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SUMMARY 
 
 
 

metal 

ue to its low 

ir-gaps have 

 a thermally 

decomposable sacrificial polymer provides a good control over the air-gap geometry 

and the full air-gap incorporation in the intra-metal dielectric region without the 

deposition of a dielectric at the side wall of metal lines. In terms of process 

polymer and 

ringing field 

three main objectives: (1) the improvement of hardness of a conventional sacrificial 

polymer; (2) the investigation and characterization of the new hard sacrificial 

polymer; and (3) the demonstration and characterization of air-gap integration and 

extension of air-gap into the inter-layer dielectric regions via thermal decomposition 

of the hard sacrificial polymer. 

Air-gap as an ultra low-k dielectric is an ultimate limit for the intra-

dielectric material of the advanced interconnects in integrated circuits d

dielectric constant close to 1.0. Different integration approaches of the a

been developed and the integration technique of the air-gaps using

reliability, it is required to improve the hardness of the sacrificial 

demonstrate an integration of air-gaps using the hard sacrificial polymer. In addition, 

to further improve the interconnect performance, the reduction of f

effect may be an issue for 22 nm node and beyond. The research presented here has 

 xv 
 



Chapter 1 communicates the need for air-gaps technology in the advanced 

integrated circuits and the objectives of the research in detail. Chapter 2 summarizes 

the current state of air-gap integration technology. 

h a general 

o included in 

C ers. 

In order to improve the hardness of a conventional norbornene-based 

sacrificial polymer, in Chapter 4, the effects of electron–beam exposure on the 

mechanical and thermal properties of the sacrificial polymers were investigated. 

 structural changes of the irradiated sacrificial polymer depending on the 

l and thermal 

clododecene-

based sacrificial polymer as a hard polymer were characterized and compared to the 

conventional norbornene-based sacrificial polymer. In addition, the effect of the 

difference in hardness on the process reliability was evaluated by qualitatively 

comparing the polymer lines of 50 nm in width and quantitatively evaluating the 

secondary electron microscopic images of those polymer lines. 

 

The specific details of the research begin in Chapter 3 wit

description of the experimental techniques and equipments. Als

hapter 3 is a brief description of the thermally decomposable sacrificial polym

Also, the

electron energy and dose were discussed and related to the mechanica

properties.  

     In Chapter 5, the mechanical and thermal properties of tetracy

 xvi 
 



     The focal point of Chapter 6 is the fabrication and characterization of Cu/air-

gap and Cu/extended air-gap interconnect structures using the harder 

ap and 

ssed via 2-D 

ve dielectric 

tructure was 

evaluated and the removal of adsorbed moisture was also discussed. In Chapter 6.6, 

the dual damascene integration schemes of air-gaps and extended air-gaps via 

thermal decomposition of the sacrificial polymer were proposed, and the critical 

issues in the proposed processes were discussed and compared with other integration 

approaches.  

tetracyclododecene-based sacrificial polymer. The advantages of air-g

extended air-gap integration in the interconnect performance were discu

electrostatic modeling and demonstrated by measuring the effecti

constant. The moisture uptake of extended Cu/air-gap interconnect s

 xvii 
 



CHAPTER 1: INTRODUCTION 
 
 

1.1

anced by a 

for the last 5 

 Bell Labs by 

John Bardeen and Walter Brattain, the minimum feature size of the transistors has 

continuously shrunk from 10 μm in 1970 [3] to 0.025 μm in 2007 [1], resulting in 

cheaper, faster and higher performance devices. Also, as the minimum feature size 

nd complex, 

nce, the 2006 

miconductors 

(ITRS) [1] predicted that in 2010, there would be twelve metal levels, the metal one 

wiring pitch would be 90 nm, and the total interconnect length for metal one and 

five intermediate levels would be 2222 m/cm2. As a result, the continuous shrinkage 

of the minimum feature size of the integrated circuits caused many challenges for 

interconnects, and the device performances are dominated by the performance of the 

interconnects. 

 

 Back-end-of-line (BEOL) interconnects in integrated circuits 

The performance of semiconductor devices has been adv

continuous decrease in the size of transistors and interconnects [1] 

decades. Since the first point-contact transistor was invented in 1947 at

of the transistors decreased, the interconnects became multi-layered a

and decreased in size to increase the integrity of the devices. For insta

updated version of the International Technology Roadmap for Se

 1 
 



In microelectronics, interconnects serve as the link between the chip and other 

devices which allows each to function as intended. Therefore, interconnects include 

nductor chip, 

he transistors 

rated circuits 

(ICs) are composed of multi-level metal lines for the transfer of both the signal and 

electrical power and dielectric materials to insulate the adjacent metal lines as shown 

in Figure 1.1.1. Therefore, the performance of the interconnects is determined by the 

The material 

etal and 

geometry is determined by design rules. 

These properties affect interconnect performance through resistance-capacitance 

(RC) delay, cross talk, and power dissipation [1].  

Multiplication of the resistance (R=V/I (Voltage·sec/Coulomb)) with the 

capacitance (Q/V (Coulomb/Voltage) of the interconnects results in the dimension 

of time, which is the time delay caused by the interconnect structures. Scaling down 

the minimum feature size improves the gate delay; while interconnect RC  

 

not only packaging but the entire infrastructure which bridges the gap between the 

semiconductor chips and their ultimate applications [4]. In a semico

interconnects refer to the back-end-of-the-line (BEOL) which connect t

to power and signal sources outside of the chip. Interconnects in integ

properties of the metal, the dielectric materials and the geometry. 

properties related to the interconnect performance are the resistivity of the m

dielectric constant of insulators, while 

 2 
 



 

 

 

 

 

Figure 1.1.1 The cross section of a semiconductor device, showing the multi-
layer interconnect structure [2] 

 

 

 3 
 



delay degrades with feature size reduction [5]. Therefore, in order to continuously 

improve the device performance by scaling down, the low resistance metal lines and 

ines (CL-L) to 

ance is again 

ower dissipation of interconnects is approximated by the well-known 

expression [7]; 

                (1.1) 

where, C is the interconnect capacitance, V is the supply voltage, and f is the clock 

 and thus, in 

nects, the interconnect 

ca e intimately 

related to the resistivity of metal lines and the interconnect capacitance. 

In order to decrease line resistance, the dual damascene Cu metallization 

processes were developed by IBM in 1997 to replace Al [8]. Cu has the advantages 

ctromigration 

resistance, and increased scalability [8-10]. In order to address the difficulty in 

etching Cu patterns and the need to prevent Cu diffusion through the dielectric 

materials through the use of a metal barrier layer, the dual damascene process was 

the reduction of the interconnect capacitance are required. The cross talk noise can 

be evaluated by the ratio of capacitance between interconnect metal l

total capacitance of a device (Ctotal) [6]. Thus, low interconnect capacit

required. P

fVCPower ××∝ 2

frequency. In a device, the supply voltage and clock frequency are fixed

order to reduce the power dissipation due to the intercon

pacitance must decrease. Overall, the interconnect challenges ar

of lower resistance, higher allowable current density, better ele

 4 
 



developed and is composed of dielectric patterning, deposition of a metal barrier and 

a Cu seed layer, the superfill process of Cu by electroplating, and the removal of 

and trench. In order to take advantage of 

lo

als should be 

incorporated in interconnect structures, because the interconnect capacitance is 

proportional to the dielectric constant (k) of the insulator or dielectric material as 

shown in Equation (1.2). 

extra Cu. Figure 1.1.2 shows the conventional via-first dual damascene process. 

There are two lithography steps for via 

w-k materials no etch stop layers are preferred.  

 In terms of lowering the interconnect capacitance, low-k materi

 

d
AC ••= κε 0         

tance (F = 

           (1.2) 

Voltage
Coulombwhere C is the ideal parallel plate capaci  ) 

     )(.8541878181 ≈=ε 2

2
12

0
20 1076

Nm
Cor

m
F

C
−×

μ
 is the permittivity of the free space, 

     κ  is a dielectric constant of the insulator, 

     A is the electrode area (m2), 

 polarization. 

The electric polarization is the tendency of a material to allow an externally applied 

electric field to induce an electric dipole (separated positive and negative charges) in 

a material. Low-k materials are insulators that exhibit weak electric polarization 

     d is the distance between two electrodes (m). 

The dielectric constant of an insulator, however, is related to electric
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Figure 1.1.2 Schematic of the via-first dual damascene process 
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when subjected to an externally applied electric field. The electric polarization P is 

related to the electric field E and electric flux density (or electric displacement field) 

D by  

          PED += 0ε                          (1.3) 

Also, the electric polarization P has a relationship with the electric field E through 

ric susceptibi

          

the elect lity of a dielectric material χ by 

EP χε 0=                             (1.4) 

Therefore, the electric flux density D is 

          EEEED κεχεχεε 0000 1 =+=+= )(     (1.5) 

and the dielectric constant of an insulator is related to the electric polarization by 

          E0ε                      (1.6) 

As a result, from Equation (1.6), the low dielectric constant of a m

In a solid state material, there are three polarization mechanism

polarization; atomic or ionic polarization; and dipolar or orientational

P11 χκ +=+=

aterial comes 

from low electric polarization. For instance, in a perfect vacuum, there is no electric 

polarization due to no atoms or molecules being present, indicating χ = 0 and k = 1. 

s: electronic 

 polarization. 

The electronic polarization occurs in neutral atoms such as hydrogen atoms, when 

an electric field displaces the nucleus with respect to the electrons that surround it. 

Atomic or ionic polarization occurs when adjacent positive and negative ions stretch 
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under an applied electric field and NaCl or ZnO are examples of materials exhibiting 

ionic polarization. Dipolar or orientational polarization occurs when permanent 

thus will not 

ency [11]. At 

 contribute to 

the polarization as shown in Figure 1.1.3 [12], but the relative contributions of the 

three polarization mechanisms may be different from material to material.  

Numerous low dielectric constant (low-k) materials have been developed and 

ers, spin-on-

CVD) SiOC 

1]. In Table 

1.1.1, the commercialized low-k materials are summarized. Air is composed of 

78.09% nitrogen (k=1.00058), 20.95% oxygen (k=1.000494), 0.93% argon 

(1.000513), and 0.03% CO  (1.6) and those have weak electric polarization. 

owever, the 

moisture in the air has a larger dielectric constant of more than 80 and degrades the 

effective dielectric constant of air-gaps as an intra-metal dielectric material. 

Therefore, moisture should be excluded from pores and air-cavities in the 

dipoles in asymmetric molecules such as H2O respond to an applied electric field. 

Each polarization mechanism has an associated response time and 

contribute to the dielectric constant k beyond some corresponding frequ

the frequency range of interest to us, all three polarization mechanisms

processed including; fluorine doped silicon dioxide (F-SiO2), polym

glasses, foams [13], plasma enhanced chemical vapor deposition (PE

[14], PECVD SiCOH [15], porous materials [14,15] and air-gaps [16-2

2

Therefore, the dielectric constant of air is very low, close to 1.0. H
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Figure 1.1.3 Frequency response of dielectric mechanisms [12] 
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 1 .1 Commercialized low-k materials 
 

eria s K= 4.1 K K=2 K=2.0-2.5 Process Company 

 
 
Table .1

Mat l = 3.5 .6-3.2
Organic   SiLK 

lar
 Spin-on 

on 
Dow Chem. 
Honeywell F e Spin-

Hybrid   BD

Flo

 I
OL

Orion

AM2 
Novellus 
Trikon 

  I1 BD
CORAL P

wfill 

I1 
A 
 

CVD 
CVD 
CVD 

   HOSP 
 
HSG 6
OCD 

Nano
ALCAP-S 
HSG
OCL 
Zircom 

n 
Spin-on 

Spin-on 
Spin-on 

Honeywell 
Asahi Chem. 
Hitachi Chem
Tokyo Ohka 
Shipley 

RZ2

glass-E 

 6210 

Spin-o

Spin-on 

Inorganic SiO2 F-SiO2  
Fox 

 
XLK 

CVD 
Spin-on 

 
Dow Corning

 
BD1 = Blackdiamond, AM2 = Applied Materials,  
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interconnects. Due to a low dielectric constant close to 1.0, the incorporation of air, 

in the form of air-gaps, is an ultimate limit for the intra-metal dielectric material for 

advanced interconnects in integrated circuits. 

ps and extended air-gaps as an ultra low-k intra-metal dielectric 

     Air-gaps as an intra-metal dielectric material use air or gas as an insulator to 

electrically separate adjacent metal interconnect lines. After deposition of an inter-

layer dielectric material or encapsulating material, sacrificial polymers in between 

tween metal 

here. If air is 

the ambient gas, it will exchange with the original gaseous byproducts in a cavity, 

forming air-gaps for the intra-metal dielectric. In the fabrication processes, the 

challenges at the process level are the high aspect ratio and anisotropic patterns of 

. In addition, 

the sacrificial polymer should be thermally stable in the plasma enhanced chemical 

vapor deposition (PECVD) process and leave no residues after decomposition. 

Therefore, the thermal and mechanical properties of the sacrificial polymers and 

 

1.2 Air-ga

materials 

Cu lines are removed by thermal decomposition and air-gaps are formed. During the 

thermal decomposition, the gaseous byproducts in a cavity be

conductors will quickly come into equilibrium with the ambient atmosp

sacrificial polymers, and chemical mechanical polishing (CMP) process
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percent residue after decomposition are critical for the performance and reliability of 

Cu/air-gaps interconnect structures. 

 

interconnects, 

es, concerns 

e issues on 

interconnects, the interconnect capacitance or keff should be reduced and low-k 

materials should be incorporated in the interconnect structures.  

The capacitance of a capacitor can be calculated by 

    (1.7)     

 
                         (1.10) 

where 

As mentioned previously, the interconnect challenges are intimately related to

interconnect capacitance or the effective dielectric constant (keff) of the 

and as the minimum feature size of the semiconductor devices decreas

about those challenges increase. Therefore, in order to attack thes

                                          

                                              (1.8) 

                                              (1.9) 

                     
 

→
D  is the electric flux density or electric displacement field ( 2

1
m

), 

      
→
E  is the electric field (

C

      V is the applied voltage (V =

N ), 

3sAsA
= ) 

2mkgmN

Equation (1.10) shows that with a given applied voltage and electric field, the 

capacitance can be reduced by using low dielectric constant materials. By 

incorporation of air as an intra-metal dielectric material in-between Cu metal lines, 
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the dielectric constant of the intra-metal dielectric region decreases from 4.0 (SiO2) 

to 1.0 (air) and the electric flux density decreases as well. As the half pitch of the 

etal 

ic field strength increases and further concentrates on the intra-metal dielectric 

re

On the other hand, a fringing electric field always exists at the corners of 

metal lines. As the gap between the metal lines decreases, the fringing electric field 

increases resulting in an increase in the interconnect capacitance and keff. Hence, in 

interconnect 

e. In order to 

lectric field on the interconnect capacitance and 

keff and further reduce the interconnect capacitance, air-gaps can be extended into the 

top and bottom inter-layer dielectric region. 

There are three different approaches to integrate air-gaps into an intra-metal 

ess. The first 

approach is the use of thermally decomposable sacrificial polymers as place holders 

in between Cu metal lines [16-18]. The second approach is the wet etching of 

sacrificial materials in between the Cu metal lines [19] and the third is the use of a 

interconnect decreases, the advantage of integration of the air-gaps as an intra-m

dielectric material on the interconnect capacitance and keff may increase, because the 

electr

gion.  

the future technology node beyond 22 nm, the increase in the 

capacitance due to of the high fringing electric field may be an issu

alleviate the effect of the fringing e

dielectric region, which are compatible with the dual damascene proc
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non-conformal deposition of the inter-layer dielectric material [20,21]. The 

advantages and challenges of each approach will be discussed in Chapter 6. In this 

ctric regions using 

thermal decomposition of sacrificial polymers as place holders was studied.  

1.

The requirements of a good thermally decomposable sacrificial polymer are: 

1) a low amount of decomposition residue, 2) thermal stability during processing, 3) 

proper chemical resistance, 4) good adherence to the substrate and metal, 5) a 

 residues, 6) 

 cyclic olefin 

l clarity, low 

shrinkage, low moisture absorption, and low birefringence, because of the bulky 

cyclic olefin units that are either randomly or alternately attached to polymer back-

bone [9,10]. In this research, two cyclic olefin copolymers were investigated as 

nene based 

(Unity4011TM, Promerus LLC) and tetracyclododecene based (Unity4131TM, 

Promerus LLC) sacrificial polymers, whose molecular structures are shown in 

Figure 1.3.1. The NB- based sacrificial polymer has good adhesion to substrates due  

research, the integration of air-gaps in the intra-metal diele

 

3 Thermally decomposable sacrificial polymers 

hydrophobic surface of both the sacrificial polymer and decomposition

good mechanical strength, 7) good process reliability. It is known that

copolymers have high glass transition temperatures, good optica

thermally decomposable sacrificial polymers. Those were norbor
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er  

(Unity4011TM, Promerus LLC.) 

 

 

 

 

 

 
odecene polymer                  

(Unity4131TM, Promerus LLC) 
 

Figure 1.3.1. The chemical structures of monomer units of sacrificial polymers 

(a) norbornene (NB) (b) tetracyclododecene (TD) 

 

 

(a) The base structure of the norbornene polym

(b) The base structure of the tetracyclod
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to silane side-groups and a high glass-transition temperature of more than 350 ºC 

[23]. In addition, the NB-based sacrificial polymer is thermally stable at 300 ºC and 

-k dielectric 

en used as a 

ctric regions 

[16,25]. However, it has been known that the hardness of the templating sacrificial 

polymers is critical to the mechanical fidelity of the structure during processing. 

Figure 1.3.2 shows that, for trench formation of the sacrificial polymer in the dual 

of sacrificial 

ortant during 

of NB-based 

sacrificial polymer to electron-beam on the hardness and thermal properties were 

investigated in Chapter 4. The TD-based sacrificial polymer, on the other hand, was 

expected to be harder than the NB-based sacrificial polymer due to a more rigid 

molecular structure. The hardness of the TD-based sacrificial polymer was 

compared with the NB-based sacrificial polymer in Chapter 5, and its’ material 

properties were also investigated. 

 

remains residue less than 1 % [24]. Along with these properties, the NB-based 

thermally decomposable sacrificial polymer was considered as a low

material due to its low dielectric constant of 2.4-2.6 [22], and has be

sacrificial placeholder to fabricate air-gaps in the intra-metal diele

damascene process flow, high aspect ratio and anisotropic etching 

polymers is required. The hardness of sacrificial polymers is also imp

the CMP process. Thus, the effects of the exposure of thin films 
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Figure 1.3.2 The necessities of a harder sacrificial polymer in the dual damascene 

process flow. 
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1.4 Objectives of the research 

      The first objective of this research was the investigation of the effects of 

 is critical for 

, in order to 

posed to the 

electron-beam with the variation of electron energy and dose. The effects of electron 

energy and dose on the thermal and mechanical properties were investigated using 

nanoindentation and thermal-gravimetric analysis. In addition, how structural 

ch  mechanical 

n of a harder 

sacrificial polymer for the better process reliability. TD-based sacrificial polymer 

which shows the more rigid molecular structure than NB-based sacrificial polymer 

was studied in terms of hardness, thermal properties. In addition, the effect of the 

litatively and 

quantitatively evaluated. 

The third objective was the simulation and demonstration of the 

improvement of the interconnect performance using air-gaps and extended air-gaps 

electron-beam exposure on thermal and mechanical properties of sacrificial 

polymers. As mentioned previously, the hardness of sacrificial polymer

better process reliability of the Cu/air-gap interconnect structure. Thus

harden the conventional NB-based sacrificial polymer, it was ex

anges of the irradiated sacrificial polymer affect the thermal and

properties was investigated.  

The second objective was the identification and characterizatio

hardness of the sacrificial polymer on the process repeatability was qua
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as the intra-metal dielectric materials by electrostatic modeling and fabrication of 

test devices. Moisture uptake of extended Cu/air-gaps interconnects was studied as 

esses was performed in order to compare 

and 

r to address 

challenges related to interconnects of integrated circuits and contribute to the 

development of advanced interconnects and semiconductor devices through the 

fabrication and characterization of air-gaps and extended air-gaps using thermally 

decomposable sacrificial polymers.  

 

 

 

 

 

 

 

 

 
 

well in terms of integration reliability. A critical review of the different approaches 

of dual damascene air-gaps fabrication proc

evaluate the critical challenges in each approach. 

As a result, this research project was performed in orde

 19 
 



CHAPTER 2. AIR-GAP LITERATURE REVIEW 

 
 
 

material was 

1995 [26]. In 

l metal lines 

e 

formation of air-gaps between the Al metal lines. In this process, Al metal lines were 

first formed by etching and then the air-gaps in between the Al metal lines were 

for advanced 

than 2.0) Cu 

re developed 

intra-metal dielectric layer are formed before Cu metallization as shown in Figure 

1.1.2. Therefore, this approach (the metallization first process) is not applicable to 

s which was 

called NURA [27,28]. In the proposed process flow, a carbon layer deposited by 

sputtering was used as a temporary place holder between metal lines. On the carbon 

trench patterns, metal was deposited and etched back. After the deposition of a thin 

The concept of air-gap integration as an intra-metal dielectric 

first introduced by R.H. Havemann et al. (Texas Instrument Inc.), in 

their approach, disposable solid materials (e.g. photoresist) between A

were removed by wet etching or ashing through the porous materials, resulting in th

formed one layer at a time. However, in case of Cu metal lines 

interconnect structures, it is difficult to make high aspect ratio (more 

lines by etching; hence, dual damascene Cu metallization processes we

in 1997 [8]. In the dual damascene Cu metallization process, trench patterns of an 

multi-layer Cu interconnect structures.  

M.B. Anand et al. proposed a gas-dielectric interconnect proces
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SiO2 bridge layer on top of the carbon and metal trench patterns, the carbon between 

metal lines was removed by furnace ashing in an oxygen ambient at about 400~450 

m 

Anand et. al. 

er because of 

shing step of 

the carbon, and dielectric constant of the bridge layer. The effect of the poor heat 

conduction capability of the gas on the temperature rise of the interconnect was 

studied as well by finite element simulation. The simulation results showed that the 

ase by only a 

ugh the good 

onal study by 

Shieh et al. [29]. In the Anand’s studies, the presence of residues and their effect on 

interconnect performance was not discussed. In addition, multi-layer interconnect 

fabrication procedures were not explained.  

lace holders 

between Cu metal lines in 1998 [16, 30]. In their process, a thermally decomposable 

functionalized polynorbornene was used as the place holder and a thick PECVD 

SiO2 layer was deposited to serve as an encapsulating layer and a diffusion pathway 

ºC. Oxygen diffused through the thin bridge layer and reacted with carbon to for

carbon dioxide, leaving the space between metal lines filled with gas. 

[27,28] thoroughly investigated properties of the thin SiO2 bridge lay

engineering issues such as deformation of the layer during the furnace a

interconnect temperature during the operation of a device could incre

few degrees because most of the resistance heat was conducted thro

metal conductors. Those simulation results were supported by an additi

Kohl et al. also reported the use of sacrificial materials as p
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of decomposition gaseous byproduct and air. They followed the dual damascene 

process flow and demonstrated a Cu/air-gap structure of 0.26 μm in width, as shown 

porary 

lating and a 

he sacrificial 

position in a 

furnace with purging nitrogen gas, and air-gaps were formed. During the thermal 

decomposition, the ambient gases exchanged with the original gaseous byproducts 

in a cavity, forming air-gaps for the intra-metal dielectric. In another paper [24], 

ere studied, 

 degradation 

f the linkage 

joining the bicyclic repeat units as shown in Figure 2.1.2. The effect of 

decomposition rate and encapsulating materials on the deformation of air-gaps and 

air-channels was thoroughly studied by Xiaoqun et al. [31]. Adhesion and 

e functionalized polynorbornene were investigated by 

Grove et al. [32], and it was shown that attaching a triethoxysilyl group and alkyl 

group to the polymer backbone substantially improved the adhesion and elongation-

to-break value of the homopolymer. 

in Figure 2.1.1. On the trench patterns of the sacrificial polymer as a tem

intra-metal dielectric material, the Cu lines were deposited by electrop

CMP step. After deposition of an inter-layer dielectric material, t

polymers in between the Cu lines were removed by thermal decom

thermal decomposition kinetics of the functionalized polynorbornene w

and a first-order reaction was proposed. The authors concluded that the

mechanism of the functionalized polynorbornene involved scission o

mechanical properties of th
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Figure 2.1.1 Cross-sectional scanning electron microscopy of Cu/air-gap structure 

          fabricated via thermal decomposition of the norbornene–based 

sacrificial polymer [16]. 
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Figure 2.1.2 The proposed decomposition mechanisms of the functionalized 

polynorbornene sacrificial polymer by Wedlake et al. [24] 
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Gosset et al. have also studied the integration of air-gaps using thermally 

degradable polymers [34, 35]. A thermally degradable polymer from Dow Chemical 

 

as used to 

and thermal 

ead of a spin-

on hard mask was used. Two Cu metal layers with air-gaps fabricated by embedded 

via-first dual damascene processes were demonstrated [18].  

Air-gap formation during non-conformal CVD deposition of an inter-layer 

998 [29,36]. 

) [29], they 

er dielectric 

materials at the side wall of metal lines as shown in Figure 2.1.3. In addition, they 

discussed the process integration issues of thermal and electromigration reliability. 

They concluded that thermal performance and electromigration resistance of air-gap 

ect. However, 

process integration and reliability issues such as the opening of air-gaps during CMP 

and the via etch process, and misalignment of the via were realized [29,37]. In order 

to solve those issues, Ueda et al. [37] suggested self-aligned via plugs by SiO2 etch 

Company was used for improved thermal stability during processing. A thin porous

oxide-like hard mask layer above the thermal degradable polymer w

improve the mechanical stability of the stack during CMP 

decomposition steps. Thus, a porous Black DiamondTM CVD layer inst

dielectric material was first introduced by Saraswat and Havemann in 1

In the 1998 International Interconnect Technology Conference (IITC

showed pinch-off shape air-gaps with deposition of SiO2 inter-lay

interconnect stacks were comparable to a homogeneous SiO2 interconn
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Figure 2.1.3 The pinch-off shape air-gaps formed by non-conformal deposition of 

the SiO2 inter-layer dielectric material [29]. 
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back. He also demonstrated the measured keff of 1.8 at 0.3 μm line spacing and a 

small leakage current less than 1.0E-12 (A). However, in their processes, the metal 

 Al-Cu metal were 

fo lines.  

ctor than Al, 

2 tal dielectric 

material after the standard dual damascene process [38-40]. A silane-based and tetra 

ethoxy silane (TEOS)-based SiO2 was used as an intra-metal dielectric and inter-

layer dielectric material, and the deposition process was precisely tuned to control 

, SiO2 intra-

spaces were 

ask to avoid 

penetration of the via into an air-gap. After the etch-back of the SiO2 intra-metal 

dielectric material, a CVD process of an upper SiO2 layer was controlled to avoid 

metal intrusion and opening of the air-gaps during upper level processing due to 

 interconnect 

capacitance, PECVD SiOC instead of SiO2 was introduced in the fabrication of air-

gaps by Gosset [41] and Harada [20]. In their approaches, the width of the trench 

patterns formed by etch-back of SiO2 or SiOC intra-metal dielectric materials in 

lines were an alloy of Al and Cu, and the trench patterns of

rmed by etching, which is not applicable to forming Cu interconnect 

In order to take advantage of Cu metal as a better electrical condu

Arnal et al. demonstrated an etch back process of a SiO  intra-me

the geometry of air-gaps. After the standard dual damascene process

metal dielectric material in between Cu metal lines with narrow 

selectively etched back using an additional lithography and a hard m

higher growth of air-gaps into a via layer. In order to further reduce the
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between Cu lines was kept constant to control the shape and geometry of air-gaps. In 

2007, IBM announced the first manufacturing-worthy dual damascene air-gap 

onstrated that 

 intra-metal 

in the desired 

r SiCOH inter-layer dielectric was non-

conformally deposited, forming pinch-off air-gaps. 

On the other hand, other sacrificial materials well-known in terms of process 

integration and mechanical strength within multi-level stacks were also considered 

ced local air-

ion of SiC or 

etal 

barrier layer due to exposure to HF and via-misalignment were identified as issues. 

In the 2003 IITC conference, Gosset et al. proposed hybrid air-gap and SiLKTM 

(Dow Chemical Co.) interconnect structures [19,34]. SiO  was used as an intra-

TM tric material. 

Diluted HF solution or buffered oxide etch (BOE) solution penetrated through the 

open area of the SiC capping layer and diffused into the interconnect structures, 

etching only SiO2 intra-metal dielectric materials between Cu lines. Finally air-gaps 

process [21]. Like Arnal’s, Gosset’s and Harada’s processes, IBM dem

after finishing the dual damascene metallization process, a SiCOH

dielectric material in between Cu lines were selectively etched-back 

dense interconnect region, and the uppe

for the fabrication of air-gaps. Gueneau De Mussy et al. [42] introdu

gaps which were limited close to metal sidewalls by the local modificat

SiCOH and etching by hydro-fluoric acid (HF). However, damage on the m

2

metal dielectric material and SiLK  was used as an inter-layer dielec
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were formed as shown in Figure 2.1.4 and localized in the desired dense area by 

controlling etch rate and time. The effect of different etch solutions such as 1% HF, 

etal lines 

ual solution, 

r layer were 

integration of 

two level air-gaps/Cu interconnect structures formed by wet etching of SiO2 intra-

metal dielectric materials [19]. The estimated effective dielectric constant was 1.8 ~ 

1.9. 

 

 

 

 

 

 

 

 

 

 

BOE and HF vapor on the lateral and vertical etch rate, and damage on m

was studied. Due to exposure to hydrofluoric acid chemistries and resid

corrosion of Cu metal lines and damage on Ta/TaN metal barrie

observed [43]. In the 2007 IITC, Gosset et al. showed the successful 
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Figure 2.1.4 Cross-sectional secondary electron spectroscopy of Cu/air-gap structure 

fabricated by wet etching of the SiO2 intra-metal dielectric material [19]. 
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CHAPTE AL TECHNIQUES, MATERIALS, 
AND EQUIPMENTS 

 
 

norbornene 

LLC.) and 

erus LLC), 

both provided by Promerus LLC. The concentrated polymer solutions were diluted 

to make the desired film thickness using mesitylene (1,3,5-trimethylbenzene) 

 spin coating 

 the polymer 

ed at 300 ºC for 1 hour in a furnace with purging nitrogen gas. 

During hard-baking, residual solvent and low-temperature volatile elements were 

removed.  

nalysis methods and procedures 

The detailed experimental procedures are explained in the following chapters. 

Thus, the analytical instruments and techniques used in this study are summarized in 

this section.  

R 3: EXPERIMENT

 

3.1 Thermally decomposable sacrificial polymers 

     Two different sacrificial polymers were considered in this study, 

(NB)-based sacrificial polymer (Unity4011TM, Promerus 

tetracyclododecene (TD)-based sacrificial polymer (Unity4131TM, Prom

solvent. A spin speed curve of each diluted solution was developed. 

     The standard processes to make sacrificial polymer films were

and soft-bake at 110 ºC for 5 min on a hot-plate. After soft-baking,

films were hard-bak

 

3.2 A
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     3.2.1 Thermo-gravimetric analysis (TGA) 

 A Seiko Instruments Inc. 320 Thermogravimetric Differential Thermal 

rmal 

ecomposition 

were scraped 

 experiment, 

before increasing the temperature, nitrogen gas was purged for 30 min to remove 

residual oxygen from the furnace and the film samples were heated at 2 ºC/min from 

room temperature to 550 ºC. The change in sample weight was recorded as a 

fu mperature. 

 

The hardness of polymer thin films was measured using the TriboIndenter 

(Hysitron Inc. Minneapolis, MN) nanoindentation system. The indentation system 

was enclosed in an acoustic housing and located on an anti-vibration table. For 

ovich tip was 

used. The average radius of curvature for a Berkovich tip was typically between 100 

nm and 200 nm. To exclude the substrate effect, the maximum force was chosen so 

as to indent less than 10 % of the film thickness [44]. For quantitative analysis, the 

Analyzer (Haake Instrument, Paramus, NJ) was used to investigate the

properties of sacrificial polymers which included thermal stability, d

temperature and amount of residues. The sacrificial polymer films 

from the wafer surface and placed in a TGA sample pan. In the TGA

nction of time and te

3.2.2 Nanoindentation 

indentation, the Z-axis resolution was 0.04 nm and a three sided Berk

 32 
 



calculation procedures developed by Oliver and Pharr [42,53,58] were used to 

calculate the hardness. 

 

r (FTIR) was 

tural changes 

of the polymer thin films after exposure to electron beam. The spectra were scanned 

from 500 cm-1 to 4500 cm-1 at 4 cm-1 resolution.  

 

f TD-based 

Spectroscopy 

(XPS) and depth profiling. XPS measurements were carried out with a Physical 

Electronics model 1600 XPS system using an aluminum Ka source and toroidal 

monochromater. All analyses were setup with a 0.8 mm spot size and 45° take-off 

ing was used 

for depth profiling of the decomposition residue. Even though depth profiling does 

not give accurate absolute thickness, the rough thickness of the thin films can be 

estimated and compared with each other. The Ar-ion sputtering rate (2.9 nm/min) 

 

    3.2.3 Fourier Transform – Infrared Spectroscopy (FT-IR) 

A Nicolet Magna IR 560 Fourier Transform Infrared Spectromete

used in attenuated total reflectance (ATR) mode to investigate the struc

     3.2.4 X-ray photoelectron spectroscopy (XPS) 

The thickness and composition of decomposition residues o

sacrificial polymers were investigated using X-ray Photoelectron 

angle. The base pressure was less than 5E-9 Torr. 2 keV Ar-ion sputter
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was calibrated by depth profiling of a known thickness sacrificial polymer layer. A 

neutralizer was always turned on during measurement in order to compensate 

g on sample. 

peak positions 

[68]. The voltage and current of the neutralizer were 2.0 V and 20 mA, respectively. 

 

     3.2.5 Secondary Ion Mass Spectroscopy (SIMS) 

The elemental mapping images of decomposition residues with different 

time-of-flight 

ECA ION-TOF IV, AMETEK 

Inc. Materials Analysis Division, France) [69] and the mapping area was 70 μm × 70 

μm. A Gallium ion gun with the ion energy of 1.5 keV was used. 

 

     3.2.6 Contact angle measurement 

ecomposition 

residues were evaluated by measuring the contact angle of a water drop on the 

surface of the samples using a VGA 2500XE (Video Contact Angle System, AST 

Product Inc., Billerica, MA). The measurements were repeated ten times for each 

charging effect from polymer thin films and decomposition residues. Occasionally 

the spectra would be shifted due to the severe charging effect dependin

In that case, adventitious carbon at 284.4 eV was used to calibrate the 

oxygen concentration in the decomposition furnace were taken using 

secondary ion mass spectroscopy (TOF-SIMS, CAM

The hydrophobicity of the sacrificial polymer thin films and d
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sample and the contact angles were averaged.  

 

sing a KLA-

ith 60° cone 

afer using a 

blade, and the height difference between the surface of the thin films and the bottom 

in the scratched area was measured. During the measurements, the samples were held 

in place by vacuum. 

 

nization (EI) 

was used to investigate the effect of exposure of sacrificial polymer thin films to 

electron beam on the structural variation of polymer thin films. The data were 

collected from 30 Da to 700 Da as a function of temperature. Hard-baked thin films of 

sacrificial polymers were scraped off a silicon wafer, collected and used for 

evaluating evaporated elements at each temperature during the thermal decomposition 

step. 

 

     3.2.7 Profilometer 

     The thickness of sacrificial polymer thin films was measured u

Tencor P-15 profiler. The radius of the diamond stylus tip is 2 mm w

angle. Thin films of sacrificial polymers were scraped off a silicon w

     3.2.8 Mass spectroscopy (GC-MS) 

A VG 70SE pyrolyzer-mass spectroscope (MS) with electron io
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3.2.9 Capacitance measurement of the comb test structures 

The capacitance of a comb test device was measured using a Keithley 590 CV 

 

equency with 

f Cu/air-gap 

 the measured 

capacitance of these structures to the measured capacitance of Cu/SiO2 structure.  

 

 

 

 

 

 

 

 

 

 

 

 
 

analyzer and Cascade Microtech Alessi REL-4800 Probe Station at room

temperature. The capacitance of the devices was measured at 1 MHz fr

a voltage sweep from -1 V to 1 V. The effective dielectric constants o

and extended Cu/air-gap structure were evaluated by comparing
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CHAPTER 4: ELECTRON-BEAM HARDENING OF 
ORNENE-BASED SACRIFICIAL 

POLYMERS 
 
 

  s 

ues to shrink, 

igh resolution 

patterning of devices. Copper has been used in on-chip interconnect since 1998 with 

silicon dioxide insulation. Further reduction in the resistance-capacitance (RC) delay 

is possible by lowering the dielectric constant (low-k) of the insulator, has been 

being critical 

. Numerous 

ow-k materials are being pursued, including polymers, 

spin-on-glasses, and foams [47]. However, air-gaps provide the lowest effective 

dielectric constant available [16]. 

     Air-gaps encompass the use of air, or more accurately, the use of a gas as the 

e formed by 

thermally decomposing the sacrificial polymer as a place-holder and allowing the 

gas byproducts to diffuse through the encapsulating dielectric. During the thermal 

decomposition process, the gas byproduct in a cavity between metal conductors in a 

NORB

 

 4.1 Background of electron-beam hardening of polymer thin film

As the minimum feature size of microelectronic devices contin

the development of new materials is needed for low-k insulators and h

identified in the National Technology Roadmap for Semiconductors as 

to the realization of high performance interconnections [45,46]

approaches to achieving l

dielectric material separating electrical conductors. Air-gaps can b
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back-end-of-the-line interconnection structure on ICs will quickly come into 

equilibrium with the ambient atmosphere. If air is the ambient gas, air will exchange 

etal 

rcent residue 

osition are important for the performance of these air-gaps as intra-

     Polynorbornenes have been used in 193 nm photoresist, low-k insulators, and 

as a sacrificial polymer for the fabrication of air-gap structure in semiconductor 

devices [16]. This study focuses on norbornene formulations, which have a narrow 

rials [24,48]. 

(TESPNB) 

iethoxysilane 

substituent groups are attached to norbornene in order to increase elongation-to-

break and enhance the adherence of the norbornene polymer to the substrate, 

respectively [24,48]. Functionalized norbornene polymers are attractive low-k 

lectrical, and 

chemical properties. However, for the formation of air-gaps using the dual 

damascene process [16], the sacrificial polymer must have sufficient hardness not to 

deform during chemical mechanical polishing (CMP). Further, sub-micrometer wide 

with the original gas byproducts in a cavity, and thus air-gaps for intra-m

dielectric are fabricated. The thermal, mechanical properties, and pe

after decomp

metal dielectrics. 

decomposition temperature window and can be used as sacrificial mate

Butyl-polynorbornene (BuPNB)-triethoxy silyl-polynorbornene 

copolymer is a functionalized polynorbornene copolymer. Butyl and tr

dielectrics [32] and have been shown to possess excellent mechanical, e
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polymer patterns can distort in the fabrication processes if the polymer is not 

suitably hard. Hence, a polymer with higher modulus is desirable. In this study, it is 

onalized polynorbornene without 

 energy and 

between the 

electron and the polymer thin films can be modeled based on the columbic 

interaction between the nucleus and its surroundings electrons with the incoming 

electron. There are two types of interactions: elastic and inelastic scattering [49]. 

ctron energy 

e structure of 

r chemical bonds broken. The energy loss due to inelastic 

scattering can be approximated by Bethe co approximation [49] 

as shown in Equation (4.1). 

of interest to increase the hardness of functi

degrading the thermal stability of the polymer. 

     During electron beam irradiation, the electron looses kinetic

momentum due to interactions with the polymer. This interaction 

Inelastic scattering is of most interest because it involves transfer of ele

to the polymer leading to bond scission or crosslinking depending on th

the polymer particula

ntinuous energy loss 

⎥
⎦

⎤
⎢
⎡

⎬
⎫

⎨
⎧⎤⎡

⎥
⎤

⎢
⎡ •

= ELnZeNdE A 14 ρ
           (4.1) 

⎣ ⎭⎩⎥⎦⎢⎣⎥⎦⎢⎣ JEAdx o 662 2πε

where E is the energy of the electron at distance x from the surface, Z is the atomic 

number of a material, A is the atomic weight (g/mol), ρ is the density of the material 
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(g/cm3), Oε  is the permittivity of space, 8.85×10  C /Nm , and J is the mean 

ionization potential (keV) which can be approximated by 11.5×Z. 

erizing 

 [50-52]. For 

ion generates 

ing via free 

radical formed at the end of the polymer chains in the backbone. Cross-linking 

occurs via radical-radical recombination or radical attack of an acrylate group. 

     A thermal curing reaction usually requires the addition of chemical additives 

n the reaction. 

 degrade the 

uire chemical 

additives and high temperature as in thermal curing. Manepalli et al. [51,52] have 

studied electron beam curing of functionalized polynorbornene polymers as a low-k 

dielectric for electrical interconnections. However, the specific properties of the 

ecomposition 

residue, were not evaluated in the previous study.     

In this study, thin films of polynorbornene were exposed to electron beam 

irradiation to cause cross-linking in the polymer and enhancement of the hardness of 

-12 2 2

     Previously, electron beam irradiation has been used for polym

monomers, curing polymers, and hardening the surface of materials

example, in the electron beam radiation of acrylates [50], the irradiat

radicals at random sites which leads to polymerization and crosslink

to the polymer or polymer solution, which act as a reactant or catalyst i

The chemical additives and effects of the chemical by-products can

polymer properties. In contrast, electron beam irradiation does not req

films necessary for sacrificial materials, such as hardness and after d
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the copolymer thin films. The effect of the electron beam energy, dose, and chamber 

temperature on the thermal, mechanical, and degradation properties of the 

copolymer thin films were investigated.  

  

triethoxysilyl 

polynorbornene (TESPNB) was spin-coated onto Si substrates. The polymer was 

provided by Promerus LLC (Brecksville, OH). This copolymer consisted of 90 

mol% BuPNB and 10 mol% TESPNB. The chemical structures of the monomer 

 solvent. The 

 100°C for 5 

 in a nitrogen 

purged furnace to remove the solvent. The furnace was purged for 30 minutes prior 

to heating and sample entry. The polymer thickness after solvent removal was 1 μm, 

unless otherwise noted. 

 30-200-AT 

system (Honeywell Electron Vision, San Diego, CA). The samples were flood 

exposed to the electrons at a specific energy. Nitrogen was used as the process gas in 

the electron beam chamber. The chamber was twice evacuated and purged using 

 

 4.2 Experiments 

In this study, a random copolymer of butylnorbornene (BuPNB)-

units are shown in Figure 4.2.1. Mesitylene was used as the casting

polymer solution was spin-coated onto Si-substrate and soft-baked at

min on a hotplate. The samples then were heated at 300°C for 1 hour

     Electron beam irradiation was preformed in an Electroncure
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(a) 

 

 

 

 

Figure 4.2.1 The chemical structures of the norbornene monomer units (a) butyl 

norbornene (b) triethoxy silyl norbornene. 

 

 C 
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Si

OCH2CH3H3CH2CO
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nitrogen prior to electron beam exposure, The effect of electron energy, electron 

dose, and the chamber temperature on the thermal, mechanical, and decomposition 

as used to 

erties of the 

i.e. hardness 

and modulus) were measured using a TriboIndenter (Hysitron Inc. Minneapolis, 

MN). The indentation system was enclosed in a acoustic housing and located on a 

anti-vibration table. For indentation, the Z-axis resolution was 0.04 nm. A three-

 as to indent 

er transform 

infrared spectrometer (FTIR) was used in transmission mode to investigate the 

structural changes in of the polymer. The spectra were scanned from 500 cm-1 to 

4500 cm-1 at 4 cm-1 resolution.  

VG 70SE pyrolyzer-mass spectroscopy (MS) with electron ionization (EI) 

was used to investigate the effect of electron energy on the structural variation of 

polymer thin films. The data was collected from 30 Da to 700 Da as a function of 

temperature. 

properties of BuPNB-TESPNB thin films were investigated. 

     Dynamic thermal gravimetric analysis (Seiko Instruments) w

investigate the effect of electron beam exposure on the thermal prop

films. The mechanical properties of electron beam exposed samples (

sided Berkovich tip was used [53]. The maximum force was chosen so

10% of the film thickness.  

     A Bruker IFS66V (Bruker Optics Inc., Billerica, MA) Fouri

     A 
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   4.3 Results 

The penetration depth of electrons into a polymer thin film and the degree of 

ting Equation 

ent energy of 

s assumed to 

contain only carbon for the calculation. The average penetration depth of 1, 5 and 10 

keV electrons is 0.073, 0.9, and 3.15 μm, respectively. One micrometer thick 

polymer films were e-beam irradiated at 1 keV, 5 keV, and 10 keV. At an electron 

etrate the full thickness of the polymer film. 

Higher (10 keV) and lower (1 keV) e-beam exposures were performed to explore the 

ef

 

4.3.1 The effect of electron energy on the properties of polymer thin films 

The TGA spectra of polymer films irradiated at a dose of 2000 μC/cm2 as a 

oindentation 

results (force vs. depth) for each exposure conditions are shown in Figure 4.3.3. The 

control sample was the same thickness polymer film without e-beam irradiation.  

The unexposed (i.e. control) film and the 1 keV e-beam exposed film showed 

bond scission or crosslinking is a function of the electron energy and dose. The 

electron energy distribution in the polymer was calculated by integra

4.1. Figure 4.3.1 shows the electron energy distribution where the incid

the electron beam was 1 keV, 5 keV, and 10 keV. The polymer film wa

energy of 5 keV, the electrons pen

fect of under and lower penetration depths. 

function of exposure temperature is shown in Figure 4.3.2. The nan
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Figure 4.3.1 Electron energy distribution vs. depth for (a) 1keV (b) 5keV (c) 10keV    

e-beam energy. 
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Figure 4.3.2 Dynamic TGA of polymer films e-beam irradiated at 2000 μC/cm2 

dose: (a) control sample (b) 1keV, 100°C (c) 5keV, 100°C (d) 10keV, 100°C. 
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similar decomposition properties as a function of temperature, as will be shown 

below. However, in Figure 4.3.3, the indentation depth, at the same force, of the film 

The electron 

g film depth 

rdness with 1 

keV exposure is that bond scission of polymer backbone exceeds the hardening due 

to cross-linking. Hence, chain scission dominates over chain cross-linking at low e-

beam energies.  

ntation depth 

. 4.3.3. This 

 higher level 

of cross-linking compared chain scission. The thermal stability of the 5 keV and 10 

keV films had similar thermal stability, as measured by TGA, and hardness. Hence,  

at a dose of 2000 μC/cm2, the 5 keV e-beam energy is sufficient to cause cross-

percentage of 

residue. This will be discussed in the next section. 

The composition of the gaseous byproducts during thermal decomposition of 

the polymer after e-beam irradiation was investigated by MS. The MS spectra for 

exposed to 1 keV e-beam is deeper than that of the control sample, showing that the 

e-beam irradiated sample was softer than the control sample. 

penetration depth at 1 keV was about 73 nm, and hence the remainin

was not irradiated. A possible explanation for the decrease in film ha

     Samples irradiated at 5 keV and 10 keV showed a smaller inde

compared to the 1 keV e-beam or control sample, as shown in Fig

increase in hardness and elasticity at 5 keV and 10 keV is likely due to a

linking. Films irradiated at 10 keV e-beam energy resulted in a higher 
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Figure 4.3.3. Nanoindentation for polymers e-beam irradiated at 2000 μC/cm2 dose 

(a) control sample (b) 1 keV, 100°C (c) 5 keV, 100°C (d) 10 keV, 100°C. 
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the gaseous products vaporized at 350°C and 400°C are shown in Figures 4.3.4 and 

4.3.5, respectively. The decomposition products are primary fragments from the 

 the 

e side group 

e norbornene 

d by ethylene 

elimination from norbornene, is observed at 66 m/z [54]. Fig. 4.3.4 also shows 

higher molecular weight oligomers: trimers and tetramers of norbornene including 

the TES group, at 350°C for the 1 keV e-beam exposure. This data supports the 

gher level of 

nking of the 

roups to form 

Si-O-Si bonds [55]. If functionalized polynorbornene was crosslinked through the  

siloxane groups, then the Si-O-Si bonds should be stable to a temperature in excess 

of 400°C. The TES related peaks (163, 228, 254, 530, 647, 662) included the 

re films (see 

Figure 4.3.4 and 4.3.5) indicating that these two samples were not cross-linked 

through the siloxane groups. In contrast, the TES related peaks were not detected 

until 420°C in the 5 keV and 10 keV e-beam samples, indicating that the siloxane 

polymer. Table 4.3.1 shows the most probable species to result from

fragmentaion of the BuPNB-TESPNB polymer. The triethoxysilan

(TES) contributes peaks at 163, 228, 254, 530, 647, and 662 m/z. Th

monomer is observed at 93 m/z and cyclopentadiene, which is generate

indentation results where the 1 keV e-beam exposure results in a hi

backbone scission resulting in lower molecular weight products. Cross-li

functionalized norbornene can occur through the reaction of siloxane g

fragments of TES were only found in the control and 1 keV exposu
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Figure 4.3.4 Pyrolyzer-MS spectra at 350°C a) control sample, b) 1 keV, 2000 μC/cm2, 

100°C, c) 5 keV, 2000 μC/cm2, 100°C, d) 10 keV, 2000 μC/cm2, 100°C. 
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Figure 4.3.5 Pyrolyzer-MS spectra at 400°C a) control sample, b) 1 keV, 2000 μC/cm2, 

100°C, c) 5 keV, 2000 μC/cm2, 100°C, d) 10 keV, 2000 μC/cm2, 100°C. 
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Table 4 bable peak identifications for the gas byproducts of 

BuPNB-TESPNB. 

ene 

Norbornane 

 

.3.1 The most pro

Norborn
C7H9, 93 

C7H11, 95 
 

 

Cyclopentadiene
C5H6, 66 

 

Butyl 

B) 
150 

norbornene 
(BuN

C11H18, 
 

Triethoxy silyl 
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norbornene 
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Si
O
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O
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O
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was reacted in those samples. These MS results in combination with the mechanical 

property data indicate that scission of the polymer backbone at 1 keV exposure 

trol films. Cross-linking of the 5 keV and 10 keV 

hardens the polymer films. 

  in films 

Dynamic TGA and nanoindentation results for 2000 μC/cm , 1000 μC/cm2, 

and 500 μC/cm2 at 5 keV electron energy are shown in Figures 4.3.6 and 4.3.7, 

respectively. The chamber temperature during exposure was 50ºC, and nitrogen was 

sed from 5% 

ample which 

e thermal stability 

of the polymer at 300°C decreased. An increase in the electron dose increased the 

hardness of the polymer, as shown in Figure 4.3.7 due to added cross linking.  

 

4.3.3 The structure change due to electron beam irradiation 

FTIR was used to investigate the structural variation of the polymer films after 

e-beam exposure. Figure 4.3.8 shows the FTIR spectra for the e-beam irradiated 

 

makes the films softer than the con

 

    4.3.2 The effect of electron dose on the properties of polymer th

2

used as the process gas. As seen in Figure 4.3.6, the weight loss increa

at 500 μC/cm2 dose to 13% at 2000 μC/cm2, compared to the control s

had 1% weight loss. Hence, as the electron dose was increased, th
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Figure 4.3.6 Dynamic TGA of polymer films irradiated at 5 keV energy: (a) control 

sample, (b) 500 μC/cm2, 50°C, (c) 1000 μC/cm2, 50°C, and (d) 2000 

μC/cm2, 50°C. 
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Figure 4.3.7 Nanoindentation of polymer films irradiated at 5 keV electron energy:  

          (a) control sample, (b) 500 μC/cm2, 50°C, (c) 1000 μC/cm2, 50°C, and 

(d) 2000 μC/cm2, 50°C. 
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polymers. Several of the significant peaks are identified: CH3/CH2 stretching (2830-

2960cm-1), carbonyl group (1725-1710cm-1), CH3/CH2 bending (1350-1450cm-1), 

-1

ening of the 

d (1720cm-1). 

ample except 

for the carbonyl band at 1720cm . The height of the carbonyl peak for the 1 keV 

sample was smaller than the peak for the 5 keV and 10 keV samples. The oxidation 

of an organic polymer generally proceeds through the formation of free radicals that 

ct with other 

e carbonyl 

enching with 

oxygen following exposure. Oxidation of polynorbornene thin films results in   

yellowing of the colorless films. The oxidation of polynorbornene also results in a 

decrease in the CH /CH  stretching (2830-2960cm-1) peaks and the appearance of 

-1 -1 After e-beam 

exposure, the films also yellowed. The oxidation mechanism of functionalized 

polynorbornene has been previously discussed [55]. The carbonyls and Si-OH 

groups shown in Figure 4.3.8 can result from a free radical mechanism, created 

and triethoxysilane (1166, 1105, 1080, 955cm ). The films exposed at 5 keV and 10 

keV had smaller peak heights for the CH3/CH2 stretching, broad

CH3/CH2 bending and triethoxysilane, and increase in the carbonyl ban

The 1 keV e-beam sample was nearly the same spectra as the control s

-1

can react with oxygen to form peroxides or hydroperoxides that can rea

radicals. The oxidation of the irradiated films resulting in formation of th

structure is a result of the e-beam induced bond-breaking and qu

3 2

Si-OH at 3600 to 3200 cm  and carbonyl at 1725 and 1710cm  [55]. 
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Figure 4.3.8 FTIR spectra for (a) control sample (b) 1 keV, 2000 μC/cm2, 50°C (c) 5 

keV, 2000 μC/cm2, 100°C and (d) 10 keV, 2000 μC/cm2, 100°C. 
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CH3/CH2 stretching 
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 57 
 



during e-beam irradiation. 

     The formation of free radicals is a result of e-beam exposure. Table 4.3.2 

e-beam dose 

esponds to a 

ability of the 

polymer was degraded (Fig. 4.3.2 and 4.3.6) at high electron energy and dose. The 

hardness of the films was enhanced in Figure 4.3.3 and 4.3.7. 

 

iethoxysilane 

e shown. The  

carbonyl and Si-OH peaks are compared to the area of the CH3/CH2 stretching peak 

as a function of time following the e-beam irradiation. The relative area of the 

carbonyl band dramatically increases with time, while the relative area of the Si-OH 

 4.3.2, it can 

be concluded that post e-beam exposure results in continued air-oxidation of the 

polymer over time, where carbon radicals or other species are oxidized to a carbonyl 

and Si-OH is transformed to other forms. The TGA for an e-beam exposed polymer 

shows the ratio of various FTIR peaks to the C-H stretching peak. As shown in 

Table 4.3.2, the ratio of the area of the carbonyl peak increased with 

and electron energy. The increase in area of the carbonyl peak corr

higher level of oxidation of the polymer. In addition, the thermal st

4.3.4 The aging effect  

In Table 4.3.2, the ratios of OH stretching, carbonyl and tr

peaks to the C-H stretching at right after exposure and after 2 month ar

peak decreases with time. From the change in the FTIR peaks in Table
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Table 4.3.2. The area ratio of major FTIR spectra peaks to CH stretching peak. 

Electron beam CH stretching carbonyl triethoxysilane 

Right after exposi 1.0 0.27 ng - 
Control sample 

onth 1.0 0.33 After 2 m - 

Right after exposing 1.0 0.05 0.28 1 keV, 1000 μC/cm2, 

100˚C,1mA After 2 month 1.0 0.29 0.21 

Right after exposi 1 0.33 ng .0 0.83 5 keV, 2000 μC/c

100˚C,1

m2

mA  month 1 0.23 

, 

After 2 .0 2.87 

Right after exposi 1 0.26 ng .0 0.26 10 keV, 1000 μC/

100˚C,1

c

mA onth 1.0 1.61 0.10 

m2, 

After 2 m

Right after exposing 1.0 0.45 0.26 10 keV, 2000 μC/cm2, 

150˚C,1mA After 2 month 1.0 2.29 0.17 
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films (5 keV, 500 μC/cm , 50°C) was compared immediately after exposed and after 

2 months, as shown in Figure 4.3.9. Films measured after 2 months following 

due was observed with time, compared to films measured immediately 

after exposure.  

      4.3.5 The effect of operating gas on the properties of polymer thin films 

It appears that polymer oxidation occurs during e-beam exposure in the 

e a reducing 

nitrogen was 

tment on the 

thermal and mechanical properties of the polymer are shown in Figures 4.3.10 and 

Figure 4.3.11. The 2% hydrogen and 98% nitrogen treatment improves the thermal 

stability and decreases the residue content after decomposition of the polymer at 

he copolymer 

thin films decreases by using a mixture of 2% hydrogen and 98% nitrogen compared 

with pure nitrogen, as shown in Fig. 4.3.11. Since oxidation of the polymer 

coincides with hardening of the films, lowering the oxygen concentration in process 

2

exposure exhibit a decrease in thermal stability at the low temperature. A higher 

percent resi

 

chamber from residual air impurities, and after exposure when the polymer is held in 

air. To reduce the oxygen concentration in the e-beam tool and provid

atmosphere during processing, a mixture of 2% hydrogen and 98% 

used as the e-beam process gas. The effects of the hydrogen trea

temperatures below 400°C, as shown in Fig. 4.3.10. The hardness of t
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Figure 4.3.9 Dynamic TGA for a polymer exposed to 5 keV, 500 μC/cm2, 50°C: (a) 

immediately after exposure and (b) after 2 month of air storage. 
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Figure 4.3.10 Dynamic TGA for polymer films e-beam exposed at 5 keV, 500              

            μC/cm2, 50°C, using different purging gas (a) control sample (b)   

            nitrogen purged sample during exposing (c) 2% hydrogen balanced    

            nitrogen purged sample during exposure. 
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Figure 4.3.11 Nanoindentation of the polymer films exposed to 5 keV, 500 μC/cm2, 

50°C e-beam using different purging gases: (a) control sample (b) 

nitrogen exposure (c) 2% hydrogen and 98% nitrogen. 
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gas results in less oxidation and probably cross linking. 

 

s 

 are attacked 

enerated, the 

pagation and 

intramolecular transfer reactions result in products which are volatile at modest 

temperatures. The intermolecular transfer reaction generally results in higher 

molecular weight products and cross linking reactions. According to the TGA results 

lly for 5 keV 

ed at 300°C, 

eam chamber 

after e-beam exposure. The samples were brought to room temperature prior to 

being exposed to air. Figure 4.3.12 shows TGA results for the polymer films e-beam 

irradiated at 5 keV, 2000 μC/cm2, and 100°C in nitrogen, along with the control 

sample. Heating the samples under vacuum after e-beam exposure results in a 

decrease in the amount volatile species retained by the polymer. However, the 

hardness of the post e-beam heated samples decreased, as shown in Fig. 4.3.13.  

 

4.3.6 The effect of temperature on the properties of polymer thin film

During e-beam exposure, TES and carbon-carbon polymer bonds

by electron irradiation, as shown in Fig. 4.3.8. Once radicals are g

depropagation and transfer reactions of radicals can occur [24]. Depro

shown in Figure 4.3.2 and 4.3.6, volatile products are observed, especia

and 10 keV exposures. To lower the amount of volatile products evolv

the films were heated to 300°C for 1 hour under vacuum in the e-b
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Figure 4.3.12 Dynamic TGA for the polymer e-beam exposed at 5 keV, 2000 

μC/cm2, (a) control sample at 100°C (b) ambient temperature, and  

(c) heated to 300°C in the e-beam chamber after irradiation. 
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   4.4 Conclusion 

Electron beam irradiation of norbornene-based polymers increases the film 

 irradiation, 

am exposure, 

sed films. In 

contrast, 5 keV and 10 keV exposure resulted in increased hardness of the polymer 

films. The hardness of the polymer films increase at higher electron doses; however, 

the thermal stability decreases resulting in higher residue content. At high e-beam 

 the films is 

ction of the 

ending. The 

appearance of the carbonyl band at 1720cm  was the result of post-exposure 

oxidation. To reduce the oxidation of the polymer after e-beam exposure, the films 

nitrogen gas mixture and heated under 

ancement in 

thermal properties.  

     In conclusion, the results in this study show that polymer thin films can be 

hardened by e-beam exposure, and e-beam exposure can be applied for the 

hardness via cross linking, but degrades the thermal properties, as measured by the 

amount of volatiles. Generally, when films are exposed to e-beam

scission and cross linking reactions compete. In the case of 1 keV e-be

polymer scission dominates and results in softer films than unexpo

energy and dose, cross linking dominates. As a result, the hardness of

enhanced. The higher energy e-beam exposures resulted in a redu

CH3/CH2 stretching, the broadening of the CH3/CH2 and TES b

-1

were exposed to 2% hydrogen and 98% 

vacuum prior to air exposure. These treatments resulted in an enh
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Figure 4.3.13 Nanoindentation of polymers exposed to 5 keV, 2000 μC/cm2: (a) 

control sample at 100°C, (b) ambient temperature, and (c) heated to 

300°C prior to air exposure. 
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enhancement of the hardness of polymer based dielectric materials in the 

interconnect of semiconductor devices. 
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CHAPTE
EMPLATE MATERIAL FOR 

IC AIR-GAP STRUCTURES 
 
 

  

s, the number 

e resistance-

capacitance (RC) time constant, cross talk, and energy dissipation. Thus, the 

International Technology Roadmap for Semiconductors (ITRS) calls for a decrease 

in capacitance by lowering the dielectric constant (k) of the metal insulator [1]. 

r-gaps, is the 

integrated as 

ps have been 

fabricated by selective plasma deposition where a cavity is intentionally produced 

during deposition [20,21] or by removing one of the materials in the build-up 

process once the metal-insulator stack has been fabricated [16,18,19]. The selective 

al can be achieved by thermal decomposition of 

sacrificial polymer [16,18], or by wet etching [19]. In this study, an improved 

thermally decomposable sacrificial polymer, used as a placeholder to fabricate air-

gaps in the IMD layer, was investigated.  

R 5: IMPROVEMENT IN THERMALLY 
DECOMPOSABLE T

 

 5.1 Background 

As the minimum feature size in integrated circuits (ICs) decrease

of metal layers increases and their pitch decreases. This increases th

Among the low-k options, the incorporation of air, in the form of ai

lowest dielectric constant available. Air-gaps are most valuable when 

the intra-metal dielectric (IMD) material of local interconnects. Air-ga

removal of a place-holder materi
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The fabrication process flow for the integration of air-gaps using a thermally 

decomposable polymer as a place holder is shown in Figure 5.1.1. The sacrificial 

2 which 

p-layer. Photo 

lymer is dry-

ed layer, and 

the electroplating of Cu. The excess Cu is removed by chemical mechanical 

polishing (CMP), and the capping layer is deposited on top of Cu lines. After 

deposition of the encapsulating material, the sacrificial polymer between Cu lines is 

vity (i.e. air-

ors permeate 

ture, and the 

pressure in the cavity comes into equilibrium with the ambient atmosphere. For the 

better electrical performance, high aspect ratio structures of the interconnects are 

necessary, making the integrity of sacrificial polymers structures critically important. 

ma enhanced 

chemical vapor deposition (PECVD) of the overcoat material. Residue left from the 

thermal decomposition of the sacrificial polymer should be minimized as it increases 

the effective dielectric constant of the air-gap. It is also important that the air-gap 

polymer is spin-coated on the substrate followed by the deposition of SiO

serves as the hard mask and chemical mechanical polishing (CMP) sto

resist is used to transfer the pattern to the SiO2 and the sacrificial po

etched. The next steps include the deposition of metal barrier and Cu se

removed by thermal decomposition resulting in the formation of a ca

gap). The gaseous byproducts in the cavity between metal conduct

through the overcoat material at the polymer decomposition tempera

In addition, the sacrificial polymer must be thermally stable during plas
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Figure 5.1.1 The schematic diagram of the fabrication process of the single layer  

Cu/air-gap interconnect structure.  
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surface is hydrophobic, so that moisture is not absorbed in the cavity. The presence 

of moisture increases the dielectric constant and may facilitate corrosion of the metal. 

er 

e critical to the performance and reliability of final 

co

nity4011TM, 

Promerus LLC.) have been used as sacrificial placeholders to fabricate air-gaps in 

IMD layers [16,25]. However, in the fabrication processes of air-gaps using 

sacrificial polymers and dual damascene processes, high aspect ratio lines and 

polymer must 

f interest for 

ornene-based 

sacrificial polymer were exposed to electron beam in order to make them harder. 

However, after exposure of the sacrificial polymer films to electron beam, the 

thermal properties of the films degraded (see Chapter 4). In this portion of the study, 

cyclododecene-based (TD) sacrificial polymer (Unity4131TM, Promerus LLC), 

which has a more rigid molecular structure than NB-based sacrificial polymer 

(Figure 1.3.1) was investigated for use as a sacrificial polymer in the formation of 

air-gaps. 

Therefore, the thermal, mechanical, and chemical properties of sacrificial polym

and its decomposition residue ar

pper/air-gaps interconnect structures.  

Norbornene-based (NB) thermally decomposable polymers (U

anisotropic etching of sacrificial polymer are required, and sacrificial 

withstand CMP process as well. Thus, harder sacrificial polymers are o

improved process yield. In a previous study [33], the thin films of norb

a tetra

 72 
 



NB-based and TD-based polymers are both cyclic olefin polymers. It is 

known that cyclic olefin copolymers have high glass transition temperature, optical 

 

he NB-based 

r and would 

 mechanical 

properties (hardness) of TD-based sacrificial polymer were compared with those of 

NB-based sacrificial polymer using dynamic thermal gravimetric analysis (TGA) 

and nanoindentation. In addition, in order to investigate the effect of the hardness of 

olymer were 

fabricated using electron beam lithography and reactive ion etching (RIE). The 

es as well as the chemical properties of the residue was evaluated.  

 

   5.2 Experimental 

rificial 

polymers 

Both TD and NB-based sacrificial polymers were provided by Promerus LLC 

(Brecksville, OH). For the thin film samples, sacrificial polymers were spin-coated 

on the Si-wafer and soft-baked at 110ºC for 5 min on the hot-plate. After the soft-

clarity, low shrinkage, low moisture absorption, and low birefringence [56,57]. Due

to the more rigid molecular structure of the TD-based polymer versus t

polymer, it is expected that the TD-based sacrificial polymer is harde

lead to improved process repeatability. Hence, the thermal and

the polymers on the process reliability, 50 nm lines of both kinds of p

linearity of the lin

5.2.1 Preparation of thin films and decomposition residues of sac
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bake step, the polymer films were hard-baked at 300 ºC for 1 hr in the furnace to 

remove the residual solvent and volatile elements. For the analysis of thermal 

ilms were 

 of 2ºC/min. 

gen gas of 4 

ng cycle, the 

furnace was purged with nitrogen gas of 2 L/min was purged. In the experiment to 

determine the effect of purging gas on the thickness of decomposition residues, the 

three different purging gas conditions were considered: Condition A (2 L/min N2, 

nd 0.5 L/min 

n flow rate). 

gen concentrations for each purging condition were measured using Series 3000 

Trace Oxygen Analyzer (ALPHA OMEGA Instrument Corp., Cumberland, RI, 

USA). 

 

The hardness of thin films of both sacrificial polymers was measured using the 

nanoindenter TriboIndenter (Hysitron Inc. Minneapolis, MN). The indentation 

system was enclosed in an acoustic housing and located on an anti-vibration table. 

decomposition residues of sacrificial polymers, hard-baked thin f

thermally decomposed in the furnace at 450ºC for 2 hr with the ramping

Before increasing the temperature, the furnace was purged with nitro

L/min for 30 min to remove the residual oxygen, and during the heati

normal purging condition); Condition B (a mixture of 1.5 L/min N2 a

H2, adding hydrogen); and Condition C (4 L/min N2, doubling nitroge

Oxy

5.2.2 Nanoindenation 
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For indentation, the Z-axis resolution was 0.04 nm and a three sided Berkovich tip 

was used. The average radius of curvature for a Berkovich tip was typically between 

aximum force was chosen 

so as to indent less than 10% of the film thickness [44]. 

The effect of the hardness of sacrificial polymers on the process repeatability 

was evaluated by scanning electron microscopy (SEM) image analysis of the 50 nm 

etal 1 

 addition, the 

is design rule, 

 between the 

sacrificial polymer lines, and an aspect ratio of the polymer lines of 1.7:1 (H:W) were 

fabricated. The fabrication schematic for the 50nm lines of sacrificial polymers is 

shown in Figure 5.2.1. SiO  (5 μm thickness) was deposited using PECVD, and the 

t 110 ºC for 

5min and hard-baked at 300 ºC for 1 hr in the furnace. After hard-baking, the final 

thickness of thin films of sacrificial polymer was 85 nm. 30 nm of PECVD SiO2 were 

deposited as a hard mask on top of hard-baked thin films of sacrificial polymers.  

100 nm and 200 nm. To exclude the substrate effect, the m

 

5.2.3 Fabrication of sacrificial polymer lines and image processing 

lines of sacrificial polymers. In the 2006 updated version of the ITRS [1], m

wiring pitch is anticipated to be 104 nm in 2009 and 90 nm in 2010. In

aspect ratio of metal 1 wire is 1.8 in 2009 and 2010. In order to match th

sacrificial polymer lines with a 50 nm in width and a 50 nm space

2

sacrificial polymers were spin-coated. Then the films were soft-baked a
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Figure 5.2.1 The fabrication processes of sacrificial polymer lines, 50nm in width 

and 85 nm in height. 
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Polymethyl-metacrylate (PMMA) positive tone electron-beam resist was spin-coated 

on SiO2 hard mask, and the thickness of PMMA was 80 nm. PMMA patterns of 50 

 accelerating 

m. The beam 

ping time for 

PMMA patterns was 35 sec using MIBK: IPA solution in a 1:1 volume ratio. After 

developing, PMMA patterns were transferred to the SiO2 hard mask and the sacrificial 

polymer layer by reactive ion etching (RIE). In order to etch SiO  hard mask, the RIE 

he RF power 

mers was 45 

 powers, (i.e. 

300W and 400W), were considered in order to evaluate the effect of RF power on the 

linearity of polymer lines. After making the sacrificial polymer lines, 25 top view 

SEM pictures were taken for both TD-based and NB-based polymers. The 

of sacrificial 

polymer lines considered in the evaluation of the linearity of the lines was 3981.25 

μm for each sacrificial polymer. To quantify the linearity of the sacrificial polymer 

lines, SEM pictures were transformed to the binary images. In a binary image, the 

nm in width and 4 mm in length were fabricated using a JEOL JBX-9300FS electron-

beam lithography system. In the electron-beam lithography system, the

voltage of the electron beam was 100 kV, and the spot size was 4 n

current was 2 nA, and the dose of electron was 450 μC/cm2. The develo

2

operating gas was the mixture of 45 sccm CHF3 and 5 sccm O2, and t

was 200W. In addition, the RIE operating gas for the sacrificial poly

sccm O2 and 0.5 sccm CHF3, and two different radio frequency (RF)

magnification of SEM images was fixed at 20k and the total length 

 77 
 



number of pixels was 650 × 1024 (row×column), and the pixel position and width of a 

sacrificial polymer line at each row were determined using the difference in contrast 

 

ry image, the 

nter line of a 

t center 

line was determined by connecting the center of the first row and the last row (650th 

row) in a polymer line. A difference between the calculated center line and ideal 

straight center line meant the degree of distortion of a polymer line. Thus, the absolute 

values of the difference were taken for the evaluation of the linearity of polymer lines. 

 

The thermal and decomposition properties of the sacrificial polymers were 

investigated using dynamic thermal gravimetric analysis (TGA) which was 

performed using a Seiko Instruments Inc. 320 thermogravimetric differential thermal 

r films were 

scratched from the wafer surface and placed in a TGA sample pan. In the TGA 

experiment, before increasing the temperature, the nitrogen gas was purged for 30 

min to remove the residual oxygen in the furnace and the film samples were heated 

between the polymer lines (the contrast is 1), and the space (the contrast is 0). Using

the information about the pixel position of a polymer line in the bina

center line position of a polymer line was calculated. The calculated ce

polymer line reflected the actual shape of the polymer line. An ideal straigh

5.2.4 Thermo-gravimetric analysis 

analyzer (Haake Instrument, Paramus, NJ). The sacrificial polyme
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at 2 ºC/min from room temperature to 550 ºC. The change in sample weight was 

recorded as a function of time and temperature. 

of TD-based 

scopy (XPS) 

and depth profiling. XPS measurements were carried out with a Physical Electronics 

model 1600 XPS system using an aluminum Ka source and toroidal monochromater. 

All analyses were setup with a 0.8 mm spot size and 45° take-off angle. The base 

rofiling of the 

rate absolute 

mpared with 

each other. The Ar-ion sputtering rate was calibrated by depth profiling of a known 

thickness of sacrificial polymer layer, and the calibrated etch rate was 2.9 nm/min. It 

was assumed that the sputter etch rate for a sacrificial polymer layer was the same for 

aterials. For 

the XPS experiment, Al layer of 250 nm was deposited on a Si-wafer using DC 

sputter and then sacrificial polymers were spin-coated. Spin-coated thin films of 

sacrificial polymers were soft-baked at 110 ºC for 5min on the hot-plate and then 

 

5.2.5 X-ray photoelectron spectroscopy analysis 

The thickness and composition of decomposition residues 

sacrificial polymers were investigated using x-ray photoelectron spectro

pressure was less than 5E-9 Torr. Ar-ion sputtering was used for depth p

surface composition. Even though depth profiling dose not give the accu

thickness, the rough thickness of the thin films can be estimated and co

decomposition residue, because carbon was the major element in both m

 79 
 



hard-baked at 300 ºC for 1 hr in the furnace to remove the residual solvent and 

volatile elements. For reference purposes, a bare aluminum layer on a Si-wafer 

 used as an end-

p ofiling.  

rent purging 

gas conditions were taken using time-of-flight secondary ion mass spectroscopy 

(TOF-SIMS, CAMECA ION-TOF IV), and the mapping area was 70 μm × 70 μm. A 

G ergy of 1.5 keV was used.  

 

ecomposition 

rop on the 

surface of the samples using a VGA 2500XE (Video Contact Angle System, AST 

Product Inc., Billerica, MA). The measurements were repeated ten times for each 

sample and the contact angles were averaged.  

 

5.3 Results 

 
      5.3.1 The qualitative comparison of hardness by the nanoindentation 

without the sacrificial polymer layer was heat treated and depth-profiled. For the 

decomposed TD-based sacrificial polymer samples, aluminum was

oint indicator of the layer of decomposition residues during the depth pr

The elemental mapping images of decomposition residues with diffe

allium ion gun with the ion en

5.2.6 Contact angle measurement 

The hydrophobicity of the sacrificial polymer thin films and d

residues was evaluated by measuring the contact angle of a water d
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The hardnesses of thin films of TD-based and NB-based polymers were 

measured using nanoindention and are compared in Figure 5.3.1. The maximum 

 thin films so 

 range of the 

ce deflection 

polymer was 

more deeply indented than the TD-based polymer. For instance, at the load of 20 μN, 

the indentation depths of TD-based and NB-based sacrificial polymers were 21.6 nm 

and 29.5 nm, respectively. In addition, the hardness of the polymers can be 

ion curve. In 

d NB-based 

h and larger 

slope of the TD-based sacrificial polymer compared with the NB-based sacrificial 

polymer indicate that the TD-based sacrificial polymer is harder than NB-based 

sacrificial polymer. For the quantitative analysis, the calculation procedures 

late the hardness. The 

contact stiffness was calculated by fitting the unloading data between 20% and 95% 

to the power-law relationship in Equation (5.1) along with Equation (5.2). 

                                    (5.1) 

load was chosen in order to indent less than 10% of the thickness of

that substrate effects were excluded [44]. Figure 5.3.1-(a) is the full

indentation and Figure 5.3.1-(b) is the initial part of the indentation for

curve. In Figure 5.3.1-(a), at the same load, the NB-based sacrificial 

qualitatively compared using the slope of the initial part of the indentat

Figure 5.3.1-(b), the slopes of the initial indentation of TD-based an

polymer were 0.84 and 0.59, respectively. Smaller indentation dept

developed by Oliver and Pharr [53,58] were used to calcu

m
fI hhP )( −=α
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(a) The full range of the indentation 

 

(b) The initial part of the indentation 

Figure 5.3.1 The load-displacement curves of thin films of TD-based and NB-based 

sacrificial polymers using a nanoindenter. 
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dh
dPI=      S                          (5.2) 

where P is the indentation load (μN), h is the indenter displacement (nm), hf is the 

is the contact 

 contact stiffness was used to calculate the hardness (H) 

by means of Equation 5.3 and 5.4.  

final indentation depth (nm), α and m are fitting parameters, and S 

stiffness (μN/nm). Then, the

S
phhC

max.750−            max=      (5.3) 

    )(
max

hA
H =                       (5.4)

Where hc is the contact depth (nm), hmax is the maximum indentation depth (nm

Pmax is the maximum load (μN), and A(hc) is the indentation contac

which is a

C

P
 

), 

t area (nm2), 

 function of depth. For a pyramidal geometry tip (Berkovich), the 

relationship between the indentation contact area and the contact depth is given by 

Equation (5.5). 

                                    (5.5)  

The calculated hardness (H), contact stiffness (S), and the maximum indentation 

depth are summarized in Table 5.3.1.The calculated hardnesses of the thin films of 

TD-based and NB-based polymers were 1.3 GPa and 0.8 GPa, respectively.  

 

 

2524 CC hhA .)( =
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Table 5.3.1 The nanoindentation results for thin films of TD-based and NB-based  

sacrificial polymers.  

-based polyme NB-based polymer   TD r
Hardness (GPa) 1.3 0.8 
contact stiffness (μN/nm) 6.5 2.5 
maximum indentation 
depth (nm) 

35.7 49.2 

 

5.3.2 The effect of hardness on the process reliability of the sacrificial 

polymers 

     The effect of hardness on the process repeatability of TD-based and NB-based 

er lines and 

olymer lines. 

ulated center 

y of polymer 

lines, the absolute values of the difference between the calculated center line and the 

ideal straight center line were calculated, because the difference corresponds to the 

degree of distortion of a polymer line. For instance, if a polymer line is straight, the 

ideal straight center line is the s e as the calculated center line, and the absolute 

difference should be zero. In this way, the linearity of lines for both TD-based and 

NB-based sacrificial polymers could be quantified, and the average value and  

 

sacrificial polymers was investigated by fabricating 50 nm polym

performing image processing for the evaluation of the linearity of the p

Figure 5.3.2 shows the top view of sacrificial polymer lines, the calc

line and the ideal straight center line. For the evaluation of the linearit

am
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Figure 5.3.2. A sample image to determine the ideal straight center lines and the 

calculated center lines reflecting the actual shapes of polymer lines, 

NB-based sacrificial polymer, RF power = 300W.  
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standard deviation of the absolute difference between the calculated center line and 

ideal straight center line were calculated.  

ower levels 

sed and NB-  

ions of SEM 

images for each polymer are shown in Figure 5.3.4 in order to show the difference 

of the line shapes between two polymers. On the right side of Figure 5.3.4, a higher 

magnification SEM image shows that the NB-based polymer lines were not as 

s, anisotropic 

n of the polymer 

fter polymer 

distorts due to the temperature rise during etching as shown in Figure 5.3.4-(b).  

     In order to quantify the linearity of each polymer line, 25 plan view SEM 

images were taken and processed for each polymer. The average distortion of the 

ized in Table 

5.3.2. At 300 W RF power, the average distortion of 50 nm TD and NB lines was 

1.6 nm and 4.0 nm, respectively. At 400 W RF power, the distortion was 1.6 nm and 

3.4 nm for TD and NB lines, respectively. Overall, from the nanoindentation and 

The patterns of SiO2 hard mask formed by RIE above the TD-based and NB-

based polymer layers are shown in Figure 5.3.3. Two different RIE p

(300 W and 400 W) were used to transfer the SiO2 patterns to the TD-ba

based polymers, as shown in Figure 5.3.4. Two different magnificat

straight as the TD-based polymer lines. In the dual damascene processe

polymer etch profiles with high aspect ratio are critical. Deformatio

would result in distortion of the metal line. At higher RF power, the so

lines in a pixel (5 nm × 5 nm) and the standard deviation were summar
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(a) SiO2 patterns on top of  TD-based polymer layer 

 

(b) SiO2 patterns on top of NB-based polymer layer 

Figure 5.3.3. Top view scanning electron microscopic images of the patterns of SiO2 

hard mask on top of hard-baked sacrificial polymer layers. 
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(a) TD-based sacrificial polymer 

  

(b) NB-based sacrificial polymer 

Figure 5.3.4. Top view scanning electron microscopic images of the lines of TD-based 

and NB-based sacrificial polymers, RF power = 400 W. 
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Table 5.3.2. The summary of SEM image processing for the evaluation of the 

linearity of TD-based and NB-based sacrificial polymer lines. 

oly
F=300W

 
NB p mer, 
R  

TD polymer, 
RF=30

NB
RF=0W 

 polymer, 
400W 

TD polymer, 
RF=400W 

average distortion pe
one pixel (5nm×5nm)  

4.0 nm
r 

 1.6 n 3.m 4 nm 1.6 nm 

Standard deviation 3.9 nm 2.4 nm 3.5 nm 2.4 nm 

 

process reliability study, it could be concluded that the harder TD-based sacrificial 

polymer has better process reliable than the softer NB-based sacrificial polymer. 

 

 Figure 5.3.5. 

t for the NB 

p to 300ºC 

(e.g., the temperatures for 5 weight % loss were 353ºC for TD-based polymer and 

357ºC for NB-based polymer). The temperature range for weight loss between 5% 

r TD and from 357ºC to 441ºC for NB. 

The decomposition residue at 550ºC for TD and NB were 0.33 weight % and 0.70 

weight %, respectively. From the dynamic TGA analysis, it was concluded that TD-

based material has similar thermal properties to NB. 

 

5.3.3 Thermal properties of sacrificial polymer thin films 

Dynamic TGA analysis for the TD and NB polymers is shown in

TGA spectrum of TD-based polymer is essentially the same as tha

polymer. Both TD-based and NB-based polymers were thermally stable u

loss and 95% was from 353ºC to 445ºC fo
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Figure 5.3.5. Dynamic TGA of TD-based and NB-based sacrificial polymers. 
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5.3.4 Characterization of decomposition residues of sacrificial polymers 

The dynamic TGA analysis shows that the amount of residue after 

ecomposition 

as performed 

olymer when the chamber 

was purged to different purity levels and summarized in Figure 5.3.6.  

Figure 5.3.6-(a) is the depth profiling of a bare Al layer on a silicon wafer 

which experienced the same heating profile as decomposition of TD-based polymer. 

m elements 

 the polymer 

s formed by 

atmospheric carbon, and the crossover occurred at 0.7 min etching time. In case of 

TD decomposition residues with purging condition A, condition B and condition C, 

the crossover points were 5 min, 0.75 min, and 1 min, respectively. The residue was 

the purging 

condition A. According to the previous studies [33,55], a higher oxygen content 

results in thicker residue films as observed here. The measured oxygen content with 

the purging condition A was 55 ppm, and it decreased to 19.6 ppm when hydrogen  

decomposition was insignificant. For comparison, XPS depth profiling using Ar-ion 

gun was used to evaluate the thickness and composition of the d

products. The XPS depth profiling to the decomposition residues w

after decomposition of a 300 nm thick film of TD-based p

In the depth profiles, the crossover between carbon and aluminu

represented the interface between the residue and substrate onto which

was deposited. In case of bare Al, the detected carbon layer wa

similar to atmospheric carbon thicknesses except for the case of 
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  (a) heat treated bare Al                 (b) purging condition A 

  

(c) purging condition B                 (d) purging condition C 

 

Figure 5.3.6. XPS Depth profiling of the decomposition residues of TD-based 

sacrificial polymer with different purging conditions during the 

thermal decomposition: (a) bare Al on Si-wafer, (b) purging 

condition A, (c) purging condition B, (d) purging condition C. 
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was added in the purging gas (condition B). In addition, the estimated oxygen 

concentration of purging condition C was 21.7 ppm. Hydrogen acts as a reducing 

 the purging 

n A to the condition C decreases the oxygen concentration reducing amount 

of

The measured sputter etch rate of sacrificial polymer was 2.9 nm/min. The 

sputter etch rate of an element is determined by sputtering yield which is the mean 

number of atoms removed in any state per incident particle [59,60]. Furthermore, the 

rojectiles and 

given energy 

on the mass 

ratio of the target atoms to the incident ion beam. The major element in the 

sacrificial polymer is carbon, while the major elements in the decomposition 

residues and contaminated layer are carbon and oxygen. The mass ratios of carbon 

vely, and are 

close to each other compared to that of aluminum or silicon, indicating that the 

sputtering yield and etch rate of carbon are similar to those of oxygen. Therefore, it 

could be assumed that the sputter etch rate of the decomposition residues and 

agent and decreases the oxygen concentration in the furnace, resulting in the thinner 

residue films. In addition, an increase of nitrogen flow rate from

conditio

 residues. 

sputtering yield depends on the energy and the mass of the incoming p

the target atoms, and the angle of incidence of the projectiles. With the 

and angle of the incident Ar-ion beam, the sputtering yield depends 

and oxygen to the incident projectile (argon) are 0.3 and 0.4, respecti
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contaminated layer are the same as that of the sacrificial polymer. The crossover at 

0.7 min etching time of bare Al in the depth profile indicates that the estimated 

thickness of carbon layer contam .  

of sacrificial 

was 14.5 nm 

 for purging 

condition C. In the case of purging condition A, even though the estimated thickness 

of residue was 14.5 nm, Al was detected at the zero etching time (Figure 5.3.6-(b)), 

indicating the residue was not homogeneous layer. This was confirmed by obtaining 

s as shown in Figure 5.3.7. The 

ca con was part 

The atomic compositions of TD thin films and decomposition residues are 

summarized in Table 5.3.3 along with the atomic composition after 3 min Ar-ion 

sputter etching. The TD polymer was hard-baked at 300ºC for 1 hour. On the bare 

he residual 

oxygen and silicon were from the silyl ether adhesion groups on the polymer. After 

3 min Ar-ion sputter etching, the carbon contents of the residues were 5.3 at.% and 

11.2 at.% for purging conditions B and C, respectively. They were comparable to  

inated from the atmosphere was 2.0 nm

Based on an etch rate of 2.9 nm/min using known thickness 

polymer as a calibration standard, the estimated thickness of residues 

for purging condition A, 2.1 nm for purging condition B, and 2.9 nm

SIMS elemental maps of the decomposition residue

rbon and Si elemental images are a due to polymer residues. The sili

of the silyl ether side group in the polymer, used for adhesion.  

Al, the carbon was resulted from contamination from the atmosphere. T
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Carbon SiC 

(a) purging condition A 

 

Carbon SiC 

 

(b) purging condition B 

Carbon SiC 

  

Figure 5.3.7. TOF-SIMS carbon and SiC elemental mapping images of 

decomposition residues of TD-based sacrificial polymer: (a) purging 

condition A, (b) purging condition B, (c) purging condition C. 

(c) purging condition C 
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Table 5.3.3. The atomic composition of thin films and decomposition residues of 

TD-based sacrificial polymer. 

    C O gen n Aluminum arbon xy Silico

as-received 50.5   14.8  34.7   
bare Al 

after 3 min etching     33.9  3.4  62.8

as-received       95.5  3.9 0.7Hard-baked thin film
of TD polym

s  
e etc      r after 3 min hing 94.6  4.9 0.5 

as-received 5   6.3  62.5  27. 3.7 Decomposed TD
purging conditi

,    
o etc 8   18.3  n A after 3 min hing 33.2  43. 4.8 

as-received 0   13.1  31.8  50. 5.1 Decomposed TD,    
purging condition B after 3 min etching   24.9  5.3  65.8 4.1  

as-received 35.5  46.7  2.4  15.4  Decomposed TD,    
.7  27.4  Purging condition C after 3 min etching 11.2  58.7  2

 

r 3 min Ar-ion sputter etching, 

indicating a thin residue layer. However, the carbon content in case of purging 

condition A was 33.2 at.%, indicatin

 

5.3.5 Hydrophobicity of the surface of thin films and decomposition residues 

The hydrophobicity of the residue surface after decomposition is critical 

because moisture would increase the dielectric constant and could lead to corrosion. 

 a water drop 

as shown in Table 5.3.4. The polymer samples were hard-baked at 300ºC for 1 hr 

and thermally decomposed under different purging conditions. The contact angles 

for the polymer films and their residues were larger than those of the base aluminum 

the carbon content of bare Al (3.4 at.%) afte

g a thicker residue layer. 

The hydrophobicity was investigated by measuring the contact angle of
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Table 5.3.4. The summary of the contact angle measurements of the polymer films 

tion of the purging gases and the initial 

thickness of p ilm

itself and decomposition residues of TD-based and NB-based sacrificial 

polymers with the varia

olymer thin f s. 

  
hard baked  
thin films 

Decomposed, Decomposed, Decomposed, 
purging purging purging 

condition A condition B condition C 

bare Al 71.6  39.2  54.2  46.0  

TD polymer 
(300 nm) 

95.7  91.9  87.5  85.2  

TD polymer 
(1.2 μm

95.1  85.0  87.8  86.9  
) 

NB polymer 
100.8  83.8  84.4    

(400nm) 
NB polymer 

98.5  99.8  89.3    
(4.5μm) 

 

 

films, as shown in Table 5.3.4. Two polymer thicknesses were used in the  

experiments in order to investigate the effect of the initial thickness on the 

hydrophobicity of the surface after decomposition. As shown in Table 5.3.4, there 

was no clear difference in contact angle between the thin and thick films for both 

TD-based and NB-based polymers. In addition, the different purging gas conditions 

had no effect on the hydrophobicity of the residue surfaces. The large carbon content 

in the residue resulted in a hydrophobic surface with the large contact angle.  
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   5.4 Conclusion 

Nanoindentation experiments have shown that the TD-based polymer was 

 performing 

s. From this 

better process 

repeatability than the softer NB polymer. From the dynamic TGA analysis, the TD-

based polymer had similar thermal properties to the NB polymer. Both TD and NB 

polymers were thermally stable up to 300ºC, and the decomposition residues were 

less than 1% of the initial polymer thickness. The surfaces of polymer films and 

their residues were hydrophobic. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

harder than the NB-based polymer. The effect of hardness on the process 

repeatability was investigated by fabricating 50 nm polymer lines and

image processing for evaluation of linearity of both polymer line

quantitative analysis, it was shown that the harder TD polymer had 
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CHAPTE ATION OF 
D EXTENDED 

SING HIGH 
MODULUS SACRIFICIAL POLYMER 

 
 

6.

to scaling of 

 feature size, 

the interconnect structure has become multi-layered, complex and smaller in size. 

Thus, the performance of interconnect has deteriorated and the interconnect 

s resistance-capacitance (RC) delay, crosstalk noise and power 

di rformance of 

etal lines to 

transport signals and power, and dielectric materials to insulate adjacent metal lines. 

The performance of the interconnect is determined by the properties of the metal, 

eveloped by 

IBM in 1997 [8] has clear advantages over Al metallization due to the advantages of 

lower resistance, higher allowed current density, and the increased scalability [8-10] 

of the process. Numerous low dielectric constant (low-k) materials, including 

R 6: FABRICATION AND CHARACTERIZ
ULTRA LOW-K CU/AIR-GAP AN
CU/AIR-GAP STRUCTURES U

 

1 Background 

The performance of semiconductor devices has improved due 

transistor parameters [1]. However, with the shrinkage of the minimum

challenges such a

ssipation have become the barriers to the progress of the pe

semiconductor devices. 

Integrated circuit (IC) interconnects are composed of multi-level m

dielectric materials, and their geometry. The interconnect geometry is a function of 

the design rules. The dual damascene Cu metallization process, as d
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fluorine doped silicon dioxide (F-SiO2), polymers, spin-on-glasses, foams [13], 

plasma enhanced chemical vapor deposition (PECVD) SiOC [14], PECVD SiCOH 

flow. The incorporation of air, 

in

material was 

first introduced by R.H. Havemann et al. (Texas Instrument Inc.), in 1995 [26] using 

the removal of a spin-coated disposable solid material (e.g. photoresist) in between 

metal lines. The metal lines were formed by wet etching and the disposable solid 

ted, and the 

sing oxygen 

of an air-gap 

between the metal lines, one layer at a time. The metallization-first process is 

generally not preferred over the dielectric-first process because it is easier to fill 

high aspect ratio voids (height-to-width) with metal than to fill voids with dielectric. 

Th rocess were 

developed and are categorized into three approaches, as shown in Figure 6.1.1 and 

Table 6.1.1.  

The first approach is to use a thermally decomposable sacrificial polymer as a  

[15], and air-gaps [16-21] have been developed for decreasing the interconnect 

capacitance and integration into a Damascene process 

 the form of air-gaps, is the lowest dielectric constant available. 

The concept of air-gap integration as an intra-metal dielectric 

material was spin coated. A porous oxide layer was then deposi

disposable solid material was removed by wet etching or oxidation (u

from the air) through the porous material, resulting in the formation 

us, numerous methods to integrate air-gaps into a dual damascene p

 100 
 



 

 
(a) Thermal decomposition of the sacrificial polymers [16-18] 

  

 
(b) Wet etching of the SiO2 intra-metal dielectric [19] 

 
(c) Etch back of the intra-metal dielectric and non-conformal deposition of 

the inter-layer dielectric [20,21] 

Figure 6.1.1 The three different integration approaches of dual damascene air-gaps. 
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Table 6.1.1 The summary of the different appr

in terms of the number of lithography and additional process steps 

pared to ntional d ene

Air-gap 

 
ny 

Number o
lithography 

Number of 
additional steps 

compared to dual 
damascene 

 

oaches for the integration of air-gaps 

com  the conve ual damasc  process. 

integration 
approach

Compa
f 

GeorgiaTech [16,17] 2 3 Thermal 
ition

l 
mer 

ductors an
8] 

2 0 

decompos
sacrificia
poly

 of 
NXP Semicon

DOW [1
d 

Removal 
sacrific

materials 
etchi

of 
ial 

by wet 
ng 

ics, CEA
, NXP 

ductors [19] 
3 4 

STMicroelectron
LTM/CNRS

, 

Semicon

Matsushita, Panasonic, 
Renesas Tech. [20] 

3 4~6 
Non-conformal 
deposition of 

inter-layer 
dielectric IBM [21] 3 8 
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temporary placeholder in between metal lines as shown in Figure 6.1.1a. After 

finishing a chemical mechanical polishing (CMP) step of the dual damascene 

al polymer is 

h the second 

-cavity. Two 

lithography steps are needed for via and trench patterning, and three additional steps 

(spin-coating, etching, and decomposition of sacrificial polymers) were used in 

comparison to the traditional dual damascene processes [16,17]. Daamen et al. used 

l damascene 

wo lithography steps (via and trench patterning) and 

no ene structure 

due to the embedded via-first process.  

The second approach is the removal of the sacrificial material by wet etching, 

as disclosed by Gosset et al. [19] and shown in Figure 6.1.1b. After finishing a CMP 

ng layer, an 

additional lithography step is used to open an etching solution pathway in the SiC 

capping layer. A sacrificial layer of well-known SiO2 between the Cu lines is 

dissolved using hydrofluoric acid introduced through the etching solution pathway, 

process, a second inter-layer dielectric is deposited which encapsulates the 

temporary trench patterns of the sacrificial material. Then, the sacrifici

thermally decomposed and the gaseous byproducts diffuse out throug

inter-level dielectric layer, while air diffuses in, forming an air

a spin-on thermally degradable polymer and an embedded via-first dua

air-gap process [18]. There are t

 additional process steps are needed compared to the dual damasc

step of a dual damascene process and deposition of a SiC cappi
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leaving air-cavities in the intra-metal dielectric regions. The organic dielectric SiLK 

(Dow Chemical) as an inter-layer dielectric is not dissolved in the hydrofluoric acid, 

ur additional 

s, including 

raphy and etching of the SiC capping layer to open the hydrofluoric acid 

pathway. 

The formation of air-gaps during non-conformal CVD deposition of the inter-

layer dielectric material is the third approach [20,21]. After finishing a CMP step of 

l lithography 

region where 

formal CVD 

deposition of the inter-level dielectric which pinches off the top portion of the 

dielectric layer [34,36] as shown in Figure 6.1.1c. Three lithography steps are 

needed for via, trench, and selective etch-back of the intra-metal dielectric. Four 

ene process, 

including selective etching of the intra-metal dielectric and chemical mechanical 

polishing of the upper inter-level dielectric layer. Recently, a manufacturing-worthy 

dual damascene air-gap processes using non-conformal deposition of the SiCOH 

leaving it intact as the overcoat dielectric. Three lithography steps are needed for via, 

trench, and SiC etching (creating the hydrofluoric acid pathway). Fo

process steps are needed compared to the dual damascene proces

lithog

a dual damascene process and deposition of a hard mask, an additiona

step is used to etch back the intra-metal dielectric material in a desired 

air-gaps are formed. The air-cavities are created during the non-con

additional process steps are needed compared to the dual damasc
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inter-layer dielectric material has been disclosed by IBM [21]. In this approach, the 

SiCOH dielectric was used as the intra-metal and inter-layer dielectric materials in 

phy step was 

 incorporate 

 intra-metal 

dielectric, SiCOH as a top inter-layer dielectric is non-conformally deposited, 

forming air-gaps in-between the metal lines. In this approach, three lithography 

steps are used and eight additional process steps are needed compared to the dual 

 for the etch 

SiCOH dielectric in between the Cu lines and hard mask in the desired 

in  inter-layer 

dielectric.  

In this study, a single layer Cu/air-gap structure using a thermally 

decomposable sacrificial polymer placeholder is investigated. The study also 

includes extending the air-gap into the inter-layer dielectric region, further lowering 

the effective dielectric constant. The effect of moisture uptake on the Cu/air-gap 

structure is also studied.  

 

the dual damascene process to fully take the advantages of low dielectric constant of 

SiCOH. Following the dual damascene process, an additional lithogra

used to etch back the SiCOH intra-metal dielectric material in order to

air-cavities in the desired areas. After the etch-back of the SiCOH

damascene process. The additional process steps include a lithography

back of 

terconnect regions, and the deposition and CMP step of the top SiCOH
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6.2 Fabrication of the single layer Cu/air-gaps and extended Cu/air-gaps 

interconnect structures using the lift-off metallization technique  

e inter-layer 

urpose of the  

extended air-

gaps using the high modulus tetracyclododecene (TD)-based sacrificial polymer and 

experimentally verify the advantage of integration of air-gap and extended air-gap 

into an intra-metal dielectric region on the interconnect capacitance. Thus, a lift-off 

 polymethyl-

ped using a 

 followed by 

an IPA rinse for 1 min. Electron-beam exposures were performed using a JEOL 

JBX-9300FS electron-beam lithography system. The accelerating voltage of the 

electron beam was 100 kV and the spot size was 4 nm. The beam current was 2 nA 

2  and width of 

PMMA patterns were 540 nm and 200 nm, respectively. A 380 nm Cu layer was 

deposited using a filament evaporator (PVD75, Kurt J. Lesker Company) at a 

deposition rate of 2 Å/sec. During removal of the PMMA electron-beam resist in N- 

6.2.1 Fabrication of Cu/air-gaps interconnect structures 

Air-gap structures and structures extending the air cavity into th

dielectric were fabricated, as shown in Figure 6.2.1 and 6.2.2. The p

fabrication is to demonstrate the ability to fabricate the air-gaps and 

Cu metallization process was used in all the processes. The patterns of

metacrylate (PMMA) positive tone electron-beam resist were develo

methyl isobutyl ketone and isopropyl alcohol (IPA), 1:1 volume ratio,

and the electron dose was 500 μC/cm . After developing, the height
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Figure 6.2.1 The fabrication processes flow for Cu/air-gaps interconnect structures 

using the Cu metallization first process. 
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methyl-2-pyrrolidone (NMP) at 70ºC, the Cu lines on top of PMMA electron-beam 

resist patterns were also removed, with the Cu lines remaining in-between the 

 Cu lines was 

ration of air-gaps with 

th .  

Following Cu metallization, the tetracyclododecene-based sacrificial polymer 

(TD) was spin-coated and etched to remove the excess material (Figure 6.2.1b). 

After hard bake of the TD-based sacrificial polymer at 300˚C for 1 hr in nitrogen, a 

icial polymer 

f air-gaps as 

as (4 L/min) 

was used to purge the furnace for 30 min to remove the residual oxygen. During the 

heating cycle, the nitrogen flow rate was decreased to 2 L/min. During thermal 

decomposition, the sacrificial polymer was decomposed to form gaseous by-

ecomposition 

rate was 0.5 wt%/min to avoid excess pressure build-up during decomposition 

[24,31]. Table 6.2.1 shows the temperature profile during the thermal decomposition 

step. The half-pitch of the Cu/air-gap interconnect was 200 nm and the height of Cu  

PMMA electron-beam resist patterns as shown in Figure 6.2.1a. The Cu lines were 

annealed at 450 ºC for 2 hr in nitrogen atmosphere. The aspect ratio of

1.8:1 (H:W, 380 nm in height and 210 nm in width). The integ

e dual damascene processes will be proposed in the discussion section

PECVD SiO2 dielectric layer was deposited (Figure 6.2.1c). The sacrif

was thermally decomposed in the furnace resulting in the formation o

shown in Figure 6.2.1d. Before starting the heating cycle, nitrogen g

products. The furnace ramp rate was adjusted so that the polymer d
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Table 6.2.1. The temperature profile for the decomposition of sacrificial polymer 

with 0.5 weight % /min. 

 

 

 

 

 

 

 

metal lines was 380 nm. For the purpose of comparison, PECVD Cu/SiO2 

in

     The fabrication process for the extended Cu/air-gap structures is shown in 

Figure 6.2.2. After Cu metallization using the lift-off process (Figure 6.2.2a), the 

aps into the 

ed as a hard 

mask and the etched depth of SiO2 was 100 nm. The TD-based polymer was spin-

coated on the Cu lines, and a thin PECVD SiO2 layer was deposited (Figure 6.2.2c) 

and used as a hard mask in the following dry etch step. The sacrificial polymer on  

  initial temp final temp time(min) ramping rate 
step 1 0 300 150 2.0 
step 2 300 350 50 1.0 
step 3 350 38 20 0.17 5 5 
step 4 385 395 30 0.33  
step 5 395 40 2 0.50  5 0 
step 6 405 415 13 0.77  
step 7 415 430 10 1.50  
step 8 430 450 4 5.00  
step 9 450 450 120 0.00  

terconnect structures were also fabricated. 

 

6.2.2 Fabrication of extended Cu/air-gaps interconnect structures 

lower SiO2 layer was etched by reactive ion etching (RIE) to extend air-g

bottom dielectric layer as shown in Figure 6.2.2b. The Cu lines were us
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Figure 6.2.2 The fabrication processes flow for extended Cu/air-gaps interconnect 

structures using the Cu metallization first process. 
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top of the Cu lines was removed by electron-beam lithography, resulting in the 

extension of air-gaps into the upper SiO2 layer as shown in Figure 6.2.2d. The 

ined by the 

, which was 

r SiO2 layer 

as thermally 

decomposed as shown in Figure 6.2.2f. The decomposition process conditions were 

the same as those for the fabrication of Cu/air-gap structures. 

 

6.

res, PECVD 

SiO2 was used as the inter-layer dielectric. The effective dielectric constant of 

Cu/air-gap and extended Cu/air-gap structure were evaluated by comparing the 

measured capacitances to those with SiO . The dielectric constant of PECVD SiO2 

ctrodes was 

1400 μm × 1400 μm and the thickness of a PECVD SiO2 dielectric was 1 μm. The 

calculated capacitance due to the fringing field was small, 0.014% so that the 

parallel capacitor was considered an ideal parallel capacitor and the relative 

extension of the air-gap into the upper SiO2 dielectric layer was determ

thickness of spin-coated sacrificial polymer on top of the Cu lines

approximately 80 nm. The next step was the deposition of the uppe

(Figure 6.2.2e) and the TD-based polymer between Cu lines w

3 Experiments 

      6.3.1 Capacitance measurement of the comb structure devices 

In the fabrication of Cu/air-gap and extended Cu/air-gap structu

2

was measured by making parallel plate capacitors. The area of Cu ele

 111 
 



dielectric constant of PECVD SiO2 was calculated by measuring a capacitance of the 

parallel capacitor and the equation (6.1). 

d0

where C is the capacitance, ε0 is the permittivity of free space, εr is

dielectr

AC r •= εε                   (6.1)  

 the relative 

ic constant, A is the electrode area, and d is the distance between two 

electrodes.

The comb structures of Cu/SiO2, Cu/air-gap and extended Cu/air-gap 

interconnects were fabricated and the capacitances of each interconnect structure 

ascade Microtech Alessi 

REL-4800 Probe Station at room temperature. The capacitance of the devices was 

 to 1 V.  

6.3.2 Moisture uptake of extended Cu/air-gaps interconnect structures 

The moisture uptake of the extended Cu/air-gap structures was investigated by 

ion enclosure 

and make the moisture uptake of the device steady-state, a comb structure device 

was exposed to each RH for 1 hr before the capacitance was measured. Hexamethyl 

disilazane (HMDS) treatment was carried out on a vacuum line to remove moisture 

 

were measured using a Keithley 590 CV analyzer and C

measured at 1 MHz frequency with a voltage sweep from -1 V

 

changing the relative humidity within the probe station enclosure. In order to 

stabilize the relative humidity of the atmosphere inside the probe stat
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and make the comb structure device hydrophobic. The device was evacuated using a 

turbo-molecular pump for 1 hr. In addition, a separate vessel which contains HMDS 

s existed in 

vapor for 1 hour. 

6.4 Electrostatic modeling 

    6.4.1 Modeling geometry 

The integration of air-gaps as the intra-metal dielectric and extension of the 

estigated by 

ing ANSYS. 

 nm and 2.0, 

respectively. The modeled domain of 10 μm × 10 μm accounted for more than 

99.5% of the electric fringing field. In the case of extended air-gap, the height of the 

air-gap was extended by 100 nm into the top and bottom SiO2 inter-level dielectric 

layers

 

6.4.2 Effect of the integration of air-gaps and extended air-gaps on the 

interconnect capacitance 

was evacuated to remove the air inside the vessel so that only HMDS ga

the head space. After the evacuation for 1 hr, the device was exposed to HMDS 

 

air-gap into the top and bottom inter-level dielectric layer was inv

electrostatic modeling. Figure 6.4.1 shows the geometry modeled us

The width and aspect ratio (H:W) of the Cu lines were fixed at 200

.  
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Figure 6.4.1 The modeling geometry of the interconnect. 
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Table 6.4.1 The summary of the electric flux density, capacitance, and keff of 

homogeneous Cu/SiO2, Cu/air-gaps and extended Cu/air-gaps interconnect. 

 SiO2 dielectric Air-gaps Extended air-gaps
 
 
 

 Electric flux 
density (D) 

 
 
 
 

 
 
 
 

Capacitance(C) 138.2 pF/m 84.8 pF/m 69.5 pF/m 

% reduction in 
capacitance 0 % 39 % 49 % 

Effective k 
(k ) 4.0 2.45 2.01 

eff

 

ce per unit 

rconnects are 

flux density  

gaps decreases the electric flux density in the intra-metal dielectric region between 

the Cu lines compared to the case where SiO  is placed between the copper lines. 

 lines due to 

the fringing field into the inter-layer dielectric. The effective dielectric constant can 

be decreased by extending the air-gap into the inter-level dielectric layer. This is 

shown in the extended Cu/air-gaps interconnect structure. The air-gaps and extended 

The contour plots of the electric flux density (D), the capacitan

length, and keff of Cu/SiO2, Cu/air-gaps, and extended Cu/air-gaps inte

summarized in Table 6.4.1. From the comparison of the electric 

distribution in the contour plots, it can be observed that the incorporation of an air-

2

However, the electric flux density is still high at the corners of the Cu
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air-gaps lower capacitance by 39% and 49%, respectively, compared to SiO2. The 

keff of the air-gap structure was 2.45. Extending the air cavity 100 nm into the inter-

layer dielectric lowered keff to 2.01. 

 

6.4.3 Effect of the dielectric constant of inter-level dielectric materials on the   

In Figure 6.4.2, the effect of inter-layer dielectric constant on keff (percent 

reduction) is shown. The geometry for the model was the same as in Figure 6.4.1. 

The width and aspect ratio of the Cu lines and air-gaps were 200 nm and 2.0, 

r cavity was 

ctric. As the 

ve dielectric 

constant of the interconnect structures decreased. For example, if a low-k dielectric 

were used (εr= 2.7) instead of SiO2 (εr= 4.0), the capacitance decreased 54.7% 

compared to the SiO2 case (no air-gap). The effective dielectric constant decreased 

fro  4.0 for SiO2 to 1.8. In the case of an extended air-gap with a very low inter-

layer dielectric (εr= 2.0), the keff was reduced to 1.3 which exceeds the needs of the 

22 nm technology node [1]. 

 

interconnect capacitance 

respectively. In the case of an extended air-gap, the height of the ai

extended 100 nm into the top and bottom of the inter-layer diele

dielectric constant of the inter-layer dielectric decreased, the effecti

m
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(a) Percent reduction in capacitance 

 

(b) Effective dielectric constant 

Figure 6.4.2 The effect of dielectric constants of inter-layer dielectric materials on 

the percent reduction in capacitance and keff (a) Percent reduction in 

capacitance, (b) Effective dielectric constant 
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6.4.4 Effect of the extended height of air-gaps and the space between metal lines 

on the interconnect capacitance 

 metal lines 

re evaluated, 

 of an air-gap 

s X becomes 

larger, the space between Cu lines becomes narrower. Parameter ‘b’ is the extension 

height of an air-gap into the top and bottom inter-layer dielectric. The ratio of 

extension height of the air-gap to the height of Cu lines, Y was defined as ‘b’/400 

e inter-layer 

s larger), the 

s is because a 

decrease in the space between the Cu metal lines increases the intensity of electric 

field (E) and electric flux density (D). However, the electric flux density (D) is a 

function of the dielectric constant of an insulator and can be reduced by locating air-

gration of an 

air cavity into the intra-metal dielectric region has a greater effect with higher aspect 

ratio interconnect structures. Extending the air-gap into the inter-layer dielectric 

region reduces the fringing field, resulting in an additional reduction in the 

The effect of extending the height of the air-gap and the space between

(aspect ratio of the air-gap) on the interconnect capacitance and keff we

as shown in Figure 6.4.3. In Figure 6.4.1, the parameter ‘a’ is the width

and the aspect ratio of dielectric area, X was defined as 400 nm/’a’. A

nm. That is, Y becomes larger as the air-gap extends further into th

dielectric. As the space between the copper lines decreases (X become

effective dielectric constant decreases, as shown in Figures 6.4.3b. Thi

cavities in the space between the metal lines. This means that the inte
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(a) Percent reduction in capacitance 

 

(b) Effective dielectric constant 

Figure 6.4.3 The effect of the space between metal lines and extended height of air-

gaps on the percent reduction in capacitance and keff (a) Percent 

reduction in capacitance, (b) Effective dielectric constant 
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in the capacitance and keff. The capacitance at an aspect ratio of X=2.0 (a=200 nm) 

and an extension height ratio of Y=0.25 (b=100 nm) is reduced by 49% compared to 

a SiO2 only dielectric. 

   6 ic constants of Cu/air-gaps and extended 

Cu/air-gaps interconnect structures 

The single layer Cu/air-gap and extended Cu/air-gap structures using the 

tetracyclododecene (TD)-based thermally decomposable sacrificial polymer as a 

Figure 6.5.1 

image of an 

es were 210 

nm and 1.8, respectively. The width of the air-gaps was 190 nm and the air-gap was 

extended into the top and bottom PECVD SiO2 layers by 80 nm and 100 nm, 

respectively. The SEM image shows that the TD-based polymer was cleanly 

sidual solids 

on the side walls of the copper. An interdigitated comb structure was fabricated and 

the measured capacitances values of the Cu/SiO2, Cu/air-gap, and extended Cu/air-

gap structures are summarized in Table 6.5.1. The dielectric constant of PECVD  

 

6.5 Results 

.5.1 Measured effective dielectr

temporary placeholder between the Cu metal lines was fabricated. 

shows a cross-sectional secondary electron microscopic (SEM) 

extended Cu/air-gap structure. The width and aspect ratio of the Cu lin

decomposed leaving an air-cavity as the intra-level dielectric, without re
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Figure 6.5.1 The cross sectional secondary electron microscopic image of extended 

Cu/air-gaps structure. 
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Table 6.5.1 The summary of the measured effective dielectric constants of the comb 

structure devices. 
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SiO2 measured with a parallel plate capacitor was 4.14. Thus, the keff of the 

homogeneous SiO2/Cu interconnect was 4.14. The measured keff of Cu/air-gap and 

 is 2.1 to 2.4. 

c constant for 

k inter-layer dielectric material (εr= 2.7) instead of SiO2 would lower keff 

below 1.9.  

The thermal decomposition of the sacrificial polymer is a critical part of the 

air-gap formation. A multi-layered structure could have air-gaps in several layers. It 

-up sequence 

 a multi-layer 

ricated. Both 

layers of sacrificial polymer were decomposed at one time. Two air-gap layers and 

two Cu layers are clearly shown and the sacrificial polymer in both layers was fully 

decomposed. 

6.5.2 Effect of moisture uptake of extended Cu/air-gaps interconnect 

structures on the effective dielectric constant 

The effect of moisture absorption on keff in the extended Cu/air-gap structures 

extended Cu/air-gap structures were 2.42 and 2.17, respectively. According to the 

2006 ITRS [1], the required keff for a 32 nm technology node in 2013

As shown in Figure 6.4.2b, the electrostatic simulation of the dielectri

the low-

is beneficial to decompose the sacrificial material at the end of build

and not after each layer. This was demonstrated in Figure 6.5.2 where

interconnect structure with two layers of sacrificial polymer was fab
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Figure 6.5.2 The cross sectional secondary electron microscopic image of multi-

layer air-gaps and Cu patterns. 
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was studied. The results are shown in Figure 6.5.3. Increasing the relative humidity 

(RH) in the ambient air from 40% to 92%, at constant temperature, results in a 6.2% 

ording to a 

osition, were 

 including SiO2, are non-hermetic and allow 

ai

Due to the high electric polarizability of water, the absorbed water 

significantly increases the effective dielectric constant and can lead to corrosion 

problems. In order to minimize an increase in capacitance with RH, the extended 

or, the keff of 

DS treated 

sample was exposed to the highest RH, keff increased by only 0.3% above the initial 

condition, as shown in Fig. 6.5.4 [61,62]. During the HMDS process, surface 

hydroxides react with HMDS resulting in an alkyl-terminated surface which is 

ithin porous 

low-k materials and terminating the surface with a trimethyl siloxane moiety [63,64]. 

The equivalent thickness of water responsible for the change in keff can be estimated 

by the electrostatic simulation. One would need 3.1 Å of water to account 

increase in keff (from 2.17 to 2.32) for the as-fabricated samples. Acc

previous study [17], the walls of the cavity, after polymer decomp

hydrophobic. The inter-layer dielectric,

r and moisture to permeate from the ambient.  

Cu/air-gap structure was made hydrophobic by reaction with hexamethyldisilazane 

(HMDS) vapor for 1 hr in vacuum. After exposure to the HMDS vap

the extended Cu/air-gap structure decreased by 1.7%. When the HM

hydrophobic. In a similar way, HMDS has been used to repair damage w
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Figure 6.5.3 The effect of moisture uptake of extended Cu/air-gap interconnect 

structures on the keff. 
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Figure 6.5.4 The effect of HMDS vapor treatment on the keff of extended Cu/air-gap 

interconnect structures. 
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accounting for a 1.7 % reduction of the keff. This is about 1.5 monolayers of water, 

assuming the bulk value of k for water. 

  

tion process, 

vs. the copper-first process used here. Figure 6.6.1 shows a proposed via-first dual 

damascene fabrication process for Cu/air-gap structures using a thermally 

decomposable sacrificial polymer. After completing the lower interconnect layer 

 followed by 

ch as SiCOH 

also provides 

a convenient etch-stop for the patterning of the lines (above the via-level). A thin 

SiO2 or SiCOH hard mask is deposited on the spin-coated sacrificial polymer, and 

SiCOH is preferred due to its low dielectric constant vs. SiO . This is followed by 

gned capping 

layer such as CoWP or CuSiN on top of the lower copper lines is used as an etch 

stop for dry etching the inter-layer dielectric material for the via holes. After 

stripping the resist, a bottom anti-reflection coating (BARC) material is spin-coated 

 

6.6 Discussion 

    6.6.1 Dual damascene Cu/air-gap process 

The insulator-first process is preferred in the Damascene fabrica

(Figure 6.6.1a), an inter-layer dielectric (the via hole layer) is deposited

spin-coating the sacrificial polymer. A low-k dielectric is preferred, su

(εr= 2.7) for the inter-layer dielectric. The inorganic nature of SiCOH 

2

via-hole lithography and etching as shown in Figure 6.6.1b. A self-ali
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Figure 6.6.1 The proposed fabrication processes flow for Cu/air-gap interconnect 

structure using dual damascene processes. 
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to fill the via holes and protect them from the trench etch process. After trench 

patterning in Figure 6.6.1c, the metal barrier layer and Cu seed layer are deposited, 

nd the hard 

as shown in 

p of the Cu 

ielectric and 

thermal decomposition of the sacrificial polymer (Figure 6.6.1e), forming the 

Cu/air-gap structures. In the fabrication processes, high aspect ratio and anisotropic 

sacrificial polymer patterns are required. The sacrificial polymer needs survive the 

d. It was shown that the TD-

ba cial polymer, 

Minimizing the residual material within the air-gap is important because it can 

degrade keff. If a large amount of residue remains, it can increase the leakage current, 

capacitance, and decrease the time-dependent dielectric breakdown. According to a 

ial polymer 

is less than 1% of the original polymer thickness. In addition, decreasing the 

background oxygen concentration in the thermal decomposition furnace reduces the 

residue [55]. Thus, it is expected that the effect of the decomposition residues on the   

followed by copper superfilling. The excess Cu is removed by CMP a

mask on top of the sacrificial polymer is used as a CMP stop-layer 

Figure 6.6.1d. After deposition of the self-aligned capping layer on to

lines, the last two steps are the deposition of the top inter-layer d

CMP step. Thus, a hard, sacrificial polymer is preferre

sed sacrificial polymer is harder than the norbornene based sacrifi

while the thermal properties of the two materials are the same [17]. 

previous study [17], the decomposition residue of the TD-based sacrific
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interconnect performance should be small.  

 

6.6.2 Critical review of the different approaches for the integration of dual 

n-on thermal 

yer dielectric 

have been published [18]. A simplified process flow is shown in Figure 6.6.2. 

Before spin-coating the sacrificial polymer, a via hole is formed in the SiOC inter-

layer dielectric as shown in Figure 6.6.2a. Then, the sacrificial polymer is spin-

e via hole is 

res extra dry-

he extra dry-

etching time may change the critical dimensions of the polymer trench pattern in the 

via hole region due to undercutting and damage the SiOC inter-layer dielectric [65]. 

The next process steps are Cu metallization (Figure 6.6.2c) and thermal 

ared to the  

conventional dual damascene, no additional lithography step and processes are 

required because the via holes are formed before spin-coating of the sacrificial 

polymer. This results in a decrease in the number of the process steps. The 

damascene air-gaps 

Other via-first dual damascene air-gap processes using a spi

degradable sacrificial polymer as a placeholder and SiOC as an inter-la

coated and fills in the via holes. The sacrificial polymer filling th

removed following trench lithography step (Figure 6.6.2b). This requi

etching time due to the thickness of the material being removed. T

decomposition of the sacrificial polymer (Figure 6.6.2d). Comp
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Figure 6.6.2. The process flow of an embedded via-first dual damascene air-gap 

using a spin-on thermal degradable sacrificial polymer [31]. 
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additional layers required are a hard mask on the sacrificial polymer for trench 

patterning, and a SiCN capping layer to protect Cu lines from the top dielectric layer. 

 approach are the effect of decomposition residue and 

m

ing of a SiO2 

al damascene 

process [19]. The organic inter-layer dielectric is SiLK (Dow Chem. Co.). The dilute 

hydrofluoric acid solution penetrates into the interconnect structure and dissolves the 

SiO  intra-metal dielectric, while the organic SiLK inter-layer dielectric remains, as 

 SiC capping 

iC (εr = 5.8) 

o preventing 

the diffusion of dilute HF etching solution into regions where it would damage the 

structure. The SiC raises keff of the interconnect structures because of its high 

dielectric constant. An additional lithography step is necessary to localize the air-

tion from the 

interconnect structure can also be a challenge. 

 The integration approach of air-gaps using non-conformal deposition of an 

inter-level dielectric material in a via-first dual damascene process has been 

The challenges in this

isalignment of via holes. 

The integration of air-gaps in an intra-metal layer using wet etch

intra-metal dielectric material has been demonstrated in a via-first du

2

shown in Figure 6.1.1b. The additional layers in this approach include a

layer and a CuSiN self-aligned barrier on the top of the Cu lines. The S

capping layer on the top of the dual damascene structure is essential t

gaps to specific regions. The complete removal of the HF etching solu
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demonstrated [20,21]. After finishing the via-first dual damascene process, the intra-

metal dielectric in the dense region is etched back using an additional lithography 

al 

 lines for the 

p layer in the 

 in the inter-

layer dielectric may occur [65]. A process to repair the damaged low-k may be 

required [63-65]. An additional CMP step is required for the planarization of the 

non-conformal inter-layer dielectric. The air cavity occupies only a portion of the 

 a hard mask, 

ration of air-

rough of the 

air-cavities during trench etch into the via-level dielectric, and mis-landed vias due 

to misalignment [66,67], as shown in Figure 6.6.3. In order to avoid the 

breakthrough of air-cavities into the via-level dielectric during the process, the 

l lithography  

step. This controls the width of the etched-back area in the intra-metal dielectric 

region, as shown in Figure 6.6.3a [66]. In order to address the mis-landed via 

problem shown in Figure 6.6.3b, a hard mask and an additional lithography step are 

step as shown in Figure 6.1.1c. Air-gaps are then formed during the non-conform

plasma deposition of an inter-layer dielectric. The plasma etching of the

trench does not use an etch-stop layer. In addition, there is no etch-sto

etch-back process of the intra-metal dielectric. Thus, the etch damage

intra-layer dielectric region. The additional layers in this approach are

a SiC dielectric liner, and a capping layer. The challenges in the integ

gaps by non-conformal deposition of an inter-layer dielectric are breakth

height of the air-gap is controlled using a hard mask and an additiona
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(a) Breakthrough of air-gaps 

 

(b) Mis-landed via due to misalignment 

Figure 6.6.3. The challenges in the air-gap formation during non-conformal 

deposition of the inter-layer dielectric (a) Breakthrough of air-gaps, 

(b) Un-landed via due to misalignment. 
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used to exclude air-gaps from underneath the via holes [67]. In the etch back process 

of the intra-metal dielectric, the hard mask covers the via area and prevents the 

form esired area. 

r completing 

ired region is 

l non-critical 

lithography step at the first metal layer and a nanoporous polymer is used. During 

the lithography step, the width of the etched area in between the Cu lines is kept 

constant, controlling the width and aspect ratio (H:W) of the air-gap trench. The air-

H dielectric 

ht additional 

 of the hard 

mask, a non-critical lithography step, etch back of the intra-metal dielectric, and an 

additional CMP for planarization of the surface of the non-conformal SiCOH 

dielectric. The advantage of this approach is that no new materials are introduced 

and air-cavities can be inserted at any level. However, the dry etch damage in the 

SiCOH may increase the dielectric constant due to carbon depletion [65]. 

 

 

ation of air-gaps, resulting in the localization of the air-gaps in the d

IBM has recently integrated air cavities into dielectrics [21]. Afte

the dual damascene process, the SiCOH intra-metal dielectric in a des

selectively etched back using a thin oxide hard mask and an additiona

gaps are formed by the non-conformal deposition of the upper SiCO

layer. Compared to the conventional dual damascene process, eig

process steps are required. They include the deposition and removal
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6.6.3 Dual Damascene extended Cu/air-gap process 

The via-first dual damascene process to extend the air-cavity into the inter-

 by use of an 

ed layer are 

r is deposited 

as shown in Figure 6.6.4b. After the deposition of the self-aligned capping layer on 

the top of the copper lines, the sacrificial polymer is stripped by dry or wet etching 

and the copper lines remain. The remaining Cu lines are used as a hard mask during 

aps into the 

s spin-coated 

r lines is not 

likely an issue for the sacrificial polymer because it will be removed in the final 

thermal decomposition step. In the fabrication of extended air-gaps in Figure 6.2.2c, 

the surface of the spin-coated sacrificial polymer layer was planarized and no 

er on top of 

the Cu lines determines the extension height of the air-cavity into the top inter-layer  

dielectric. After deposition of the thin hard mask, a lithography step is needed to 

remove the sacrificial polymer from a top of the copper lines resulting in the 

layer dielectric regions is proposed in Figure 6.6.4. After formation of a via hole in 

Figure 6.6.4a, the trench pattern in the sacrificial polymer is developed

additional lithography step. Then, a metal barrier and copper se

deposited. The wafer is then planarized, and a self-aligned capping laye

the etching of the lower inter-layer dielectric to extend the air-g

dielectric layer, as shown in Figure 6.6.4c. Then, a sacrificial polymer i

and a thin, hard-mask layer is deposited. Gap fill between the coppe

additional CMP step was needed. The thickness of the sacrificial polym
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Figure 6.6.4. The proposed fabrication process flow for extended Cu/air-gap 

interconnect structure using dual damascene processes. 
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extension of the air-cavity into the top inter-layer dielectric, as shown in Figure 

6.6.4d. In this step, the width of the etched sacrificial polymer pattern above the Cu 

osition of the 

Compared to 

ess steps are 

etched back at the bottom of the inter-level dielectric layer in Figure 6.6.4c. The 

sacrificial polymer, on the top of the Cu lines, is removed (Figure 6.6.4d) to extend 

the air-gap into the inter-layer dielectric region. 

 

nd methods of 

fabrication are presented. The integration of air-gaps or extended air-gaps with low-

k inter-level dielectrics could satisfy the requirement for 32 nm node and beyond.  

The measured effective dielectric constants of Cu/air-gap (200 nm half pitch 

m on top and 

100 nm on the bottom) was 2.42 and 2.17, respectively. Adsorbed moisture 

increased the capacitance by 7%. However, exposure to HMDS vapor removed the 

moisture and made the interconnect hydrophobic, resulting in only 0.3% increase at 

lines should be smaller than the width of the Cu lines in order to avoid over-etching 

of the sacrificial polymer. The final process step is the thermal decomp

sacrificial polymer in the intra-metal dielectric region (Figure 6.6.4f). 

the dual damascene air-gap process in Figure 6.6.1, the additional proc

6.7 Conclusions 

The advantages of the air-gaps as an ultra low-k dielectric a

and aspect ratio of 1.8) and extended air-gap (extended height of 80 n
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the highest RH. The fabrication processes of Cu/air-gap structures and extended air-

gap using the TD-based thermally decomposable polymers with a dual damascene 

processes were proposed and compared to other integration approaches.   
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CHAPTER 7: CONCLUSIONS 
 
 

composable 

ication and 

 intra-metal 

dielectric material using the hard tetracyclododecene (TD) based sacrificial polymer.  

Due to the requirement of a harder sacrificial polymer in terms of process 

reliability, a conventional thermally decomposable norbornene (NB) based 

e effects of 

e thermal and 

tigated. The 

exposure to 5 keV and 10 keV electron beam crosslinked the sacrificial polymer and 

resulted in improved hardness. However, the thermal properties including thermal 

stability at 300 ºC and amount of residue were degraded due to the oxidation of the 

keV electron 

beam became softer than unexposed polymer thin films, because chain scission was 

preferred to cross-linking. The addition of hydrogen in operating gas and post-

exposure heat treatment were useful to reduce the oxidation of the irradiated 

 

7.1 Conclusions of the dissertation 

This research has focused on the characterization of thermally de

sacrificial polymers and decomposition residues, and the fabr

characterization of air-gaps and extended air-gaps as an ultra low

sacrificial polymer was hardened by exposure to electron-beam. Th

electron energy, dose, irradiation temperature, and operating gas on th

mechanical properties of NB-based sacrificial polymer were inves

polymer films. On the other hand, polymer thin films exposed to 1 
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polymer thin films. Consequently, even though electron beam exposure could 

harden the NB-based sacrificial polymer thin films, the thermal properties were 

er thin films by exposure to the 

el

as compared 

tability and 

thermal properties. Nanoindentation experiments showed that the TD-based 

sacrificial polymer was harder than the NB-based polymer and demonstrated better 

reliability as verified by quantitative SEM image processing over 50 nm width lines. 

ar to those of 

ecomposition 

rophobic. Thus, it was concluded that the TD-based polymer was a 

better sacrificial polymer than the NB-based polymer for use in the fabrication of 

nano-sized air-gaps.  

A single layer Cu/air-gaps and extended Cu/air-gaps interconnect structures 

 demonstrate 

the advantage of the air-gaps and extended air-gaps as an ultra low-k intra-metal 

dielectric on the reduction of interconnect capacitance. The width and aspect ratio of 

Cu lines were 210 nm and 1.8, respectively. The half pitch of Cu/air-gaps 

degraded after exposure. Therefore hardening polym

ectron beam is not desirable. 

For the better process reliability, TD-based sacrificial polymer w

with NB-based sacrificial polymer in terms of hardness, process repea

The thermal properties of the TD-based sacrificial polymer were simil

the NB-based sacrificial polymer. The surfaces of thin films and d

residue were hyd

were fabricated using the lift-off Cu metallization process in order to
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interconnect was 200 nm. For the extended air-gaps, air-gaps were extended by 80 

nm on top and 100 nm at the bottom SiO2 inter-layer dielectric. Compared to keff = 

keff of Cu/air-

ively and the 

hnology and 

ir-gaps and extended air-gaps on the 

reduction of interconnect capacitance were confirmed. 

Moisture uptake of interconnect structures can give rise to integration 

reliability issues, including corrosion of Cu lines, an increase of leakage current and 

nded Cu/air-

ated. As the 

by 7% due to 

high dielectric constant of water. In order to remove the absorbed moisture and 

make the interconnect hydrophobic, the extended Cu/air-gaps interconnect structures 

were exposed to hexamethyldisilazane (HMDS) vapor. After exposure to HMDS 

1.7% due to 

removal of the absorbed moisture. A RH of 86%, the keff of the HMDS treated 

extended air-gap increased only by 0.3% because of hydrophobic surface of the 

interconnect. As a result, the exposure to HMDS vapor successfully removed the 

4.14 for the homogeneous PECVD Cu/SiO2 structure, the measured 

gaps and extended Cu/air-gaps structures were 2.42 and 2.17, respect

measured values of keff satisfied the requirement for 32 nm node tec

beyond [1]. Thus, the advantages of the a

interconnect capacitance. Thus, the effect of moisture uptake of exte

gaps interconnect on keff and interconnect capacitance was investig

relative humidity (RH) increased from 4% to 92%, the keff increased 

vapor, the keff of extended Cu/air-gaps interconnect decreased by 
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absorbed moisture and resulted in the formation of a hydrophobic extended Cu/air-

gap interconnect structure. .  

etal layer, a 

f lift-off Cu 

ches of air-

 in terms of 

production cost, process complexity and reliability. The integration of the air-gaps 

using thermally decomposable sacrificial polymer as a temporary placeholder needs 

two lithography steps for via and trench, and a CMP process.  

2 intra-metal 

 and etching 

ay, and a CMP step was necessary. Furthermore, the existence of 

residual etching solution in the interconnect structures may cause the long-term 

reliability issues.  

In addition, the use of non-conformal deposition of a inter-layer dielectric 

e sacrificial 

polymer. It the had discovering required three lithography steps for via, trench and 

etch-back of the intra-metal dielectric, and two CMP processes for the planarization 

of damascene Cu layer and the upper inter-layer dielectric surface. Several more 

For the integration of air-gaps and extended air-gaps in an intra-m

dual damascene air-gap and extended air-gap processes instead o

metallization were proposed. In addition, different integration approa

gaps using dual damascene process were evaluated and compared

The integration of air-gaps by selective wet etching of the SiO

dielectric materials required three lithography steps for via, trench

solution pathw

materials for the integration of air-gaps also had discoveries to th
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processing steps compared to the conventional dual damascene processes were 

needed for etch back of the intra-layer dielectric materials in the desired, dense 

 air-gaps as a “drop-in” to an existing on-chip 

in

s a temporary 

placeholder in between metal lines can improve process reliability for the integration 

of the air-gaps. The advantages of integration of the air-gaps and extended air-gaps 

as an ultra low-k intra-metal dielectric material for advanced integrated circuits were 

ps structures. 

nded Cu/air-

er integration 

approaches, the fabrication of air-gaps using sacrificial polymers has the advantages 

in terms of cost, process complexity. Therefore, I believe the air-gap technology as 

an ultra low-k intra-metal dielectric material must be a promising technique for the 

advanced integrated circuits. 

 

 

 

region. However, it hasbeen advantages that no new material and process are 

introduced and the ability to add

terconnect process flow minimizes risks. 

In conclusion, the use of the hard TD-based sacrificial polymer a

verified both by electrostatic modeling and tesing of fabricated air-ga

The measured effective dielectric constants of the Cu/air-gaps and exte

gaps satisfied the requirement for 32 nm node [1]. Compared to oth
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   7.2 Future work 

     In this study, the advantages of air-gaps and extended air-gaps were 

r an ultra low-k intra-

ed. 

 in this thesis 

is used to fabricate Cu/air-gap multi-layer structure. For the multi-layer interconnect 

structures, the effect of air-gaps or extended air-gaps on the electrical performance 

of the interconnects should be investigated by electrical characterization of the 

kage current, 

gth should be 

ect structures 

and evaluation of the integration reliabilities, the optimal processing parameters for 

the dual damascene air-gap processes using the harder TD-based sacrificial polymer 

will be determined.  

ters from the 

work described in the paragraph above, the air-gaps or extended air-gaps should be 

integrated into the real circuit devices. The effect of air-gap interconnect structures 

on the improvement of device performance should be investigated by evaluating RC 

demonstrated by fabrication, characterization and modeling using TD-based 

sacrificial polymers. In order to realize air-gap technology fo

metal dielectric material, the following proposed future work is suggest

     It is proposed that the dual damascene air-gap process described

fabricated structures. In addition, integration reliabilities such as lea

mean time to failure (MTTF) of electromigration and mechanical stren

evaluated. From the fabrication of multi-layer Cu/air-gaps interconn

     As a longer term project, using the optimal processing parame
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delay time, power dissipation and cross talk noise. Also, reliability tests should be 

performed, and the effect of operating temperature, moisture and resistance heat on 

the performance of the real circuit devices are evaluated.  
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