation agents into CDO films. In 

addition, the molecular size of silylation agent and the formation of thin solid layer by 

silylaion process might also contribute to this surface recovery. Liu et al. reported that the 

dielectric recovery of O2 plasma damaged OSG low-k dielectrics by TMCS silylation 

process was limited, due to the large molecular size of TMCS which limited the 

penetration of TMCS into low-k dielectrics [246]. Rajagopalan et al. found that HMDS 

silylation process increased CH3 concentration remarkably but without a significant 

decrease in the concentration of OH [263]. They ascribed the surface recovery to the 

formation of thin solid layer induced by HMDS silylation, which stopped the HMDS 

from penetrating into the low-k dielectrics. 



 167

 Thickness (nm)
0 20 40 60 80

X
PS

 A
to

m
ic

 C
on

ce
nt

ra
tio

n 
R

at
io

 (%
)

0

20

40

60

80

100 O
C
Si
Cl

 

Figure 5.14: XPS depth profiling for O2 plasma damaged OSG with DMDCS silylation 
process. 

Iacopi et al. evaluated the effective interline capacitance in a patterned low-k 

structure by considering the series of three capacitors, one of which had the k value of 

pristine low-k dielectrics and the other two of which had the k value of plasma damaged 

sidewalls [264]. Here, the similar idea is extended to investigate the effective dielectric 

constant of a patterned low-k structure after post-ash silylation process or post-ash CH4 

plasma treatment. 

As indicated by the inset in Figure 5.15, a simple model with five serial capacitors 

was used to evaluate the dielectric recovery of low-k structures:  

*

2 2( ) 2

eff r d p

s r d r s d
k k k k

− −= + +                                  (5.22) 

where *
effk is the effective dielectric constant, rk and r are the dielectric constant and 

thickness for the repaired layer, respectively, dk  and d r− for the remained damaged 

layer, pk for the undamaged layer, and s the Cu line spacing (or the thickness of interline 

low-k dielectrics). If the plasma damage was limited to the sidewall surface, such 

as ~ 5d nm , a full dielectric recovery was possible by the vapor-phase silylation process. 

However, if the plasma damage was deep into the bulk of low-k dielectrics ( 5d nm ), 
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this silylation process was not sufficient for the full dielectric recovery. This problem will 

become more serious with the scaling of low-k structures. At the 32nm technology node, 

the Cu line spacing ( s ) is about 45 nm. If the sidewall damage layer thickness ( d ) is 10 

nm, the vapor-phase silylation process in this study can only recover the effective 

dielectric constant ( effε ) to about 2.7. Other means will be needed to assist the silylation 

process. In section 5.4, UV radiation with thermal activation will be applied to the O2 

plasma damaged CDO film for the purpose of dielectric recovery. 

Figure 5.15: Evaluation of recovery of effective dielectric constants of low-k structures 
by vapor phase silylation process. 

5.4 UV radiation on O2 plasma damaged low-k dielectrics 

In the semiconductor industry, post-deposition UV curing is commonly used to 

improve the mechanical properties of as-deposited low-k dielectrics and to remove 

porogens for reducing their dielectric constants [63, 265, 266]. The UV curing effect of 

as-deposited low-k dielectrics depends on the process parameters, including UV 

wavelength and intensity, substrate temperature, UV curing time, chamber pressure 
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(atmosphere, vacuum, etc.), and background gas (N2, O2, NH3, etc.) [267-271]. Berry et 

al. reported that the UV curing process with UV wavelength in 200 – 250 nm and 300 – 

400 nm and substrate temperature between 350°C and 400°C can result in high modulus 

and low k value [267]. Urbanowicz et al. found that the UV curing process with 172 nm 

wavelength induced more methyl depletion and surface hydrophilization than those with 

222 nm and 308 nm wavelengths [271]. 

In this section, UV radiation with thermal activation was used for bulk recovery 

of O2 plasma damaged CDO low-k dielectrics. UV curing has been heavily studied for 

as-deposited OSG low-k dielectrics. In comparison, the aim here is to apply UV curing to 

the plasma damaged materials, as they may involve chemical bonds, which are different 

from those in as-deposited OSG low-k dielectrics. The wavelength of UV lamp was 

selected to be 222 nm to minimize the influence on Si-CH3 bonds.  

The k~2.5 CDO films were first subjected to plasma in an Oxford RIE chamber 

under the condition of 30 mtorr, O2 30 sccm (or O2 15 sccm/Ar 15 sccm), RIE 150 W, 

and 10 minutes. The film shrinkage, increase of dielectric constant, and changes in 

bonding configuration such as methyl depletion and moisture uptake were discussed in 

section 5.1.2. Then, this plasma damaged CDO film was loaded into a UV curing 

chamber for the purpose of dielectric recovery.  

After UV treatment at 350°C for about 300 seconds, the film thickness was 

reduced from 83.1 nm to 78.5 nm; the refractive index was reduced from 1.333 to 1.323; 

the dielectric constant was reduced from 3.26 to 2.55. In Figure 5.16, the differential 

FTIR was used to deduce the mechanism behind the dielectric recovery. After UV 

treatment, -OH, physisorbed H2O molecules, and C=O bonds were almost completely 

removed; at the same time, there was an increase of Si-O-Si network and suboxide bonds. 
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Several possible reactions during the UV curing process on as-deposited OSG low-k 

dielectrics have been proposed by Iacopi [265], Ushio [272], and Smith [63]: 

2  Si OH HO Si Si O Si H O→≡ − + − ≡ ≡ − − ≡ +            (5.23) 

3 4  Si OH H C Si Si O Si CH→≡ − + − ≡ ≡ − − ≡ +            (5.24) 

2  Si OH H Si Si O Si H→≡ − + − ≡ ≡ − − ≡ +               (5.25) 

As shown in Figure 5.16, there was no methyl depletion or reduction of Si-H bond after 

UV curing. Hence, equation 5.23 dominates the UV curing process on O2 plasma 

damaged low-k dielectrics. In addition, based on the reduction of C=O and -OH bonds, 

the following reaction is also speculated: 

2 2  Si OH HOC Si Si Si H CO→≡ − + − ≡ ≡ − ≡ + +          (5.26) 

In order to further confirm these reaction mechanisms, the application of residual gas 

analyzer (RGA) and electron spin resonance (ESR) are strongly recommended in the 

future study. RGA can be used to detect the reaction byproduct during the UV curing 

process and ESR can be employed to investigate the change of defects inside OSG low-k 

dielectrics induced by the UV curing process. 
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Figure 5.16: FTIR spectra for O2 plasma damaged and UV repaired CDO films. 
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As shown in Figure 5.17 (a), after O2/Ar plasma treatment, there was a significant 

increase of the leakage current; but after UV treatment, the leakage current was reduced 

almost to the pristine level, probably due to the removal of –OH, H2O, and Si dangling 

bonds. As indicated by Figure 5.17 (b), after two-days aging in an ambient atmosphere, 

no moisture retake was observed on UV repaired CDO films, indicating that the UV 

treated sample was stable.  

Although UV treatment on plasma damaged OSG low-k dielectrics can reduce 

moisture and improve the electrical performance, the surface hydrophobicity was not 

recovered. After UV treatment on O2/Ar plasma damaged CDO film, the water contact 

angle was partially recovered from 17.7±0.8° to 58.4±1.4°, still less than the pristine 

value ~90°. The persistence of the partically hydrophilic surface might be due to the fact 

that the surface Si-OH bonds have less chance to react with other groups because the 

exposed side is vacuum. Hence, the combination of UV treatment with silylation is 

recommended for more effective dielectric recovery.  

Figure 5.17: (a) leakage currents for pristine, O2/Ar plasma damaged, and UV repaired 
CDO films, and (b) FTIR spectra before and after 2 days aging of UV 
repaired CDO film. 
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5.5 Summary 

The O2 plasma damage to CDO films was investigated using a combination of 

various analytical techniques, together with the Kramers-Kronig dispersion relation to 

trace the origin of the dielectric loss. The results indicated that the dielectric loss is 

dominated by the dipole contribution in comparison with the electronic and the ionic 

polarization contributions. Quantum chemistry calculations indicated that the physisorbed 

H2O molecules are mainly responsible for the dipolar contribution to the dielectric 

constant increase. 

CH4 plasma beam treatment, CVD silylation process, and UV curing were applied 

to repair the plasma-induced damage of CDO films. 

After CH4 plasma treatment of O2 plasma damaged CDO film, a gradient 

densified surface layer was formed. The surface carbon concentration and surface 

hydrophobicity were partially recovered. XPS carbon peak deconvolution and Raman 

spectra revealed the formation of C=C and C-H/C-C on top of the CDO film. The 

reduction of the C-V hysterysis and the leakage current indicated a partial removal of the 

Si-OH and Si dangling bonds. XPS depth profiling showed that the CH4 plasma recovery 

effect was limited to the surface of about 10 nm.  

The dielectric recovery by vapor-phase silylation process has been investigated as 

a function of the functionality, size, and effectiveness of the leaving group. Under similar 

conditions, DMDCS was the most effective for surface carbon and hydrophobicity 

recovery among the silylation agents of TMCS, DMDCS and PTMOS. The recovery, 

however, was limited to the surface within 5 nm.   

UV radiation with thermal activation can remove most of the –OH, H2O, and 

C=O bonds in the plasma damaged CDO film and improve the electrical properties. 

However, the surface hydrophobicity was only partially recovered. Hence, a combination 
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of vacuum vapor silylation and UV processes is deemed promising for the dielectric 

recovery. 
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Chapter 6:  Summary and Future Work 

6.1 Summary 

The objectives of this dissertation were (1) to investigate the fundamental 

mechanisms of plasma ashing induced damage to porous low-k dielectrics; (2) to 

optimize low-k dielectrics and plasma ashing processes to reduce plasma induced 

damage; (3) to develop CH4 plasma treatment, CVD silylation process, and UV radiation 

to repair plasma damage on porous low-k dielectrics.   

In chapter 3, by using several analytical techniques, oxidative plasma induced 

damage to porous low-k dielectrics was evaluated, including methyl depletion, moisture 

uptake, surface densification, and increase of dielectric constant. The effects of energy 

and intensity of plasma ion, photon, and radical as well as substrate temperature and low-

k structure were delineated by a gap structure with different optical masks. It turned out 

that oxidative plasma induced damage was proportional to the oxygen radical density, 

enhanced by VUV photon radiation, and increased with the substrate temperature. The 

effect of ion included surface densification and physical sputtering, which depended on 

the ion energy and incident angle. Ar plasma experiment showed that the UV and VUV 

photons induced surface damage. 

In the low ion energy region, the chemical effect dominated. Based on the kinetics 

of plasma radical diffusion, reaction, and recombination inside porous low-k dielectrics, a 

plasma altered layer model was derived. The model predicted that oxidative plasma 

induced damage can be reduced by decreasing pore radius, porosity, pore interconnect 

length, substrate temperature, and oxygen radical concentration and by increasing carbon 

concentration and surface recombination rate inside low-k dielectrics. The validity of the 

model was verified by four sets of experiments and numerical simulations, including: (1) 
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ICP CO2 plasma with and without bias power; (2) He plasma pretreatment for ICP CO2 

plasma; (3) low-k films with different k values; (4) Monte-Carlo simulations. 

In the high ion energy region, the physical effect dominated. The sputtering yield 

model was introduced on the basis of the ion induced collision cascade process and 

verified by O2/He/Ar plasma and low-k dielectrics with different k values. Above a 

threshold ion energy, the sputtering yield was linearly proportional to the square root of 

ion energy. In addition, the sputtering yield increased with the reduction of the k value.  

In chapter 4, the plasma altered layer model was extended to the patterned low-k 

structure and the plasma ashing induced damage was reduced by (1) increasing carbon 

concentration and reducing pore size in low-k dielectrics; (2) switching plasma generator 

from pure ICP to pure RIE; (3) increasing hard mask thickness in patterned low-k 

structure; (4) replacing O2 plasma by CO2 plasma; (5) increasing CO partial pressure in 

CO/O2 plasma; (6) increasing N2 addition in CO2/N2 plasma. The C- and N-rich 

passivation layer on the sidewalls and pore surfaces of the patterned low-k structure 

contributed to the reduction of the sidewall damage. 

The etch front roughness induced by CHF3/CF4/H2/O2/Ar plasma was interpreted 

by the “micromasking effect” induced by the local fluorocarbon deposition and 

“preferential reaction path” inside low-k dielectrics due to the bond energy difference 

between different Si-O ring structures which can be obtained by quantum chemistry 

calculations. The etch front roughness was reduced by increasing Ar additions or 

decreasing chamber pressure. A 3-fold Si-O ring had smaller bond energy than 4-fold Si-

O ring. 

In chapter 5, the origin of dielectric loss induced by oxidative plasma was 

investigated by combining analytical techniques with the Kramers-Kronig dispersion 

relation. The results indicated that the dielectric loss is dominated by the dipole 
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contribution instead of the electronic and ionic polarizations. Based on quantum 

chemistry calculations, the physisorbed H2O molecule was found to be mainly 

responsible for the dipolar contribution to the dielectric constant increase. 

Post-ash CH4 plasma treatment on O2 plasma damaged CDO film resulted in 

partial recovery of the surface carbon concentration and surface hydrophobicity, and 

reduction of the C-V hysterysis and leakage current. However, the recovered layer was 

densified, composed of C=C and C-H/C-C bonds, and limited to the surface of about 10 

nm.  

Post-ash vapor-phase silylation processes including TMCS, DMDCS and PTMOS 

were applied for the purpose of dielectric recovery. It turned out that the recovery effect 

depended on the functionality, size, and effectiveness of leaving group of silylation agent. 

Under similar conditions, DMDCS was the most effective for the recovery of surface 

carbon and hydrophobicity. However, the recovery was limited to the surface within 

5nm.  

Post-ash UV radiation improved the electrical performance of plasma damaged 

CDO film by removing the –OH, H2O, and C=O groups. However, the surface 

hydrophobicity was only partially recovered. Hence, a combination of post-ash vapor 

silylation and UV processes appears promising for the dielectric recovery. 

6.2 Future work 

 In section 3.2.2.3, the effect of photon energy and intensity was investigated by 

using the gap structure. It turned out that UV and VUV photons emitted by Ar plasma 

caused surface damage. However, the cutoff wavelength of MgF2 mask is so close to the 

Ar VUV emission lines that it is necessary to further investigate the sole effect pure VUV 

photons. Kr plasma which has VUV emission lines at 116.5 nm and 123.6 nm can be 

applied for this purpose. In addition, it might be interesting to study the effect of extreme 
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ultraviolet photon (EUV, wavelength less than 100 nm) emitted by He or Ne on plasma 

induced damage. Due to the high energy of EUV photons, the selection of proper optical 

mask with transmission in the EUV range is challenging. Hence, instead of a gap 

structure, other structure with reflection technique should be designed. 

 In section 4.5.2, the effects of chamber pressure and Ar dilution on the etch front 

roughness induced by CHF3/CF4/H2/O2/Ar plasma were briefly discussed. Further study 

on this topic is recommended. First, it will be useful to combine plasma diagnostic 

(optical emission spectroscopy and Langmuir probe) and thin film analysis (XPS, XRR, 

AFM, Raman, and SE). Plasma diagnostics can provide the plasma chemistry, density, 

and energy; XPS can show the chemical composition and bonding configuration of the 

CxFy polymer layer; XRR can reveal the thickness and density of the CxFy polymer layer; 

Raman can show the concentration of different Si-O ring structures inside low-k 

dielectrics [273]. Second, the effect of H2 addition, O2 addition, plasma power, and ion 

direction should also be investigated. 

 In section 5.3.2, post-ash vapor silylation process was seen to induce surface 

recovery on O2 plasma damaged CDO films; in section 5.3.3, post-ash UV curing process 

improved the electrical performance by removing bulk water, but the surface 

hydrophobicity was only partially recovered. In order to achieve better dielectric 

recovery, it will be promising to combine vapor silylation process and UV treatment 

together. They can be done sequentially (silylation first, then UV, or UV first, then 

silylation) or simultaneously (silylation + UV). Besides the changes of bonding 

configurations induced by pure UV treatment as shown in section 5.4, UV photon can 

also excite both low-k dielectrics and silylation agents, reducing the reaction barrier 

between them. In addition, the effects of process parameters such as substrate 

temperature, UV curing time, UV photon energy and intensity, UV incident angle relative 



 178

to the wafer normal, and silylation agents should also be investigated. Moreover, residual 

gas analyzer (RGA) and electron spin resonance (ESR) will be useful to study the 

reaction mechanisms. The reaction byproduct during the recovery process can be detected 

by RGA and the change of defects inside OSG low-k dielectrics induced by recovery 

process can be investigated by ERS. 

 In section 4.5.3, quantum chemistry calculations were applied to compare the 

bond energies of different Si-O ring structures; in section 5.1.3, the quantum chemistry 

was used to study the dipole moments of different clusters produced as a result of plasma 

damage. However, all of these calculations were performed on small clusters. The results 

might be more accurate if larger periodic molecular structures were considered in the 

calculation. By combining experimental measurements such as Rutherford back 

scattering (RBS), infrared absorption (IR), and nuclear magnetic resonance (NMR), 

Ushio et al. [274] and Tajima et al. [275] obtained the fragmentary information about the 

atomistic structure of amorphous low-k dielectrics and created the periodic structures of 

low-k dielectrics for molecular dynamics simulations. The similar idea can be applied to 

prepare low-k dielectrics with larger periodic structures for quantum chemistry 

calculation. 
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