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Lowering the capacitance of Back-end-of-line (BEOL) structures by decreasing the dielectric 

permittivity of the interlayer dielectric material in integrated circuits (ICs) lowers device delay 

times, power consumption and parasitic capacitance. a:C-F films that are thermally stable at 

400C were deposited using tetrafluorocarbon and disilane (5% by volume in Helium) as 

precursors. The bulk dielectric constant (k) of the film was optimized from 2.0 / 2.2 to 1.8 / 1.91 

as-deposited and after heat treatment.  Films, with highly promising k-values but discarded for 

failing to meet shrinkage rate requirements were salvaged by utilizing a novel extended heat 

treatment scheme. Film properties including chemical bond structure, F/C ratio, refractive index, 

surface planarity, contact angle, dielectric constant, flatband voltage shift, breakdown field 

potential and optical energy gap were evaluated by varying process pressure, power, substrate 

temperature and flow rate ratio (FRR) of processing gases.  Both XPS and FTIR results 



 

ix 

confirmed that the stoichiometry of the ultra-low k (ULK) film is close to that of CF2 with no 

oxygen. C-V characteristics indicated the presence of negative charges that are either interface 

trapped charges or bulk charges. Average breakdown field strength was in the range of 2-8 

MV/cm while optical energy gap varied between 2.2 eV and 3.4 eV. 

Irradiation or plasma damage significantly impacts the ability to integrate the film in VSLI 

circuits. The film was evaluated after exposure to oxygen plasma and HMDS vapors and no 

change in the FTIR spectra or refractive index was observed. Film is resistant to attack by 

developers CD 26 and KOH. While the film dissolves in UVN-30 negative resist, it is 

impermeable to PGDMA. A 12% increase in dielectric constant and a decrease in contact angle 

from 65 to 47 was observed post e-beam exposure. 

The modified Gaseous Electronics Conference (mGEC) reference cell was used to deposit DLC 

films using CH4 and Argon as precursors. Pre and post-anneal structural properties of the 

deposited thin film were studied using laser excitation of 633 nm in a Jobin Yvon Labram high-

resolution micro-Raman spectrometer. The film was further characterized using AFM, FTIR, 

XRD, goniometry and electrical testing. Average film roughness as measured by AFM was less 

than 1 nm, the k-value was 2.5, and the contact angle with water was 42°. 

Lastly, layered dielectric films comprising of Diamond like Carbon (DLC) and Amorphous 

Fluorocarbon (a:C-F) were generated using three different stack configurations and subsequently 

evaluated. Seven unique process conditions generated promising stacks with k-values between 

1.69 and 1.95. Of these, only one film exhibited very low shrinkage rates acceptable for 

semiconductor device processing. Annealed a:C-F films with DLC top coat are similar in 

bonding structure to as deposited FC films proving that DLC deposition significantly modified 



 

x 

the bonding structure of the underlying annealed a:C-F film. Stacks comprised of a:C-F films 

with higher oxygen content, deposited using high FRRs exhibited both macro and microbuckling 

to a larger degree and extent. Film integrity was preserved by annealing the Fluorocarbon 

component or by providing a DLC base coat.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 
 

xi 

TABLE OF CONTENTS 

Acknowledgments............................................................................................................................v 

Preface........................................................................................................................................... vii 

Abstract ........................................................................................................................................ viii 

List of Figures .............................................................................................................................. xiii 

List of Tables .................................................................................................................................xx 

CHAPTER 1 INTRODUCTION ...................................................................................................1 

1.1 Motivation ................................................................................................................1 

1.2 Integration Challenges and desired properties of ULK materials ............................4 

1.3 Fluorine and Carbon ................................................................................................6 

1.4 Dissertation Outline. ................................................................................................9 

CHAPTER 2 EVALUATION AND OPTIMIZATION OF PECVD FILMS CONTAINING 

FLUORINE AND CARBON AS ULTRA LOW DIELECTRIC CONSTANT INTERLAYER 

DIELECTRICS IN ULSI DEVICES .............................................................................................11 

2.1 Preface....................................................................................................................11 

2.2 The CF4:Si2H6 plasma system ................................................................................11 

2.3 Experimental ..........................................................................................................16 

2.4 Results and Discussion ..........................................................................................19 

2.4.1 Deposition Rate, Refractive Index and F / C ratio .....................................19 

2.4.2 Thermal Stability ........................................................................................27 

2.4.3 Relative Dielectric Constant and Average Breakdown Field Strength ......32 

Structural and Compositional Analysis .................................................................44 

2.4.4 Optical Properties .......................................................................................54 

2.4.5 Conclusion ..................................................................................................58 



 

xii 

CHAPTER 3 PROPERTIES OF A:C-F FILMS ..........................................................................60 

3.1 Oxygen Ashing and HMDS ...................................................................................60 

3.2 Chemical Reactivity ...............................................................................................62 

3.3 E-beam Sensitivity .................................................................................................64 

3.4 Conclusions ............................................................................................................66 

CHAPTER 4 STUDY AND OPTIMIZATION OF LAYERED DIAMOND LIKE CARBON 

AND PECVD FLUOROCARBON FILMS AS ULTRA LOW DIELECTRIC CONSTANT 

INTERLAYER DIELECTRICS ....................................................................................................67 

4.1 Preface....................................................................................................................67 

4.2 Diamond like carbon ..............................................................................................67 

4.3 The CH4 / Ar plasma system ..................................................................................69 

4.4 Experiment .............................................................................................................72 

4.4.1 DLC thin film deposition and evaluation ...................................................72 

4.5 Evaluation of a:F-C and DLC layered stacks. .......................................................80 

4.5.1 Layered Films: Post Deposition Survival Rate ..........................................81 

4.5.2 Partition Study: FTIR .................................................................................85 

4.5.3 Partition Study: Microstructural evolution .................................................88 

4.5.4 Film thickness and shrinkage .....................................................................93 

4.5.5 Relative Dielectric Constant, Roughness and Contact Angle ....................98 

4.6 Conclusions ..........................................................................................................103 

CHAPTER 5 SUMMARY AND CONCLUSIONS ..................................................................105 

5.1 a:C-F Deposition and Characterization ................................................................105 

5.2 DLC / Layered a:C-F with DLC Deposition and Characterization .....................106 

REFERENCES ............................................................................................................................108  

VITA 

 

 



 

 

 

 

 

 
 

xiii 

LIST OF FIGURES 

Fig. 1.1. RC delay as a function of feature size [3] .........................................................................3 

Fig. 1.2. Schematic of a simple interconnect structure [4] ..............................................................3 

Fig. 1.3. SEM Cross-Section of CMOS 7S Copper process showing six copper levels and one 

Tungsten level used for the interconnect structure © IBM Corporation [8] ........................5 

Fig. 1.4. Manufacturing issues associated with the integration of ULK dielectric materials ..........6 

Fig. 1.5. Variation of the dipolar, atomic and electronic contributions to  the dielectric constant 

with frequency [13] ..............................................................................................................8 

Fig. 2.1. Deposition Rate, Refractive Index and  F / C ratio of films as a function of Flow Rate 

Ratio for films deposited using process conditions (a) 700 mTorr, 160C, 50 W (b) 700 

mTorr, 160C, 100 W (c) 500 mTorr, 120C, 100 W (d) 500 mTorr, 140C, 100 W (e) 

500 mTorr, 160C, 40 W (f) 500 mTorr, 160C, 50 W (g) 500 mTorr, 160C, 100 W. ...19 

Fig. 2.2. FTIR absorption spectra of (a) as-deposited and (b) films annealed for 2 hr at 400ºC for 

films deposited using process conditions 500 mTorr, 120ºC ,100 Watts and FRR of (a) 

12.5  (b) 20 (c) 25 and (d) 30. ............................................................................................20 

Fig. 2.3. FTIR spectra of films deposited with process conditions 500 mTorr, 160ºC, FRR 12.5, 

TF 540 sccm and power (a) 50 W and (b) 40 W. ..............................................................21 

Fig. 2.4. Deposition Rate as a function of Temperature for films deposited using process 

conditions 500 m Torr, 100 W (a) FRR 12.5 (b) FRR 20 & (c) FRR 30...........................22 

Fig. 2.5. FTIR absorption spectra between 700 – 2000 cm-1 of (a) as-deposited and (b) films 

annealed for 2 hr at 400ºC for films deposited using process conditions 500 mTorr, 100 

W, FRR 30, TF 1240 sccm and Temperatures (a) 200ºC (b) 180ºC (c) 160ºC (d) 140ºC 

(e) 120ºC ............................................................................................................................23 

Fig. 2.6. Deposition Rate of films as a function of Power for films deposited using process 

conditions (a) 700 mTorr, 160C, FRR 10, TF 550 sccm (b) 700 mTorr, 160C, FRR 

12.5, TF 540 sccm (c) 500 mTorr, 160C, FRR 5, TF 600 sccm (d) 500 mTorr, 160C, 

FRR 10, TF 550 sccm (e) 500 mTorr, 160C, FRR 12.5, TF 540 sccm (f) 500 mTorr, 

160C, FRR 16.67, TF 530 sccm .......................................................................................24 



 

xiv 

Fig. 2.7. Deposition Rate of films as a function of Process Pressure for films deposited using 

process conditions (a) 160C, FRR 5, TF 600 sccm, 50 W (b) 160C, FRR 12.5, TF 540 

sccm, 150 W (c) 160C, FRR 10, TF 550 sccm, 50 W(d) 160C, FRR 10, TF 550 sccm, 

100 W (e) 160C, FRR 12.5, TF 540 sccm, 50 W (f) 160C, FRR 12.5, TF 540 sccm 100 

W (g) 120C, FRR 12.5, TF 540 sccm, 100 W ..................................................................25 

Fig. 2.8. FTIR absorption spectra of (a) as-deposited and (b) films annealed for 2 hr at 400ºC for 

films deposited using process conditions FRR 12.5, TF 540 sccm, 120ºC,100 Watts and 

(a) 300 mTorr (b) 500 mTorr .............................................................................................26 

Fig. 2.9. Shrinkage Rate and F / C ratio of films as a function of Flow Rate Ratio for films 

deposited using process conditions (a) 500 mTorr, 120C, 100 W (b) 500 mTorr, 140C, 

100 W (c) 500 mTorr, 160C, 100 W ................................................................................28 

Fig. 2.10. Shrinkage Rate and F / C ratio of films as a function of Power for films deposited 

using process conditions of 500 mTorr, 160C, FRR 12.5 and Total Flow of 540 sccm ..29 

Fig. 2.11. Shrinkage Rate of films as a function of Pressure for films deposited using process 

conditions: Process temperature 120C, FRR 12.5, Power 100 W and total flow of gases: 
540 sccm ............................................................................................................................30 

Fig. 2.12. Shrinkage Rate of films as a function of temperature for films deposited using process 

conditions (a) 500 mTorr, FRR 12.5, 100 W (b) 500 mTorr, FRR 20 and  100 W (c) 500 

mTorr, FRR 30 and  100 W ...............................................................................................31 

Fig. 2.13. Variation of the relative dielectric constant with refractive index for films (a) as-

deposited and (b) annealed for 2 hr at 400ºC .....................................................................33 

Fig. 2.14. Relative dielectric constant, average breakdown field strength and composition of 

films as a function of Flow Rate Ratio for films deposited using process conditions (a) 

500 mTorr, 160C, 100 W (b) 500 mTorr, 140C, 100 W (c) 500 mTorr, 120C, 100 W 34 

Fig. 2.15. Relative dielectric constant, average breakdown field strength and composition of 

films as a function of temperature for films deposited using process conditions 500 

mTorr, 100 W and (a) FRR 12.5 (b) FRR 20 and (c) FRR 30 ...........................................36 

Fig. 2.16. Relative dielectric constant, average breakdown field strength and composition of 

films as a function of pressure for films deposited using process conditions (a) 160C, 50 

W, FRR 10 and (b) 120C, 100 W, FRR 12.5 ...................................................................38 

Fig. 2.17. Relative dielectric constant, average breakdown field strength and composition of 

films as a function of Power before and after annealing at 400C in Ar ambient for one 

hour of films deposited using process conditions: 500 mTorr , 160C and  flow rate ratio 
of CF4 / Si2H6  of 12.5 ........................................................................................................38 



 

xv 

Fig. 2.18. Normalized C-V curve for the as-deposited and annealed (2 hr at 400ºC)  films 

deposited using process conditions 500 mTorr, FRR 30, 100 W and (a) 200ºC (b) 180ºC 

(c) 160ºC (d) 140ºC (e) 120ºC ...........................................................................................40 

Fig. 2.19. Effect of processing temperature on effective dielectric charge density for films 

deposited using process conditions 500 mTorr, FRR 30, 100 W and (a) 200ºC (b) 180ºC 

(c) 160ºC (d) 140ºC (e) 120ºC before and after annealing for 2 hr at 400ºC. ....................41 

Fig. 2.20. Effect of processing temperature on flatband voltage shift for films deposited using 

process conditions 500 mTorr, FRR 30, 100 W and (a) 200ºC (b) 180ºC (c) 160ºC (d) 

140ºC (e) 120ºC before and after annealing for 2 hr at 400ºC ...........................................42 

Fig. 2.21. J-E characteristics of MOS capacitors fabricated on films deposited using process 

conditions 500 mTorr, FRR 30, 100 W and (a) 200ºC (b) 180ºC (c) 160ºC (d) 140ºC (e) 

120ºC before and after annealing for 2 hr at 400ºC.. .........................................................43 

Fig. 2.22. Average Breakdown Field Strength of films as a function of Temperature for films 

deposited using process conditions 500 mTorr, FRR 30, 100 W and (a) 200ºC (b) 180ºC 

(c) 160ºC (d) 140ºC (e) 120ºC before and after annealing for 2 hr at 400ºC.. ...................43 

Fig. 2.23. XRD pattern of film deposited using process conditions 500 mTorr, 120ºC, 100 Watts, 

FRR 30, Total flow of 1240 sccm between angles 10 and 80 ........................................44 

Fig. 2.24. Atomic concentration and F / C ratio calculated using the relative area and sensitivity 

factors measured by XPS and EDS for films deposited using process conditions 500 

mTorr, 100 W, (A) FRR 25, 120ºC, TF 1040  (B) FRR 20, 160ºC, TF 840 (C) FRR 12.5, 

160ºC, TF 540 ....................................................................................................................45 

Fig. 2.25. XPS spectra of C 1s showing  deconvoluted constituents for films deposited using 

process conditions 500 mTorr, 100 W, (A) FRR 25, 120ºC, TF 1040  (B) FRR 20, 160ºC, 

TF 840 (C) FRR 12.5, 160ºC, TF 540 ...............................................................................46 

Fig. 2.26. Relative area of chemical bonds present in the C1s XPS spectra of films deposited 

using process conditions 500 mTorr, 100 W (A) FRR 25, 120ºC, TF 1040  (B) FRR 20, 

160ºC, TF 840 (C) FRR 12.5, 160ºC, TF 540 ...................................................................48 

Fig. 2.27. FTIR absorption spectra of films between 1600 and 700 cm-1 for films deposited using 

process conditions 500 mTorr, 100 Watts and (a) 120ºC, FRR 30, TF 1240 sccm (b) 

120ºC, FRR 25, TF 1040 sccm (c) 180ºC, FRR 30, TF 1240 sccm and (d) 200ºC, FRR 30 

and TF 1240 sccm ..............................................................................................................50 

Fig. 2.28. Original and Synthetic FTIR absorption spectra for film deposited using process 

conditions 500 mTorr, 120ºC, 100 Watts, FRR 30, TF 1240 sccm  between 1420 and 950 

cm-1 with Gaussian / Lorentzian components ....................................................................51 



 

xvi 

Fig. 2.29. FTIR absorption spectra of film deposited using process conditions 500 mTorr, 120ºC, 

100 Watts, FRR 30, TF 1240 sccm between 1420 and 950 cm-1 before and after self-

deconvolution .....................................................................................................................51 

Fig. 2.30. SEM micrograph of film deposited using process conditions 500 mTorr, 120ºC, 100 

Watts and FRR 25 at a magnification of X 230. ................................................................53 

Fig. 2.31. Film roughness and contact angle with water as a function of Temperature for films 

deposited using process conditions 500 mTorr, 100 W and FRR (a) 20 and (b) 30. .........53 

Fig. 2.32. Film roughness and contact angle with water  as a function of Flow Rate Ratio of 

CF4:Si2H6 for films deposited using process conditions 500 mTorr, 100 W and 

Temperature (A) 120C (B) 140C and (C) 160C ...........................................................54 

Fig. 2.33. Transmittance  of films as a function of wavelength for films deposited using process 

conditions 500 mTorr, 120C, 100 W and (A) FRR 12.5 (B) FRR 25 (C) FRR 30 and (D) 

300 mTorr, 120C, 100 W and FRR 12.5 ..........................................................................55 

Fig. 2.34. Absorption Coefficient (α)  of films as a function of photon energy for films deposited 

using process conditions 500 mTorr, 120C, 100 W and (A) FRR 12.5 (B) FRR 25 (C) 

FRR 30 and (D) 300 mTorr, 120C, 100 W and FRR 12.5 ...............................................56 

Fig. 2.35. Plot of (αE)1/2  as a function of photon energy for films deposited using process 

conditions 500 mTorr, 120C, 100 W and (A) FRR 12.5 (B) FRR 25 (C) FRR 30 and (D) 

300 mTorr, 120C, 100 W and FRR 12.5 ..........................................................................57 

Fig. 2.36. Plot of optical energy gap  as a function of photon energy for films deposited using 

process conditions 500 mTorr, 120C, 100 W and (A) FRR 12.5 (B) FRR 25 (C) FRR 30 

and (D) 300 mTorr, 120C, 100 W and FRR 12.5 .............................................................58 

Fig. 3.1. Experimental setup for determination of the effect of plasma and HMDS on film 

properties............................................................................................................................60 

Fig. 3.2. Variation in thickness, relative dielectric constant and refractive index of the film after 

oxygen plasma etch and HMDS treatment for ULK film ..................................................61 

Fig. 3.3. FTIR spectra of the a:F-C film after ashing and HMDS treatment. Right: Magnification 

of the area of interest between wavenumbers 2000cm-1 and 3000 cm-1. ...........................62 

Fig. 3.4. FTIR Spectrum of a:F-C film before and after develop with CD 26 and KOH (25%) 

solution. ..............................................................................................................................62 

Fig. 3.5. Relative Dielectric constant of the ULK film before and after develop with KOH for 

300 seconds. .......................................................................................................................63 



 

xvii 

Fig. 3.6. Variation in the thickness of a:F-C film with time after exposure to PGDMA solvent. .63 

Fig. 3.7. SEM and optical micrographs of the e-beam window obtained upon exposure to ebeam 

while performing EDS on these samples ...........................................................................64 

Fig. 3.8. E-beam modification of a:C-F film. ................................................................................65 

Fig. 3.9. Variation in k-value and contact angle for a:C-F films before and after e-beam exposure66 

Fig. 4.1. Schematic indicating the regime of DLC in terms of bond hybridization.......................68 

Fig. 4.2. C-H phase diagram indicating fraction of sp2 / sp3 hybridization ...................................69 

Fig. 4.3. Possible mechanisms for reaction in DLC film deposition .............................................71 

Fig. 4.4. Schematics of DLC deposition PECVD system. Parts illustration for the PECVD 

system: (1) upper showerhead electrode, (2) center grounded electrode, (3) lower biased 

electrode, (4) sample,  (5) thermal insulator, (6) infrared lamp, (7) aluminum reflector, 

(8)quartz window for lamp protection, (9)electrical connection for lamp, (10)Teflon 

insulators, and (11) purge for lamp protection...................................................................73 

Fig. 4.5. Raman Spectra of DLC topcoat film before and after annealing at 400C for 1 hr fitted 
with D and G peaks ............................................................................................................74 

Fig. 4.6. Peak Position, G-pk width and Ratio of areas for DLC topcoat film before and after 

annealing for 1 hr at 4000C ................................................................................................76 

Fig. 4.7. Peak Position, G-pk width and Ratio of areas for DLC topcoat film before and after 

annealing for 1 hr at 400C ................................................................................................76 

Fig. 4.8. AFM images of DLC topcoat film before and after 1 hr anneal in Ar ambient at 400C77 

Fig. 4.9. XRD pattern of DLCTC film before and after anneal between angles 20 and 100 .....78 

Fig. 4.10. Scanning electron and optical  micrographs of film delamination in thin a:C-F film 

after DLC deposition..........................................................................................................78 

Fig. 4.11. SEM micrograph of a typical diamond crystallite,  schematic illustration of the various 

planes in diamond and structure of staggered and eclipsed bonds [83]. ............................79 

Fig. 4.12. Schematic of dielectric stacks evaluated. ......................................................................80 

Fig. 4.13. Schematic of process flow and partitioning study utilized to generate film stacks (a) 

FC-TC (b) BC-FC-TC and (c) AFC-TC ............................................................................83 

Fig. 4.14. Schematic of the polarity of interface and internal stresses. .........................................84 



 

xviii 

Fig. 4.15. FTIR absorption spectra of (a) As-Deposited and Post Anneal Top-Coat DLC film (b) 

As-Deposited FC and (c) Layered FC-TC films. ...............................................................86 

Fig. 4.16. FTIR absorption spectra of layered FC-TC films before and after heat treatment........87 

Fig. 4.17. Scanning electron micrographs of delamination in thin a:C-F film after DLC 

deposition showing regions A, C, D, Delaminated film B and striations (S) at the crater 

edge. Area marked “No S” clarifies that film B delamination with striations is a surface 

phenomenon associated with the top-surface layer. ..........................................................89 

Fig. 4.18. Optical micrographs of annealed thick a:C-F film after DLC deposition exhibiting 

Type II failure showing (a) Only Regions A, B and C similar to thin a:C-F film after DLC 

deposition and (b) Additional Region E and Region F instead of Region D. ....................90 

Fig. 4.19. Optical micrographs of annealed thick a:C-F film after DLC deposition with areas 

showing (a) systematic pattern in E at (i) (b) border fringing with macro buckling and 

new Region  and (c) Onset of microbuckling in C (Inset G). ............................................92 

Fig. 4.20. Optical micrographs of annealed thick a:C-F film after DLC deposition showing (a) 

macro and micro buckling with fringe formation (b) Type III failure related 

macrobuckling and (c) Influence of DLC buckling on FC film integrity. .........................93 

Fig. 4.21. Variation in film thickness and shrinkage rate of films deposited using process 

conditions 500 mTorr, 100 W as a function of temperature. .............................................94 

Fig. 4.22. Variation of film (a) Shrinkage Rate and (b) Thickness as a function of FRR for 

deposition at 120°C, 140°C and 160°C for films (1) FC (2) FC-TC (3) AFC-TC and (4) 

BC-FC-TC . Extremely low shrinkage rates are observed in the doubly annealed AFC-TC 

films. ..................................................................................................................................96 

Fig. 4.23. Variation in film thickness and shrinkage rate of films deposited using process 

conditions 100 W, FRR 12.5, 120C as a function of Pressure. ........................................97 

Fig. 4.24. Variation of the relative dielectric constant of the film as a function of FRR for 

deposition of films (1) FC (2) FC-TC (3) AFC-TC and (4) BC-FC-TC. ..........................98 

Fig. 4.25. Variation of relative dielectric constant with Temperature for films deposited using 

process conditions 500 mTorr and 100 W .........................................................................99 

Fig. 4.26. Variation in relative dielectric constant of films deposited using process conditions 100 

W, FRR 12.5, 120C as a function of Pressure. ...............................................................100 

Fig. 4.27. Variation of contact angle with water as a function of Flow rate ratio for films 

deposited using process conditions 500 mTorr and 100 W. ............................................101 



 

xix 

Fig. 4.28. Variation of Ra and Rz as a function of flow rate ratio for films deposited using process 

conditions 500 mTorr and 100 W ....................................................................................102 



 

 

 

 

 

 
 

xx 

LIST OF TABLES 

Table 2.1 Comparison between current work and similar research efforts ...................................14 

Table 2.2 Screening Study .............................................................................................................18 

Table 2.3 Final DOE ......................................................................................................................18 

Table 2.4 Assignment of C 1s binding energy shifts .....................................................................47 

Table 4.1 Number of viable a:C-F and DLC film stacks ...............................................................81 

Table 4.2 Process parameters for a:C-F film deposition and k-value obtained after anneal .......104 

 

 

 

 

file:///C:/Users/Nandini/Desktop/Manualbackup_01212015_fromhomelaptop/PhD/FinalThesis/Thesis_11316.docx%23_Toc466870482


 

 

 

 

 

 
 

1 

 

INTRODUCTION 

1.1 Motivation 

While the actual circuit architecture determines the exact tradeoff between device and 

interconnect performance, interconnect delays become significant in comparison to transistor 

performance delays with the continuous shrinkage of device dimensions. Clearly, lowering 

interconnect delay times could significantly impact device performance (Fig. 1.1).  

The significance of interconnect delay over gate delay as well as power consumption [1] can 

be understood by analyzing the simple interconnect schematic detailed in Fig. 1.2  Expressions 

for the resistance (R) and capacitance (C) of this structure can be derived as follows 
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Where  

L = line length 

 = resistivity  

k = dielectric constant 

AR = aspect ratio 

f = frequency 

Also, 

 

 

 

 

Where the subscript “IMD” denotes intermetal dielectric, “ILD” interlayer dielectric and  is 

the dielectric permittivity. Since continuous shrinkage in metal linewidths leads to increased 

metal line resistances, a decrease in C values achieved by lowering the dielectric permittivity 

would directly impact both delay times as well as power consumption of the device. 

Additionally, a decrease in the parasitic intermetal capacitance is desirable with shrinkage in the 

distance between metal lines [2]. This has provided the motivation to research newer materials 

and interconnect schemes to lower the capacitance of back-end-of-line (BEOL) structures. 
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Fig. 1.1. RC delay as a function of feature size [3] 

 

Fig. 1.2. Schematic of a simple interconnect structure [4]  
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1.2 Integration Challenges and desired properties of ULK materials 

Current interconnection schemes consist of up to 12 levels of metallization with variation in 

wiring pitch from 104 nm for the local and intermediate levels to 156 nm at the global levels [5]. 

Due to the complexity of the integration scheme (Fig. 1.3), the transition to the first porous ultra 

low-k materials deposited by Chemical Vapor Deposition (CVD) at the 45 nm node involved 

several integration and engineering challenges. Companies like Freescale Semiconductor and 

IBM selectively transitioned some of the switching delay dominated metal layers to ULK 

dielectric materials. Optimization of low k for the 32 nm node includes improvements to the 

barrier layers in terms of reliability and thickness as well as research related to removal of CMP 

cap layers [2]. Recently, the 2013 update to the ITRS roadmap detailed the difficult challenges 

for > 22 nm node as the introduction of new dielectric materials to meet conductivity challenges 

and reduce dielectric permittivity [6]. Lowering of k-values with a reduction of film density [7] 

either at the microscopic level by formation of an open lattice or at the macroscopic level by the 

incorporation of nanopores in the material has been utilized to tailor an efficient ultra low-k 

material. 

Manufacturing complexity leads to several process integration issues as shown in Fig. 1.4 such 

as: 

1. Adhesion to metals like Ta, TaN, TiN and Cu or oxides / nitrides used as metal or cap / 

barrier layers to prevent Cu or moisture diffusion in the case of porous materials. 

2. Low hardness, tensile stress and cohesive strength leading to CMP incompatibility and 

reliability issues 

3. Etch selectivity to nitrides, oxides or metal  
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4. Compatibility with oxygen ash and other solvents 

5. Increase in k-value due to subsequent processing like etching, ashing, resist poisoning, 

etc. 

Some of the fixes currently used include use of hardmasks to control sidewall damage and 

roughness, adhesion promoters, film densification techniques, sidewall liners to prevent diffusion 

of Cu and barrier layers (SiN / SiCN) to prevent Cu electromigration [9] and moisture 

absorption. Unfortunately with the use of each additional layer, the k value of the stack increases 

significantly to the extent that porous ULK films with damaged sidewalls exhibit higher keff in 

comparison to CVD films with higher bulk k [10, 11]. 

In summary, besides possessing a low dielectric constant, desirable properties of ULK films 

include a robust interface with good adhesion, resistance to solvents, acids, bases, etc. , etch 

selectivity, tensile strength, hardness, thermal stability, low coefficient of thermal expansion, low 

diffusivity to metals and reduced moisture absorption.  Therefore the selection and evaluation of 

 

 Fig. 1.3. SEM Cross-Section of CMOS 7S Copper process showing six copper levels and 

one Tungsten level used for the interconnect structure © IBM Corporation [8] 
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a dielectric material to be successfully utilized in this complex processing scheme presents a 

challenge for the 14 nm node and below. 

1.3 Fluorine and Carbon 

The dielectric constant is a physical measure of the electrical polarizability of a material. 

 

where D is the displacement current, E is the electric field and P is the polarizability of the 

material under consideration. Polarizability is defined as the measure of a material’s response to 

an external electric field leading to the acquisition of an external dipole moment, i.e. 

 

 

Where e is the electric susceptibility of the dielectric.  

 

Fig. 1.4. Manufacturing issues associated with the integration of ULK dielectric materials 
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Polarizability is also the product of the number of atomic electrical dipoles per unit volume, i.e.,  

P = Np 

Where N is the number of dipoles and p is the dipole moment. 

The overall dielectric constant therefore is determined by the contributions from electronic, 

ionic (atomic or distortion) and orientational (dipolar) polarizations of the dielectric material. 

Electronic polarization occurs in neutral atoms when the applied electric field displaces the 

nucleus with respect to the electrons like in a hydrogen atom. Ionic polarization occurs when 

adjacent electronegative and electropositive atoms stretch due to the application of an electric 

field like in NaCl.  Finally in some materials like H2O, permanent dipoles existing due to 

asymmetry respond to the application of an external electric field leading to orientational 

polarization.  Lowering each or all of these contributes helps in lowering the overall dielectric 

constant of the material.  

As shown in Fig. 1.5, at higher operating frequencies the primary contribution is from atomic 

and electronic polarizations. The low bond polarizability of C-C and C-F bonds minimizes their 

response from within the film to the applied electric field.  

Amorphous fluorocarbon (a:C-F) , amorphous carbon (a:C-H), DLC (diamond like carbon) 

and fluorinated DLC films have previously been individually evaluated as potential candidates 

for low-k dielectric applications.  In the case of a:C-F films, k-value as low as 1.3 has been 

achieved in the as-deposited state. However the use of this film as a low-k alternative has been 

limited by thermal instability issues, high shrinkage rates, low mechanical strength, fluorine 

bond instability and reactivity with Ti and Ta liners leading to defluorination and delamination. 

Additionally, F outgassing after thermal treatment poses difficulties in maintaining a sufficiently 
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low k value [7]. DLC has proved to be a more promising material but with a higher dielectric 

value of < 3.0 that has been achieved after a stabilization heat treatment. Grill et al. prepared a 

multilevel metal structure incorporating the film that was thermally stable at 4000C. They also 

prepared fluorinated DLC films with k-value less than 2.5 after a stabilization treatment. 

However these films reacted with SiO2, SiN and TaN at 400C, resulting in the formation of Si-F 

and Ta-F bonds weakening the interface between the FDLC film and other layers and leading to 

delamination. [12].  

In conclusion, it appears that the two films under consideration, a:C-F and a:C-H perfectly 

complement each other in terms of their properties –where the DLC film has higher k values, 

a:C-F films have very low k values; where the DLC possesses excellent mechanical properties, 

 

 

Fig. 1.5. Variation of the dipolar, atomic and electronic contributions to  

the dielectric constant with frequency [13] 
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the a:C-F film has lower mechanical strength;  where the a:C-F film is reactive, the DLC film is 

non-reactive with SiO2, SiN and TaN. Additionally, both films could be stabilized by an 

extended heat treatment. Hence it appears that a combination of the two films could be utilized to 

exploit the attractive properties of these films while overcoming each of their limitations and has 

a strong potential for use in BEOL interconnect structures. 

1.4 Dissertation Outline. 

The primary focus of this research is to tailor a dielectric stack consisting of layered a:C-F and 

DLC films for utilization in ultra low-k dielectric layers in VLSI circuits.  In sequential order, the 

steps taken to achieve this proposed objective include: 

1. Optimization of the deposition of a:C-F films using CF4 and Si2H6 as precursors by 

establishing a consistent process and evaluating the relationship between plasma process 

parameters for film deposition.  

2. Study of the variation in film properties including dielectric constant, breakdown field 

strength, bond structure, chemical composition, roughness, contact angle, optical energy 

gap and other relevant properties before and after a short anneal as well as an extended 

stabilization heat treatment. 

3. Deposition and characterization of ~ 25 nm thin DLC films on silicon. Creation of three 

types of dielectric stacks for the integration and characterization of the thin DLC film 

with a:C-F films as well as a demonstration of the applicability of these films as ultra 

low-k dielectric constant materials for VLSI circuits. 
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Additionally, in the case of the a:C-F, film reactivity to oxygen plasma, developer solutions, 

PGDMA solvent and Al etch solution has been documented.  E-beam sensitivity of the film has 

been evaluated in terms of variation in the dielectric constant and contact angle with water.  
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EVALUATION AND OPTIMIZATION OF PECVD FILMS CONTAINING FLUORINE 

AND CARBON AS ULTRA LOW DIELECTRIC CONSTANT INTERLAYER 

DIELECTRICS IN ULSI DEVICES 

2.1 Preface 

Reprinted with permission from: Study and Optimization of PECVD films containing Fluorine 

and Carbon as ultra low dielectric constant interlayer dielectrics in ULSI devices, Journal of 

Vacuum Science and Technology B33, 042202, © 2015, American Vacuum Society. 

2.2 The CF4:Si2H6 plasma system 

Details about the CF4-Si2H6 system comprising of the scheme of Yasuda at el [14] modified 

to include the role of fluorine trapping agents and film deposition mechanisms have been 

detailed elsewhere [15]. In brief, the dualism of fluorocarbon plasmas intrinsically promotes both 

film etching and film deposition with the primary species being charged particles, fluorine atoms 

or ions and C-Fx radicals. Since Si2H6 acts both as a fluorine trapping agent and reducing agent, 

it aids with the control of F/C ratio of the deposited film. Some of the complex reactions 

occurring in the plasma include polymerization, etching, adsorption, physical / thermal ablation, 

fluorine trapping and reaction of residual oxygen with Si2H6.  Some possible reactions for the 

interaction of electrons with CF4 include [16] 
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e- + CFn  CFn
* + e- 

CFn
*  CFn-1  + F  

or as 

e- + CFn  CFn-1
* + F- 

e- + CFn
*  CFn-1 

+ + F + 2 e- 

where X* denotes excited X and X denotes a free radical. Additionally, helium atoms used for 

precursor dilution excited to metastable states can transfer energy to ions or radicals via inelastic 

collisions.  Fluorine trapping reactions include [16]  

-SiHn (surface) + (4-n) F-  SiHnF4-n(gas) 

H++F-  HF(gas)  

and 

e- + -SiHn + O2 SiO2 + nH+ + (n+1)e- 

Possible reactions involved in etching or physical ablation are 

(CF2-x)n(solid)+ F + ion bombardment  CnF2n+2(gas)  

-(CF3)(solid) + F + ion bombardment  CF4(gas)  

Properties of deposited fluorocarbon films could be modified by varying the precursors, 

process conditions or reactor type. Gaseous precursors used for deposition typically include a 

fluorine source (CF4, C4F8, etc.) and / or a source of hydrogen that acts as a fluorine trapping 

agent (H2, CH4, SiH4, Si2H6, etc.). Process variables include substrate temperature, process 

pressure, flow rate and flow rate ratio of source gases. Finally the reactor itself determines many 

of the plasma variables like radical density, vibrational temperature, ion flux and electron flux 

depending on whether it is a coldwall reactor or a reactor with heated walls, the chamber 
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dimensions, plasma source (capacitive or inductively coupled), electrode dimensions and 

spacing. With this in mind, a comparison of similar research in the area of developing 

fluorocarbon films for low k dielectric applications has been shown in Table 2.1. 

Previously we have demonstrated the applicability of a:C-F films deposited using CF4 and 

Si2H6 for low-k applications [17]. An analysis of the difference between this work and Lee et al 

[15] is subsequently described. In terms of reactor setup, our deposition chamber allows for the 

use of larger gas volumes and correspondingly higher gas flow rates (by almost a factor of 10) 

while the operating pressures are very similar. 

It should be noted that the residence time of radicals is a direct function of operating 

pressure, volume and flow rate as given by the following equation 

= PV / f 

where

 is the residence time of radicals 

P is the process pressure 

V is the process volume  

f is the flow rate of precursor gases.  
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Also, chamber dimensions play an important role in the densities of CF2, CF3 and other gas 

phase constituents especially at higher self-bias voltages. It has been shown that increasing the 

chamber diameter increases deposition rates but does not significantly vary the Fluorine to 

Carbon ratio for situations where the source to chuck distance is comparable to that of the 

chamber diameter [18].  

Looking at the reactor type, it can be seen that ours is the only process utilizing heated walls 

(60C) during deposition. The effect of wall temperature on CF4 plasmas has been studied 

extensively and a 50% reduction in CF4 densities with a reduction in wall temperature from 60C 

to 30C has been observed. Additionally, the CF4 vibrational temperature increases considerably 

with temperature leading to greater precursor dissociation. Assuming that both adsorption and 

desorption plasma wall interactions occur, it is reasonable to expect that the higher wall 

temperature would impart larger thermal energy to CF4 radicals. Also the effect of increased 

vibrational energies of energized CF4 radicals in the plasma core can be substantial. Since the 

sticking coefficient is typically lower with increasing temperatures decreasing the impact of an 

important loss mechanism also results in an increase in CFx concentrations [18]. 

In our attempt to improve the value of the dielectric constant and obtain a thermally stable, 

adhesive film, we have experimented with changes in the selection of process variables including 

increasing the total flow of gases, lowering the overall power per unit area, optimizing the 

temperature using a delta of 20C instead of 40C, lowering the flow rate ratio to 5 and 

instituting an extended stabilization anneal prior to exploring the optimized process space. 
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2.3     Experimental 

A commercially available plasma deposition tool (UNAXIS 790 SERIES) with an electrode 

diameter of 15” has been used to deposit films containing fluorine and carbon in this work. The 

top electrode is RF powered (13.56 MHz) and while the substrate is temperature controlled using 

an embedded resistance heater, the process chamber wall has been maintained at 60C using a 

heat exchanger.  Process gases are piped through mass flow controllers into a gas manifold for 

delivery to the process chamber under vacuum maintained by a turbomolecular pump.   

Si wafers were cleaning using the standard RCA method before deposition. Immediately 

before being placed in the deposition chamber, the wafers were swabbed with 50:1 HF solution 

to remove any native oxide from the wafer surface. Prior to each deposition, the chamber walls 

were routinely cleaned for 5 minutes using CF4 plasma. The film thickness and refractive index 

was measured using a Sentech SE 800 Ellipsometer and a Veeco Dektak VIII Profilometer. 

Average roughness (Ra) and root mean square (Rrms) values were measured to quantify surface 

morphology and roughness by using the profilometer in vertical scanning interferometry (VSI) 

mode. SEM cross-sections of 2 of the films (results not shown) were used to verify the obtained 

results. Contact angle with water was measured using a Leitz Ergolux optical scope with at least 

5 measurements on different locations on each sample. The standard deviation was less than 1. 

The relative atomic percentage of fluorine to carbon in the film was measured using energy 

dispersive x-ray analysis (EDS) within a Leo 1530 scanning electron microscope. It should be 

noted that while EDS cannot be used as a quantitative measure of light elements it can give 

information regarding the relative concentration of F and C in the film. The GeATR attachment 

of a ThermoElectron FTIR was utilized to evaluate the chemical bond structure of the film. Films 
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with acceptable thickness uniformity, good adhesion and roughness were annealed in Ar ambient 

using a Thermco MiniBrute tube furnace for 1 hr at 400C. After the thickness and refractive 

index of the films were measured, they were replaced in the furnace for 1 hour and subsequently 

characterized.  

High frequency capacitance - voltage (C-V) measurements and current-voltage 

measurements were carried out to evaluate the dielectric properties of the film at room 

temperature. Metal-insulator-semiconductor (MIS) capacitors were fabricated on p-type Si 

wafers using a hard mask with Al evaporated using Temescal 1800 e-beam evaporator as the 

contact metal. The capacitance was measured using a Keithley 4200 Semiconductor 

characterization system and a HP4284 LCR meter.  

Films with varying k-values were evaluated using x-ray photoelectron spectroscopy (XPS). 

Additionally, the ultra low k film was characterized using a Rigaku Altima III X-ray 

Diffractometer and surface morphology evaluated on the scanning electron microscope.  Optical 

transmission data were obtained using a Perkin-Elmer Lambda 900-UV Vis / NIR 

Spectrophotometer in the 200 - 800 nm wavelength range. The spectrum obtained from 

transmission through plain quartz slide was used as a baseline and subtracted from the spectra of 

other films. An initial screening study was undertaken by varying process parameters as shown 

in Tables 2.2 and 2.3. 
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Table 2.2 Screening Study 

 

 

Power  (W) Pressure (mTorr) 

 

Temperature (º C) Flow Rate Ratio 

Previous / Current   (CF4 : Si2H6) 
 

50/147 300 40 15 

100/196 500 100 18 

150/294 700 160 21 

200/392 900 220 24 

250/490 ---- ---- 27 

300/588 ---- ---- 30 

---- ---- ---- 33 

---- ---- ---- 36 
 

 

 

Table 2.3 Final DOE 
 

 

Power  Pressure 

 

Temperature  Flow Rate Ratio Total Flow 

(W) mTorr (º C) (CF4 : Si2H6) sccm 
 

40 300 120 5 530 

50 500 140 10 540 

100 700 160 12.5 550 

150 ---- 180 16.67 600 

200 ---- 200 20 840 

---- ---- ---- 24 1000 

---- ---- ---- 25 1040 

---- ---- ---- 30 1240 
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2.4 Results and Discussion 

2.4.1 Deposition Rate, Refractive Index and F / C ratio 

Figs. 2.1, 2.4, 2.6 & 2.7 show deposition rates, refractive index and F / C ratio as a function 

of flow rate ratio of CF4 / Si2H6 , temperature, power and process pressure. By and large, the 

variation of the refractive index is independent of the variation in the F / C ratio showing that 

specific configuration of fluorine and carbon affects film polarizability. 

 

Fig. 2.1. Deposition Rate, Refractive Index and  F / C ratio of films as a function of Flow Rate 

Ratio for films deposited using process conditions (a) 700 mTorr, 160C, 50 W (b) 700 mTorr, 

160C, 100 W (c) 500 mTorr, 120C, 100 W (d) 500 mTorr, 140C, 100 W (e) 500 mTorr, 

160C, 40 W (f) 500 mTorr, 160C, 50 W (g) 500 mTorr, 160C, 100 W. 
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Fig. 2.1 shows that the deposition rate decreases with increasing flow rate ratios and then 

stabilizes beyond a FRR of around 16. In fluorocarbon film plasma polymerization, dissociation 

and etching due to ion bombardment constantly compete with each other. With increasing 

amounts of disilane, larger volumes of hydrogen radicals and ions are available to scavenge 

fluorine atoms [19] [20].  This leads to a decrease in etching rates and correspondingly an 

increase in deposition rates. With increasing power and higher FRR, the larger self-bias coupled 

with availability of F increases the etching reaction and the deposition rate falls sharply. 

The FTIR spectrum (Fig. 2.2) for these films as a function of FRR  shows the presence of a 

primary broad peak between 900 and 1400 cm-1 corresponding to random arrangements of the 

CFx group (CF, CF2 and CF3 type bonds) configuration with a shoulder around 980 cm-1 

 

Fig. 2.2. FTIR absorption spectra of (a) as-deposited and (b) films annealed for 2 hr at 400ºC 

for films deposited using process conditions 500 mTorr, 120ºC ,100 Watts and FRR of (a) 12.5  

(b) 20 (c) 25 and (d) 30. 
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corresponding to C-F bond vibrations. The peak around 1220 cm-1 corresponding to CF2 

asymmetric stretching mode becomes sharper with increasing FRR indicating that the film is 

becoming increasingly crosslinked and closer to PTFE [21]. 

Of notable interest in the as deposited spectra, is the absence of peaks corresponding to 

double bonds (C=C, CF2=C or CF2=CF) or oxygen related peaks (C-O or Si-O).  Also, at 

FRR=20, the films show two peaks at 1260 cm-1 and 1100 cm-1 that correspond to the doublet 

observed in bulk PTFE. The bands at 740 cm-1 is characteristic of amorphous PTFE showing a 

highly crosslinked structure [21] [22] [23] [24]. Interestingly, at 40 W and 50 W the refractive 

index of the film is higher than for films deposited at or above 100 W. An increase in refractive 

index is also noted when the FRR is less than 10. This is not only due to an increase in the 

amount of crosslinking in the film but also because of the incorporation of oxygen and silicon 

into the film as verified by the FTIR spectrum (See Fig. 2.3).  

 

Fig. 2.3. FTIR spectra of films deposited with process conditions 500 mTorr, 160ºC, FRR 12.5, 

TF 540 sccm and power (a) 50 W and (b) 40 W. 
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The spectrum shows the bending mode of Si-O at 808 cm-1 [25]  and Si-Fn bonds between 

820 cm-1 and 980 cm-1 [26]. This is also correlated by the detection of oxygen in the film by 

EDS. Oxygen could be incorporated not only by exposure between deposition and XPS but also 

due to plasma deposition of residual oxygen in the deposition chamber. 

The contribution of electronic polarization to the dielectric constant is calculated using the 

equation r=n2 so when n is high we expect the film to be characterized by a larger dielectric 

constant. The sensitivity of the refractive index to the deposition conditions also indicates that 

the film permittivity depends largely on the electronic polarization as well as film density. 

Deposition Rates at various chuck temperatures using FRR of 12.5, 20 and 30 is shown in 

Fig. 2.4.  A general decrease in deposition rate with temperature has been observed by several 

 

Fig. 2.4. Deposition Rate as a function of Temperature for films deposited using process 

conditions 500 m Torr, 100 W (a) FRR 12.5 (b) FRR 20 & (c) FRR 30 
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authors [27] [28] [29] [30]. This has been attributed to the sticking probability for fragmented 

molecules being lower at higher temperature and the increase in the rates for the etching 

reactions  with temperature. Other reasons include a decrease in the viscosity of the reacting 

species with increasing temperature and a lowering of the adsorption coefficient between process 

gases and the substrate. The bond structure of these films at FRR 30 does not show any variation 

with substrate temperature as shown in the FTIR spectra in Fig. 2.5.For FRRs 12.5 and 20, 

interestingly, the deposition rate increases initially and then decreases. 

 

Fig. 2.5. FTIR absorption spectra between 700 – 2000 cm-1 of (a) as-deposited and (b) films 

annealed for 2 hr at 400ºC for films deposited using process conditions 500 mTorr, 100 W, 

FRR 30, TF 1240 sccm and Temperatures (a) 200ºC (b) 180ºC (c) 160ºC (d) 140ºC (e) 120ºC 
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Typically film growth on the substrate is either transport rate limited (includes transport and 

sticking of the polymerizing specie onto the surface) or reaction rate limited with the reaction 

constant being temperature dependent. For these two curves, it is hypothesized that the reaction 

rate increase due to the increase in rate constant for polymerization might exceed the decrease 

due to the other reasons discussed above. 

As the process power increases the deposition rate decreases except for FRR = 5 (Fig. 2.6). 

Availability of F due to dissociation of CF4 with increasing power as well as increased ion 

bombardment leading to physical sputtering of the sample attribute to this trend observed by 

several authors in fluorocarbon plasma systems [20] [21]. 

 

Fig. 2.6. Deposition Rate of films as a function of Power for films deposited using process 

conditions (a) 700 mTorr, 160C, FRR 10, TF 550 sccm (b) 700 mTorr, 160C, FRR 12.5, TF 

540 sccm (c) 500 mTorr, 160C, FRR 5, TF 600 sccm (d) 500 mTorr, 160C, FRR 10, TF 550 

sccm (e) 500 mTorr, 160C, FRR 12.5, TF 540 sccm (f) 500 mTorr, 160C, FRR 16.67, TF 
530 sccm 
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The deposition rate decreases with increasing process pressure except for the case of FRR = 

5 (hydrogen rich) which shows a slight increase (Fig. 2.7).  

The FTIR spectra of these films deposited at FRR 12.5 and 120C shows that the strong peak 

at 1220 cm-1 corresponding to CF2 at 500 mTorr shifts to 1050 cm-1 with a stronger CF 

component [20] at 300 mTorr (Fig. 2.8). In addition, bands corresponding to Si-O [31], [32] and 

Si-F [33] appear at a lower pressure indicating a structural change in the film with varying 

pressure.  

 

Fig. 2.7. Deposition Rate of films as a function of Process Pressure for films deposited using 

process conditions (a) 160C, FRR 5, TF 600 sccm, 50 W (b) 160C, FRR 12.5, TF 540 sccm, 

150 W (c) 160C, FRR 10, TF 550 sccm, 50 W(d) 160C, FRR 10, TF 550 sccm, 100 W (e) 

160C, FRR 12.5, TF 540 sccm, 50 W (f) 160C, FRR 12.5, TF 540 sccm 100 W (g) 120C, 

FRR 12.5, TF 540 sccm, 100 W 
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A decrease in deposition rate with pressure has been documented for the CF4-CH4 plasma 

system [21]. Overall, in plasma systems the residence time of radicals increases at higher process 

pressures leading to higher deposition rates [34]. 

The most comprehensive work has been detailed by Endo using C4F8 as precursors where 

they determined that decreasing pressures lead to increasing electron temperatures due to 

increased collision probability.  As processing pressure increased an increase in the density of 

CF2 radicals and decrease in F radical density was observed using Actinometry. However as 

pressure increases a slight increase in deposition rate is observed initially followed by a decrease 

- this can been attributed to contributions from radicals other than CF2.  

 

Fig. 2.8. FTIR absorption spectra of (a) as-deposited and (b) films annealed for 2 hr at 400ºC 

for films deposited using process conditions FRR 12.5, TF 540 sccm, 120ºC,100 Watts and (a) 

300 mTorr (b) 500 mTorr 
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Since at FRR 5 the precursor gas mixture is hydrogen rich, the increased effect of fluorine 

scavenging and increased plasma dissociation due to increased electron temperature could 

explain the slight increase in deposition rate with temperature [30]. 

2.4.2 Thermal Stability 

For a material to be an acceptable interlayer dielectric, the requirements are for the shrinkage 

rate to be less than 5%.  Free radicals and unstable molecular fragments that are trapped in the 

film can be removed by thermal annealing. Factors playing an important role in the thermal 

stability of Fluorocarbon films include increased substrate temperature, low frequency plasma 

power, improved carbon content of the process gas, ion bombardment and hydrogen addition 

[19] [29] [35]. The FTIR spectra of annealed films typically show the growth of bands between 

1400 cm-1 and 2000 cm-1 and the reduction of the CFx peak intensity. This is interpreted as an 

increase in C=C bonds at the expense of fluorocarbon single bonds (C-C) [25]. A typical forming 

gas anneal (NH3 / H2) done at 400C for 1 hour led to the formation of blisters on the film 

surface. 

The samples were then annealed in Ar ambient at 4000C using a tube furnace, initially for 1 

hour. After the thickness and refractive index were measured on the ellipsometer, the samples 

were re-annealed for another hour. For all the samples, it was observed that the shrinkage rate 

was initially high but was extremely low after the 1 hour stabilization anneal.  While depositing 

films using fluorohydrocarbons with a F/C ratio between 1.5 and 3, Theil et al. observed that the 

shrinkage rates stabilized after 15 minutes of annealing [36]. A reduction in this rate has also 

been observed by Grill et al. with fluorinated DLC films using fluorinated hydrocarbon or 
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hydrogen - fluorocarbon mixtures with added Ar as precursors [12]. Also, In the case of films 

deposited using gas mixtures of fluorocarbons with hydrocarbons / hydrogen, the second TDS 

spectra revealed significantly lower outgassing compared to the first one [27].  

It can be seen from Figs. 2.9, 2.10, 2.11 and 2.12 that the shrinkage rates after the first and 

second anneal track with each other but the F/C ratio does not show the same trend as the 

shrinkage rates. Usually higher F/C ratios lead to lower thermal stability because F suppresses C-

C bond formation and cross-linking. Dangling bonds also suppress the formation of C=C.  In one 

study, the unpaired electron density which correlates with the dangling bond density was found 

 

Fig. 2.9. Shrinkage Rate and F / C ratio of films as a function of Flow Rate Ratio for films 

deposited using process conditions (a) 500 mTorr, 120C, 100 W (b) 500 mTorr, 140C, 100 

W (c) 500 mTorr, 160C, 100 W 
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to be of the order of 1019 /cm3, much lower than the F concentration which is of the order of 1022 

/ cm3 [37]. 

The increase in shrinkage rate with increasing FRR (Fig. 2.9) has been observed by several 

authors [15] [27] [36]. While this has been attributed to the incorporation of F in the film, in our 

study, we found this not to be the case. Hydrogen also suppresses cross-linking and leads to a 

decrease in the thermal stability of the film [38].  While we were not able to quantitatively 

measure the amount of hydrogen incorporated into the film, both the deconvoluted FTIR spectra 

and XPS spectra of a sample film shown later verifies the presence of hydrogen in the film. 

At FRR 12.5 as the power is increased from 50 W to 100 W in Fig 2.10, the increase in the 

residual thickness correlates with the densification of these types of films seen with increasing 

power [28] [39]. M Horie et al determined that the concentration of fluorinated specie like CF2, 

CF3 decreases in comparison to less fluorinated specie like –CF-, -C-CF- and –C- with 

increasing power. Below a certain critical power, gas phase polymerization reactions dominate 

 

Fig. 2.10. Shrinkage Rate and F / C ratio of films as a function of Power for films deposited 

using process conditions of 500 mTorr, 160C, FRR 12.5 and Total Flow of 540 sccm 
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yielding films with lesser oxygen resistance while above this power small fragments of CF and 

CF2 are trapped in the films as residuals leading to the growth of films with higher oxygen 

resistance [40].  

This change in film structure could explain the abruptly decreasing shrinkage rates between 

50 W and 40 W. Also FTIR spectra of these films determined the presence of Si-O / Si-F type 

bonds at 40 W in comparison to 50 W which could account for the higher thermal stability of this 

film. (See Fig. 2.3) The volatility of OH / Si-F type components at 250C / 400C in fluorine 

doped SiO2 has been studied in detail by using TDS [41] 

Increase in residence time of F radicals in the plasma at a higher pressures lead to increased 

etching. However, the value of the critical power determined by Horie et al rises with increasing 

 

Fig. 2.11. Shrinkage Rate of films as a function of Pressure for films deposited using process 

conditions: Process temperature 120C, FRR 12.5, Power 100 W and total flow of gases: 540 
sccm 
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pressure due to a decrease in the mean free path for collisions resulting in an increase in 

polymerization reactions and film densification. This effect is again seen in Fig. 2.11 showing 

the shrinkage rate as a function of process pressure.  

Increase in chuck temperature leads to greater degree of crosslinking and higher thermal 

stability (See Fig. 2.12) and for the most part, the F/C ratio tracks this trend. After annealing, the 

FTIR spectra (See Fig.2.5) show an increase in C=C type bonds and a decrease in CFx type 

components. These changes to the bonding states are attributed to the loss of volatile CFx type 

and F constituents on annealing. With an increased substrate temperature, these volatiles are no 

 

Fig. 2.12. Shrinkage Rate of films as a function of temperature for films deposited using 

process conditions (a) 500 mTorr, FRR 12.5, 100 W (b) 500 mTorr, FRR 20 and  100 W (c) 

500 mTorr, FRR 30 and  100 W 
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longer present and hence further adsorption of CFx type components is limited leading to higher 

thermal stability but lower F/C ratios [38]. 

Kim et al [42] determined that shrinkage rates increase with temperature at lower pressures 

but remain high of the order of 40 – 60% at higher pressures. The pressure-temperature 

correlation could not be studied because samples for combinations of process conditions were 

not available due to non-uniform depositions, high standard deviation during thickness 

measurements or sample loss after annealing.  

2.4.3 Relative Dielectric Constant and Average Breakdown Field Strength 

The dielectric constant of films with uniform deposition and acceptable shrinkage rates was 

measured. The error in measurement is not plotted since it was less than 1% of the total value in 

all cases. The dielectric constant is a measure of the electrical polarizability or the ability of the 

material to obtain a dipole moment in the presence of an external electric field.  The three 

components of the electric polarizability include electronic, ionic (atomic or distortion) and 

dipolar (orientational) polarization. The electronic polarization could be calculated using the 

optical refractive index while the ionic polarization could be calculated using the Kramer-kronig 

transformation of the absorption spectrum. The difference between the measured dielectric 

constant and the contributions from these polarizations is attributed to the dipolar or orientational 

polarization.  Endo et al [43] have determined that for fluorocarbon films deposited using C4F8 as 

a precursor with dielectric constants as low as 1.75, the primary contribution is due to electronic 

polarization as opposed to orientational which arises due to contributions from permanent 
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dipoles on attached side chain or molecules. Addition of Fluorine to the film creates strongly 

localized bonds that delocalize any  bonds present in the film due to its high electronegativity.  

From Fig. 2.13 it is observed that the measured dielectric constant does not show a linear 

dependence to the measure refractive index – rather, it increases and then decreases. This seems 

to indicate that electronic polarization is the dominant mechanism only when the values of 

refractive index are low. However based on the FTIR and EDS data presented earlier, it should 

be recollected that several of the films with higher refractive indices contain significant amounts 

of oxygen and possibly silicon. 

 

Fig. 2.13. Variation of the relative dielectric constant with refractive index for films (a) as-

deposited and (b) annealed for 2 hr at 400ºC 
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Overall the dielectric constant after annealing is higher than the as-deposited k value in all 

cases except at 160C and FRR 30 (See Fig. 2.14). This kind of reduction has been attributed to 

the thermal expansion of the film [25] but in our case all the films exhibit positive shrinkage 

rates on annealing. The other reason could be evaporation of residual moisture from the film 

surface [35] or the creation of voids in the film due to decomposition or simply escape of trapped 

gases. In our case, conversion from C-C to C=C may lead to the formation of a more open 

network due to loss of F and H attached to the carbon in the form of gases [36]. 

 

Fig. 2.14. Relative dielectric constant, average breakdown field strength and composition of 

films as a function of Flow Rate Ratio for films deposited using process conditions (a) 500 

mTorr, 160C, 100 W (b) 500 mTorr, 140C, 100 W (c) 500 mTorr, 120C, 100 W 
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The higher value of the dielectric constant as well as lowering of the average breakdown 

field strength for all films after annealing is expected from the increase in conductive sp2 bond 

groups noted in the FTIR spectra.  This kind of increase in conductivity that stabilizes with 

longer annealing temperatures has been observed by Yang et al, while depositing films using 

C4F8 and CH4 as precursors [25]. Our results contradict the hypothesis that larger number of C-F 

bonds with increasing concentrations of fluorine lowers electron conduction due to the 

electronegative nature of fluorine and increases the breakdown field strength [28]. The maximum 

contribution towards the permittivity is the electronic polarization as calculated using =n2. 

Incidentally, 2 of the films were measured to be ULK (k < 2.0) after the extended heat 

treatment – the process conditions for these films are 500mTorr, 120C, FRR 25, 100 W and 500 

mTorr, 160C, FRR 30 and 100 W implying that the process window for the deposition of ULK 

films is extremely narrow.  

The dielectric constant of the as deposited film decreases with increasing FRR except at 

120C where it decreases and then increases (See Fig. 2.14). For the most part, films with the 

highest F / C ratio possessed the lowest dielectric constants showing that changes in the values of 

the dielectric constant track the changes in the F / C ratio in this instance. It has been previously 

hypothesized that increasing amounts of fluorine in the film lower the dielectric constant [43] but 

at the expense of thermal stability and the degree of crosslinking [44]. Films with lower F/C ratio 

are more crosslinked compared to those with higher ratios and higher crosslinked is known to 

increase film conductivity [22]. 
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Typically as the flow rate ratio increases, the k value is expected to decrease due to 

increasing F incorporation [28] [35], [36], [37], [43], [45], [46], [47]  though rarely, a decrease 

followed by an increase has also been observed [48]. 

While the increasing trend of the relative dielectric constant with increasing temperatures 

(Fig. 2.15) correlates well with the observations of several authors [28], [37], [43] the change in 

F/C ratio does not. Addition of hydrogen to the film has been shown to increase the films 

dielectric properties which could explain the larger k values and C content for the same 

temperature at FRR 12. 5 and at FRR 20 (Fig 2.15 (a) & 2.15(b)). Fig. 2.14 also indicates that a 

high F / C ratio does not necessarily result in the lowest k value in agreement with the findings of 

other authors.  

 

Fig. 2.15. Relative dielectric constant, average breakdown field strength and composition of 

films as a function of temperature for films deposited using process conditions 500 mTorr, 100 

W and (a) FRR 12.5 (b) FRR 20 and (c) FRR 30 
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Besides the bonding configuration between F and C, other factors like hydrogen 

incorporation and film density plays an important role in the variation in the dielectric constant 

[45], [48], [49]. In the study using C4F8 and C2H2 / H2, the authors analyzed the fluorine content 

of films deposited at 2 different substrate temperatures – interestingly in situations where both 

films had the same F content, one film had a slightly higher k value than the other indicating 

clearly that film crosslinking, density and structure play a not insignificant role in the electrical 

nature of the film. These authors have noted an increase in k value with decreasing temperature 

[27]. At higher temperatures increased energetic ion bombardment leads to the formation of 

largely densified films, decreasing the free volume and porosity and thereby increasing the 

dielectric constant [50].  

The variation of the dielectric constant with pressure is shown in Fig. 2.16.  A slight increase 

in the dielectric constant with decreasing pressure has been noted by Agraharam et al while 

depositing films using mixtures of pentafluoroethane and argon [51] and in another study using 

mixtures of CF4 and Si2H6 an increase in k values was revealed with decreasing pressure [15]. 

Agraharam et al have explained this by high energy bombardment that physically ablates loosely 

bonded fragments and end groups like CF2 and CF3 from the film with decreasing pressure. 

The dielectric constant of the film decreases with increasing power as seen in Fig. 2.17 for 

the FRR of 12.5. In previous research papers, the dielectric constant actually increased with 

increasing power and this has been attributed to the increasing self-bias voltage at the charged 

electrode leading to accelerated ions bombarding the substrate that removes volatile fluorine and 

lowers the F / C ratio [20], [43]. In our study, however, the amount of fluorine in the film 



38 

 

increases with increasing power thereby lowering the dielectric constant values and correlated 

with the findings of Shieh et al [28].   

 

Fig. 2.16. Relative dielectric constant, average breakdown field strength and composition of 

films as a function of pressure for films deposited using process conditions (a) 160C, 50 W, 

FRR 10 and (b) 120C, 100 W, FRR 12.5 

 

Fig. 2.17. Relative dielectric constant, average breakdown field strength and composition of 

films as a function of Power before and after annealing at 400C in Ar ambient for one hour of 

films deposited using process conditions: 500 mTorr , 160C and  flow rate ratio of CF4 / Si2H6  

of 12.5 
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At lower powers, it appears from the FTIR data that there is incorporation of oxygen into the 

film – this could be because the energy required to break the bonds of residual oxygen in the 

chamber is lower than that required for the formation of fluorine free radicals and charged 

species and so, in the low power regime, the former reaction has a larger probability of 

occurrence than the latter.  

Fig . 2.18 shows the normalized capacitance versus applied voltage characteristics of as-

deposited and annealed films deposited using processing conditions 500 mTorr,  FRR 30, 100 W 

and depositions temperatures of 120C, 140C, 160C (ULK), 180C and 200C.  For faster and 

more controlled capacitance measurements, it is preferred to sweep the device from inversion to 

accumulation. Sweeping from positive to negative voltages causes the bumps observed in the CV 

curve due to non-equilibrium effects seen in low temperature measurements of MOS capacitors.  

If the sweep rate is low or if the device is allowed to hold for longer times in accumulation, the 

bump moves further along towards depletion [52].  

The flatband voltage was calculated using the depletion capacitance based on the Mott-

Schottky relationship by plotting 1/C2 Vs E and obtaining the intercept of this linear function on 

the X-axis [53]. Sweeping from +VG to –VG, resulted in a shift of these curves to the left (figures 

not shown) helping us conclude that the charges are due to trapped charges rather than mobile 

charges [54]. 

The effective charge density was calculated using the relationship shown below and found to 

be of the order of 109 / cm2.   

Q0= -CdielectricVFB/q 
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where  

Cdielectric is the dielectric capacitance, 

VFB is the flatband voltage shift and  

q is the electronic charge 

With annealing, the charge density showed a decreasing trend except for the film deposited at 

200C, where the increase in dielectric constant was also the greatest (Fig. 2.19). With greater 

temperature, increasing ion bombardment could lead to an increase in the trapping of charged 

species in the film.  

 

Fig. 2.18. Normalized C-V curve for the as-deposited and annealed (2 hr at 400ºC)  films 

deposited using process conditions 500 mTorr, FRR 30, 100 W and (a) 200ºC (b) 180ºC (c) 

160ºC (d) 140ºC (e) 120ºC 
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Overall the flatband voltage shift for both the as-deposited and annealed samples is positive, 

indicating that the dielectric layer contains negative charges (Fig. 2.20). An abrupt decrease in 

Vfb is observed for films deposited at 160C. Some of the other unique characteristics of this film 

include decreased deposition rate, low F / C ratio, increased shrinkage rate despite a high C 

content and a decrease in the relative dielectric constant after annealing. The FTIR spectrum 

however does not show any variation in bonding configuration between this film and those 

deposited at other temperatures (Fig. 2.5).  

Fig. 2.21 shows that the leakage current at the trapping ledge [17], an indicator of localized 

defects in the film such as voids, is the lowest for films deposited at 140C. Traps provide 

locations for electrons injected from the gate to reside and creates a space-charge region that 

 

Fig. 2.19. Effect of processing temperature on effective dielectric charge density for films 

deposited using process conditions 500 mTorr, FRR 30, 100 W and (a) 200ºC (b) 180ºC (c) 

160ºC (d) 140ºC (e) 120ºC before and after annealing for 2 hr at 400ºC. 



42 

 

builds up with increasing current to annul the effect of increasing voltage. This results in the 

formation of the trapping ledge which eventually leads to dielectric breakdown [55]. At an 

electric field strength of 1 MV/cm, the current density varies between 10-6 to 10-9 A/cm2.  

With increasing deposition temperatures, the average breakdown potential increases and then 

decreases (Fig. 2.22) following the overall trend of the F / C ratio. Annealing causes the field 

strength to decrease, probably due to the increase in conductive sp2 C observed in the FTIR 

spectra. 4 combinations of the various process conditions evaluated resulted in ultra-low k films 

that are defined as films with k values less than 2.0 [56].  Out of these, the film deposited using 

process conditions of 500 mTorr, 120C, 100 W and FRR 25 (referred to as ULK film from here 

on) , determined to have an as deposited k value of 1.79, retained a k value of less than 2.0 (1.91) 

after the extended anneal treatment. 

 

Fig. 2.20. Effect of processing temperature on flatband voltage shift for films deposited using 

process conditions 500 mTorr, FRR 30, 100 W and (a) 200ºC (b) 180ºC (c) 160ºC (d) 140ºC 

(e) 120ºC before and after annealing for 2 hr at 400ºC 
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Fig. 2.21. J-E characteristics of MOS capacitors fabricated on films deposited using process 

conditions 500 mTorr, FRR 30, 100 W and (a) 200ºC (b) 180ºC (c) 160ºC (d) 140ºC (e) 120ºC 

before and after annealing for 2 hr at 400ºC. 

 

Fig. 2.22. Average Breakdown Field Strength of films as a function of Temperature for films 

deposited using process conditions 500 mTorr, FRR 30, 100 W and (a) 200ºC (b) 180ºC (c) 

160ºC (d) 140ºC (e) 120ºC before and after annealing for 2 hr at 400ºC.. 
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Structural and Compositional Analysis 

X-ray Diffraction Spectroscopy 

Fig. 2.23 shows the representative XRD spectrum for the ULK film showing the absence of 

any peaks indicating that the film is completely amorphous in nature with none of the 

crystallinity or ordered CF2 bonds found in PTFE. This is desirable since crystallinity aids 

electron transport and creates differential expansion in the film leading to high internal stresses 

in the film [57]. 

Infrared and X-ray Photoelectron Spectroscopy 

To obtain a detailed understanding of the relationship between bond structure and the 

dielectric constant, films were divided into 3 categories - ultra low k (ULK), low k and high k, 

and high resolution spectra was collected for C 1s, F 1s, O 1s and Si 2p spectrum of one film 

from each category using x-ray photoelectron spectroscopy.  

 

Fig. 2.23. XRD pattern of film deposited using process conditions 500 mTorr, 120ºC, 100 

Watts, FRR 30, Total flow of 1240 sccm between angles 10 and 80 
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Semiquantitative analysis is performed by integrating the peak areas and utilizing element 

sensitivity factors that take into consideration the difference in kinetic energies of the emitted 

electrons [58]. Comparison of the atomic concentrations obtained from XPS spectra as well as 

from EDS (Fig. 2.24) shows that the ULK and low k samples exhibit higher F / C ratios and 

lower oxygen content compared to the high k sample. The sample with the highest F / C ratio 

does not measure to have the lowest k reiterating the fact that rather than the F / C ratio per se, it 

is the bonding configuration that seems to differentiate between the ULK film with higher 

thermal stability and the low k film with lower thermal stability. Spectral broadening and energy 

shifts due to film charging were corrected before the spectra were collected. 

 

Fig. 2.24. Atomic concentration and F / C ratio calculated using the relative area and sensitivity 

factors measured by XPS and EDS for films deposited using process conditions 500 mTorr, 

100 W, (A) FRR 25, 120ºC, TF 1040  (B) FRR 20, 160ºC, TF 840 (C) FRR 12.5, 160ºC, TF 

540 
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When an element is highly electronegative like fluorine, XPS works very well to analyze the 

binding energy shifts associated with the presence of functional groups. Typically the spectrum 

is deconvoluted into 5 primary groups – CF3, CF2, CF, C-CF and C-C or C-H functional groups 

(Fig. 2.25) Since there are secondary effects of fluorine on nearby functional groups, peak 

broadening results and therefore each of these constituents could themselves be decomposed 

based on these effects. To obtain a good fit the carbon 1s spectrum has been decomposed using a 

fitting routine into Gaussian and Lorentzian components comprising of 5 constituent peaks the 

assignment of which is shown in Table 2.4. 

 

 

Fig. 2.25. XPS spectra of C 1s showing  deconvoluted constituents for films deposited using 

process conditions 500 mTorr, 100 W, (A) FRR 25, 120ºC, TF 1040  (B) FRR 20, 160ºC, TF 

840 (C) FRR 12.5, 160ºC, TF 540 
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Comparing the area fractions of the deconvoluted components (Fig. 2.26), it is clearly 

evident that the high k film has a smaller percentage of fluorinated specie (CF2 and CF3 moieties) 

and a larger percentage of C bonded directly to another C atom or hydrogen than the low k or 

ULK films reiterating the results obtained from the IR spectrum. While a difference in bond 

structure between the ULK and low k film could not be observed using FTIR analysis, the XPS 

spectrum shows a clear distinction between the two. The area percentages of sp3 C in CF2 

(14.3%) and C attached to CFx (60%) structures is much higher in the ULK film as compared to 

the low k film which shows the domination of sp2 carbon in CF type components constituting 

almost 80% of the total peak area.  While the presence of long chain polymeric structures leads 

to a more open structure, C-C bonds in the  C-CFx structure provides the thermal stability 

Table 2.4 Assignment of C 1s binding energy shifts 

 

 Peak No Binding energy (eV) Functional Groups 
 

   

a, b [25] 283, 285 -C-C-, -C-H or -C-Hn 

c [2], [7], [25] 287 -C-CF2-, -C-CF3, 

  

-CF-C-CF-, -CF-C-CF2- 

d,e [2] 289 -CF-CF2-, -CF-CF-CF-, 

 290 CF3-C-CF3 

f [2], [7] 292 -CF2-, CF2-CF- 

  -CF2-CF2- 

 

g, h,i [2], [7] 293 -CF3, CF3-CF- 

 294  

 296  
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required to retain a low k value as well as exhibit low shrinkage rates after extended heat 

treatment.  

The F/C ratio of the ULK film measured by XPS at around 1.7 is lower than that of Teflon 

[7] while the refractive index of the film (1.39) is closer to that of Teflon. The dielectric constant 

of this film (1.8) is also comparable to that of Teflon (1. 9 / 2.1) suggesting low electronic 

polarization. While the FTIR spectra of the annealed sample confirms the absence of polar 

carbonyl groups (-C=O) and unsaturated specie (-C=CF2, -CF=CF-) that could contribute to the 

ionic or orientational polarization, surprisingly the k value still remains low. The explanation for 

this could be derived from the fact that increasing F/C ratios leads to a more open network which 

 

Fig. 2.26. Relative area of chemical bonds present in the C1s XPS spectra of films deposited 

using process conditions 500 mTorr, 100 W (A) FRR 25, 120ºC, TF 1040  (B) FRR 20, 160ºC, 

TF 840 (C) FRR 12.5, 160ºC, TF 540 
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in turn increases the probability that a group of atoms that are trapped volatilize upon heat 

treatment leading to the formation of voids and increased porosity. Since vacuum has the lowest 

permittivity (k=1), it follows that the increase in electronic polarization due to F loss and 

increase in ionic and orientational polarization due to unsaturation, is offset by the escape of 

volatiles that lower the film density. 

XPS is a surface sensitive technique that provides local chemical bond information only from 

~ 50 Å from the top of the film surface. To obtain information from larger depths (~ 1 m) of the 

film, IR analysis was performed using the GeATR attachment on 4 of the as-deposited films with 

a k-value less than 2. We determined that the bonding configuration of these films is identical in 

nature (Fig. 2.27) with the films exhibiting a broad peak between 900 and 1400 cm-1 

characteristic of CFx vibrations comprising of a shoulder around  980 cm-1 corresponding to CF3 

vibrations representative of PECVD deposited fluorocarbon films [20] [21] [59].  Clearly the 

film has been optimized in comparison to results obtained earlier since these films do not exhibit 

a sharp peak at 1100 cm-1 that is an overlap of the C-O, Si-O stretching mode and the C-Fx group 

[15]. This data also correlates well with the absence of oxygen indicated by XPS and EDS data. 

To determine the constituent peaks of the film, the spectrum of the ULK is deconvoluted 

(Fig. 2.28). With complex band having overlapping features, the deconvolution process helps to 

identify the principal bands by synthetically sharpening the “effective trace bandwidth features” 

[57] [60]. 

After deconvolution, the principal band splits into nine absorbance bands of which four of 

them are attributed to CF type bonds, two to CF2 , and the others to CF3, CF-CH3 and CH3 

respectively [15] [20] [21] [22] [48] [61] [24], [59]. The percentage contribution of each of these 
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bands is determined by fitting these peaks as Gaussian/Lorentzian after baseline correction. (Fig. 

2.29). Based on the peak assignment, it is observed that the components of the film are CF2 

(71.8%) , CF (19.65%), CF-CH3 (5.72%), CH3 (1.7%) and CF3 (1.16%).  

While XPS data for the film indicated that the area percentages of sp3 C in CF2 is 14.3% and 

C attached to CFx structures is 60%, IR data complements this result and helps us conclude that 

CF2 is the primary monomer used as a building block in these long chain structures. 

 

Fig. 2.27. FTIR absorption spectra of films between 1600 and 700 cm-1 for films deposited 

using process conditions 500 mTorr, 100 Watts and (a) 120ºC, FRR 30, TF 1240 sccm (b) 

120ºC, FRR 25, TF 1040 sccm (c) 180ºC, FRR 30, TF 1240 sccm and (d) 200ºC, FRR 30 and 

TF 1240 sccm 
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Fig. 2.28. Original and Synthetic FTIR absorption spectra for film deposited using process 

conditions 500 mTorr, 120ºC, 100 Watts, FRR 30, TF 1240 sccm  between 1420 and 950 cm-

1 with Gaussian / Lorentzian components 

 

 

Fig. 2.29. FTIR absorption spectra of film deposited using process conditions 500 mTorr, 

120ºC, 100 Watts, FRR 30, TF 1240 sccm between 1420 and 950 cm-1 before and after self-

deconvolution 
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Contact Angle and Roughness 

Subsequent processing after dielectric deposition requires that the spin-coated photoresist or 

etching solutions wet or adhere to the fluorocarbon film. It should be remembered that the 

wettability of subsequent layers to the film depends on both the surface energy related to 

chemical bonds on the surface as well as surface roughness related to the physical arrangement 

of molecules on the surface.  Indeed it has been shown in detail that the wettability for PTFE is 

largely influenced by surface roughness [62]. 

Contact angle measurements help us obtain macroscopic data regarding wettability and 

surface energy. The average contact angle of the films deposited by our process is quite low at 

around 64 in comparison to the static contact angle measured using DI water on spin-coated 

commercially available Teflon films measured at 108.25 [63] or 105  [64]. Contact angles of 

films deposited using ebeam evaporation of bulk PTFE as well as plasma polymerization of 

CHF3 has been measured between 95 and 105 [53]. The values measured in this work are 

closer to plasma polymerized films deposited using pentrafluorostyrene (PFS) and 

perfluoropropane (PFP) as monomers [65]. Interestingly the contact angle measured on 

fluorocarbon films deposited using the exact same precursors was measured at 95 [15]. 

All films showed smooth morphology when viewed under the SEM as shown by a 

representative sample in Fig. 2.30.  

The variation of Ra, Rz and contact angle with temperature for FRR = 20 and FRR = 30 is 

shown in Fig. 2.31 and with FRR for temperatures 120C, 140C and 160C in Fig. 2.32. 

Contact angle values for the film deposited at 160C at FRR 30 shows an abrupt dip consistent 

with the higher amounts of carbon in the film. Overall the average film roughness, Ra is < 10 nm 
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and Rz is < 100 nm indicating that the film surface is uniform and planar for subsequent 

processing. All the films also passed the scotch tape testing pointing to a robust interface 

between the film and the substrate. 

 

Fig. 2.30. SEM micrograph of film deposited using process conditions 500 mTorr, 120ºC, 100 

Watts and FRR 25 at a magnification of X 230. 

 

Fig. 2.31. Film roughness and contact angle with water as a function of Temperature for films 

deposited using process conditions 500 mTorr, 100 W and FRR (a) 20 and (b) 30. 
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2.4.4 Optical Properties 

Fig. 2.33 shows the optical transmittance of fluorocarbon films deposited at different FRR ratios 

and pressures. The thickness of the films was 223 nm, 128.2 nm, 150 nm and 230 nm 

respectively for films deposited using process conditions 500 mTorr, FRR 12.5, 25, 30 and 300 

mTorr, FRR 12.5. Overall, except for 1 film deposited at 300 mTorr, the other films show good 

transparency of over 90% in the visible range but not in the ultraviolet regime. Understandably 

the film deposited at 300 mTorr has lower transmittance in comparison to the films deposited at 

 

Fig. 2.32. Film roughness and contact angle with water  as a function of Flow Rate Ratio of 

CF4:Si2H6 for films deposited using process conditions 500 mTorr, 100 W and Temperature 

(A) 120C (B) 140C and (C) 160C 
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higher pressure, due to the presence of Si-O and Si-F bond structures in the film in addition to 

the fluorocarbon component as shown earlier. 

As in the case with the dielectric constant variation with FRR, the film deposited at FRR 25 

shows a marked difference from the other 2 films deposited at FRR 12.5 and 30 respectively. 

To accurately determine the absorption coefficient, loss of incident intensity to the substrate 

below the surface layer due to scattering of light by surface imperfections should be taken into 

consideration.  As shown earlier, surface roughness measurements of the film and the quartz 

slide indicated the values to be very low of the order of a few nanometers. Also all measurements 

were undertaken twice by flipping the sample such that transmittance values were measured 

either through the film or the quartz first. The absorption coefficient shows the non-linear region 

 

Fig. 2.33. Transmittance  of films as a function of wavelength for films deposited using process 

conditions 500 mTorr, 120C, 100 W and (A) FRR 12.5 (B) FRR 25 (C) FRR 30 and (D) 300 

mTorr, 120C, 100 W and FRR 12.5 
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related to the disorder in the film network at  < 104 cm-1 and the linear Tauc region at  > 104 

cm-1 [15], [20]  (Fig. 2.34) For plasma polymerized films, the threshold photon energy E04 for the 

Tauc region is used to determine the optical gap (Eg) and varies between 3.16 and 4.05 eV. 

(E)1/2 was plotted versus the photon energy (E)  (Fig. 2.35)  and the intercept of the straight 

line fitted across the linear portion of the graph was used to determine the optical energy gap 

(Eog). (Fig. 2.36) Our results show that the optical energy gap increases from 2.4 to 3.4 with 

increasing FRR and from 2.2 to 2.4 with increasing pressure and while the trend matches very 

well with previous work, the values are higher than those previously reported [15]. These values 

are however much smaller than tetrahedrally bonded C measured between 6.9 and 7.25 eV [66]. 

 

Fig. 2.34. Absorption Coefficient (α)  of films as a function of photon energy for films deposited 

using process conditions 500 mTorr, 120C, 100 W and (A) FRR 12.5 (B) FRR 25 (C) FRR 30 

and (D) 300 mTorr, 120C, 100 W and FRR 12.5 
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The FTIR spectra for these films shown earlier indicate that as FRR is increased, peaks between 

1600 and 1700 cm-1 corresponding to C=C decrease with respect to the fluorocarbon peak 

intensity. In the case of amorphous fluorocarbon films, it has been reported that the optical 

energy gap is directly related to the size of graphitic clusters and conjugated C=C  bonds in the 

amorphous matrix [20]. 

Properties of the ULK film pertaining to process integration have been studied (paper in 

preparation) The ULK film exhibits a decrease in thickness after oxygen plasma ash treatment 

but no change in dielectric constant, refractive index or chemical bond structure. Since Fluorine 

termination could lead to reactivity with Ti, Ta, etc, DLC could be deposited over the film 

resulting in a robust interface [67]. 

 

Fig. 2.35. Plot of (αE)1/2  as a function of photon energy for films deposited using process 

conditions 500 mTorr, 120C, 100 W and (A) FRR 12.5 (B) FRR 25 (C) FRR 30 and (D) 300 

mTorr, 120C, 100 W and FRR 12.5 
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2.4.5 Conclusion 

PECVD process parameters have been optimized to yield a:C-F films  with a relative 

dielectric constant of 1.8 / 1.9 (As deposited and after extended anneal). The breakdown Field 

strength determined from J-E characteristics is around 4.2 MV/cm before and after annealing and 

leakage current is of the order of 10-6 A/cm2. Deposition rates for as deposited low k films are 

between 5 – 7.5 nm / min. FTIR and XPS studies of ULK and high k samples indicates that CF2 

is the primary constituent that determines the k value of the film. Additionally, the XRD 

spectrum does not reveal any crystallinity in the sample and SEM micrographs indicate smooth 

film morphology. While the shrinkage rate after the first anneal is around 65% for these films, an 

 

Fig. 2.36. Plot of optical energy gap  as a function of photon energy for films deposited using 

process conditions 500 mTorr, 120C, 100 W and (A) FRR 12.5 (B) FRR 25 (C) FRR 30 and (D) 

300 mTorr, 120C, 100 W and FRR 12.5 



59 

 

extended stabilization anneal leads to acceptable shrinkage rates of less than 3%. After the first 

anneal the FTIR spectrum of the annealed ULK sample reveals the presence of the PTFE doublet 

and formation of C=C bonds but does not show any changes after the extended anneal. The 

optical energy gap, Ra, Rz and contact angle of the ULK film is 3.4 eV, 9 nm, 50 nm and 64 

respectively.   The F/C ratio of the ULK film is measured by XPS to be around 1.7 and the 

refractive index of the film (1.39) is closer to that of Teflon. C-V characteristics indicate the 

presence of interface trapped or bulk negative charges in the film. 
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PROPERTIES OF A:C-F FILMS 

3.1 Oxygen Ashing and HMDS 

Since fabrication of interconnect structure requires etching / ashing of dielectric films with 

the extensive use of plasma, irradiation or plasma damage to the film would impact their 

integration in VSLI circuits. Similarly hexamethyldisilazane (HMDS) vapors are utilized to 

improve adhesion between the ULK layer to improve photoresist adhesion. To study the effect of 

oxygen plasma and HMDS in modifying the film structure and the effective dielectric constant 

a:F-C film with a k value of ~2.3 was evaluated after exposure to both these treatments as shown 

in Fig. 3.1. 

 

Fig. 3.1. Experimental setup for determination of the effect of plasma and HMDS on film 

properties. 
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The film thickness decreases with oxygen plasma etch and shows no variation after HMDS 

treatment. (Fig. 3.2) Additionally, the refractive index and the relative dielectric constant remain 

fairly stable. These results lead us to infer that the structure of the film is fairly stable over the 

course of both these treatments.  

The FTIR spectra of the four films under consideration show negligible variation in the 

chemical bond structure including the region between 2600 cm-1 and 3300 cm-1 that correspond 

to C-H type bonds substantiating our previous inference (Fig. 3.3). 

 

Fig. 3.2. Variation in thickness, relative dielectric constant and refractive index of the film after 

oxygen plasma etch and HMDS treatment for ULK film 
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3.2 Chemical Reactivity 

Since KOH based alkaline developer is the most common choices to develop positive resist, 

film reactivity and variation in dielectric constant with electrical grade KOH solution and CD 26, 

a commercially available developer is verified. While the FTIR spectrum does not show any 

variation between the three films, the dielectric constant decreases to ~ 1.9 (Figs. 3.4 & 3.5). 

Since a:C-F films are Teflon®-like in nature, it is expected that the film has very low chemical 

reactivity to acids, alkalis and solvents. 

 

Fig. 3.3. FTIR spectra of the a:F-C film after ashing and HMDS treatment. Right: 

Magnification of the area of interest between wavenumbers 2000cm-1 and 3000 cm-1. 

 

 

Fig. 3.4. FTIR Spectrum of a:F-C film before and after develop with CD 26 and KOH (25%) 

solution. 
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The film however dissolved when UVN-30 negative resist was spun on it leaving a black 

residue.  The film was then dipped into the solvent used to formulate the resist called PGDMA. 

Fig. 3.6 shows that there was negligible change in film thickness or refractive index after 

exposure for almost 30 mins.  Therefore, the reactive component of the film is not the solvent but 

some other constituent in the undisclosed formulation. 

 

Fig. 3.5. Relative Dielectric constant of the ULK film before and after develop with KOH for 

300 seconds. 

 

 

Fig. 3.6. Variation in the thickness of a:F-C film with time after exposure to PGDMA solvent. 
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3.3 E-beam Sensitivity 

Gleason et al have attempted to utilize the sensitivity of fluorocarbon films to e-beam to 

successfully generate contrast curves by developing films deposited using high hot-filament 

CVD with supercritical CO2.  

The dose required to pattern this material was determined to be very high between 

6000c/cm2 and 10000 c/cm2 [68]. Lee et al [69] determined using contact angle 

measurements that x-ray irradiation of a:C-F films could modify the surface properties of the 

film. Irradiation of our a:C-F films with e-beam during the course of compositional 

measurements led us to the discovery that these films are reactive to e-beam modifications (Fig. 

3.7).  

 

Fig. 3.7. SEM and optical micrographs of the e-beam window obtained upon exposure to 

ebeam while performing EDS on these samples 
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An ULK film that is e-beam patternable could prove to be very valuable in terms of reduction 

of steps required for semiconductor processing. Therefore, some of the properties of one of these 

films was further evaluated.  The size of the window of exposure was measured from both the 

SEM and optical micrograph and was found to be the same for several samples. Additionally, to 

insure that this modification is not a surface interaction, these films were etched to a thickness of 

~25 nm using CF4 plasma and the presence of the e-beam window was reconfirmed. 

The e-beam was then rastered over the sample as shown in Fig. 3.8 by visually estimating the 

position of each successive window in an attempt to impart a dose of ~2.23c/cm2 to the 

window. After measurement of the contact angle with water, MIS capacitors were fabricated on 

the exposed and non-exposed regions and the dielectric constant was measured. 

Fig. 3.9 shows a dramatic reduction in the contact angle as well as a modest increase in the k-

value of the film after e-beam exposure even with a dose of only ~2.23c/cm2. It appears that 

 

 

Fig. 3.8. E-beam modification of a:C-F film. 
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these a:C-F films are promising candidates to be utilized as a e-beam patternable ULK layer. 

Further research in terms of investigating a developer system to complement this process is 

required to evaluate the potential of this film. 

3.4 Conclusions 

No plasma irradiation damage is determined based on FTIR and refractive index 

measurements after etching a:C-F film with oxygen plasma.  Film is also resistant to attack by 

developers CD 26 and KOH though the k-value of the film decreases with exposure to KOH. 

While the film dissolves in UVN-30 negative resist, it is impermeable to PGDMA, the 

constituent solvent. Modification of the film by e-beam exposure leads to a 12% increase in 

dielectric constant and decrease in contact angle from 65 to 47 

 

 

Fig. 3.9. Variation in k-value and contact angle for a:C-F films before and after e-beam 

exposure 

 



 

 

 

 

 

 
 

67 

 

STUDY AND OPTIMIZATION OF LAYERED DIAMOND LIKE CARBON AND 

PECVD FLUOROCARBON FILMS AS ULTRA LOW DIELECTRIC CONSTANT 

INTERLAYER DIELECTRICS 

4.1 Preface 

© Reprinted with Permission from: Study and Optimization of PECVD Films Containing 

Fluorine and Carbon Layered with Diamond Like Carbon Films as Ultra Low Dielectric 

Constant Interlayer Dielectrics: Diamond Electronics and Biotechnology, Mat. Res. Soc. Symp. 

Proc. 1511, Boston, MA, 2013. 

© Reprinted with Permission from: Study of layered diamond like carbon and PECVD 

fluorocarbon films for ultra low dielectric constant interlayer dielectric applications, J. Mater. 

Res., 31, 8, 2016. 

4.2 Diamond like carbon 

DLC is typically defined as “amorphous carbon (a:C) or hydrogenated amorphous carbon 

(a:C-H) with a significant fraction of sp3 bonds.” [70].  

The three kinds of electronic hybridizations possible in C, namely, sp3, sp2 and sp1 [71] 

impart to DLC an entire range of chemical, mechanical, electrical and electrochemical 

properties. Fig. 4.1 shows that DLC films can be comprised of a combination of these three types 

of bond hybridizations without being limited by the properties of any one type of allotrope.  
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While DLC has properties similar to diamond in terms of its hardness, elastic modulus and 

resistance to chemical attack, it is a completely amorphous thin film with no grain boundaries 

[72]. The ternary phase diagram shown in Fig. 4.2 is helpful in understanding the compositional 

variation in the varied forms of C-H alloys.  

 

Fig. 4.1. Schematic indicating the regime of DLC in terms of bond hybridization. 
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Tetrahedral amorphous carbon (ta-C) and ta-C:H contain higher percentages of sp3 as 

compared to sputtered a-C(:H) and a-C:H phases. It is possible to deposit a-C:H films with 

higher sp2 and hydrogen contents using PECVD techniques.  The hydrogen passivates dangling 

bonds in the amorphous film and controls the film structure and properties. While the mechanical 

properties of the film is primarily determined by the sp3 content, rather than the sp2 or hydrogen 

content, it is the clustering and orientation of sp2 bonds as well as the cross-sectional structure 

that determines the films optical, electrical and mechanical properties [70]. 

4.3 The CH4 / Ar plasma system 

Ion bombardment of the growing film is the primary mechanism for film growth since it is the 

impact of these ions that leads to the formation of sp3 bonds (Fig. 4.3). Therefore the substrate 

needs to be at a significant negative self-bias relative to the plasma. For films deposited using a 

helical resonator PECVD process it was determined that the substrate bias and thereby ion 

  

Fig. 4.2. C-H phase diagram indicating fraction of sp2 / sp3 hybridization 
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energies have the most influence on the hardness, refractive index and stresses in the film as 

opposed to substrate temperature [73].    

DLC film formation depends on energetic ion bombardment that determines the degree of 

cross-linking and sp3 hybridization of the film. Operation at the lowest possible pressure at 

which the plasma will strike maximizes the ion to radical fraction of the plasma leading to DLC 

formation. High powers and low pressures lead to dense, cross-linked films with higher thermal 

stability, higher dielectric constants and higher stresses [74].  

Several models for DLC growth have been discussed including the shock wave model, 

cylindrical spike model, subplantation model, etc. In the case of a:C-H films, the action of ions is 

via subplantation where an energetic molecule bombarding the surface dissociates into atomic 

ions with varying energies that ultimately implant into the film surface. While acetylene has 

lower plasma polymerization and hydrogen incorporation, methane remains the most popular 

choice as a precursor for electronic applications due to its availability in ultra-high purity forms. 

Dissociation and ionization mechanisms in methane plasma leads to formation of several 

radicals and ionized species including CH3, CH2, CH, C, H, CH4
+, etc. that are further lost to 

different surfaces including the electrode on which the sample is placed. Some critical plasma 

reactions that occur include 

• CH3+CH2C2H4+H 

• CH2+CH2C2H2+H2 

A study by Tamor et al on deposition of a:C-H films using methane as a precursor indicates that 

the total hydrogen content and sp3 fraction decreases with increasing bias voltage. DLC has a 

higher dielectric value of < 3.0 achieved after stabilization by heat treatment and has been 
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utilized in a multilevel metal structure with the film being thermally stable at 400°C [12]. a:C-H 

films have also been used as adhesion layers between a-C:F and SiO2 for films with dielectric 

constant of 2.5 [75]. 

As part of this research work, a dielectric stack consisting of layered a:C-F and DLC 

films were tailored for utilization in ultra-low-k dielectric layers in VLSI circuits. Three types of 

integrated dielectric stacks of a:C-F layered with a:C-H were prepared and characterized for 

potential application as ultra-low-k materials. Partition studies, FTIR and microstructural 

analysis on thermally treated samples that exhibit adhesion failure have been utilized to 

understand the failure mechanism. In addition to electrical properties, structural and mechanical 

properties of the film such as integrity, adhesion, roughness, shrinkage rate and bonding structure 

were extensively studied. 

 

Fig. 4.3. Possible mechanisms for reaction in DLC film deposition 
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4.4 Experiment 

4.4.1 DLC thin film deposition and evaluation 

In this work, the modified Gaseous Electronics Conference (mGEC) reference cell was used 

to deposit DLC films using CH4 and Argon as precursors (Fig. 4.4). Since the film is deposited 

for electronic applications, methane was used as a source gas as it is available in high purity 

despite the lowering of the deposition rate as well as contamination from hydrogen. The details 

of the reactor as well as the process were described earlier [76], [77].  Briefly, the reactor 

consists of a top, bottom and grounded electrode in the center, with the bottom electrode 

capacitively coupled to a 13.56 MHz rf power source through a L-type matching network.  

Deposition was accomplished using processing conditions: 30 sccm of Ar gas, 15 sccm of 

CH4 gas, 25 mTorr, 150 W for 1 minute resulting in a dc bias between -600 and -660 V. 

Operating pressure was maintained as low as possible to maximize the ion to radical ratio since 

the sp3 bonding required for DLC deposition is primarily facilitated by ion bombardment and the 

presence of hydrogen in the mixture decreases the ion fraction considerably [72]. 

Si wafers were cleaning using the standard RCA method before deposition. Immediately 

before being placed in the deposition chamber, the wafers were swabbed with 50:1 HF solution 

to remove any native oxide from the wafer surface. The thickness of the DLC film deposited 

using this PECVD process was measured using a Veeco Dektak VIII Profilometer to be 25.4 nm. 

This was also correlated using a Sentech SE 800 Ellipsometer and the refractive index of the film 

was determined to be 1.42. Film thickness, refractive index, average roughness (Ra), average 

distance between the highest peak and lowest valley in the sampling length (RzDIN), root mean 

square (Rrms) values, contact angle with water, high frequency capacitance – voltage (C-V) and 
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current-voltage (I-V) characteristics were measured. Films were annealed in Ar ambient using a 

MiniBrute tube furnace for 1 hour at 400°C. Film structure was characterized using XRD and 

FTIR. Surface morphology was analyzed using SEM and AFM. 

 

 

Fig. 4.4. Schematics of DLC deposition PECVD system. Parts illustration for the PECVD 

system: (1) upper showerhead electrode, (2) center grounded electrode, (3) lower biased 

electrode, (4) sample,  (5) thermal insulator, (6) infrared lamp, (7) aluminum reflector, (8)quartz 

window for lamp protection, (9)electrical connection for lamp, (10)Teflon insulators, and (11) 

purge for lamp protection 
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To study the structural properties of the deposited thin film, laser excitation of 633 nm was 

utilized in a Jobin Yvon Labram high-resolution micro-Raman spectrometer. Multiple points on 

each sample were analyzed in terms of the disordered carbon (D-peak) and graphitic carbon (G-

peak). The thin film of DLC was subsequently annealed in Ar ambient using a Thermco 

MiniBrute tube furnace for 1 hr at 400C and analyzed. Commercially available graphing 

software was utilized to deconvolute these peaks and determine the ratio of their intensities as 

well as the shift in their positions to obtain information regarding the variation of film properties 

after annealing. (Figs. 4.5 & 4.6) 

 

Fig. 4.5. Raman Spectra of DLC topcoat film before and after annealing at 400C for 1 hr fitted 

with D and G peaks 
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First, results from the as-deposited and heat treated thin DLC film utilized for both Top Coat 

and Base Coat are reported and discussed. Scattering of light by the change in polarizability that 

occurs due to the presence of lattice vibrations is measured by Raman spectroscopy. The Raman 

spectra of the as-deposited film exhibits a broad peak centered around 1550 cm-1 clearly 

indicating the presence of DLC film. The film is closer to diamond like a:C-H as opposed to 

polymer-like a:C-H as confirmed by the absence of a sloping photoluminescence background. 

Variation in the position of the D and G-peaks as well and the relative areas and G-peak width 

indicate changes in the sp3 content of the film [76].  The increase in the G-peak wave number 

with annealing indicates increase in the sp2 content of the film. This is further reiterated by a 

decrease in the G-peak width as well as an increasing area ratio of AD/AG which is typically 

attributed to an increase in the sp2 cluster size. 

Since DLC is a metastable material, the film converts to graphite-like carbon on thermal 

activation.  The majority of sp3 bonding in a:C-H films is due to hydrogen saturation of carbon. 

The structural change due to the decrease in the sp3 content with heat treatment correlates well 

with the increase in leakage current [78] and mass loss observed after annealing [79] by Grill et 

al.  Loss of hydrogen and CHx type species occurs at around 400C. It is tempting to attribute the 

mass loss to loss of hydrogen from the film, as this hypothesis is further reiterated by the 

reduction in dielectric constant seen with annealing shown in a later section. 

The GeATR attachment of a ThermoElectron FTIR was also utilized to evaluate the chemical 

bond structure of the film (Fig. 4.7). While IR analysis cannot be utilized to determine the 

amounts of hydrogen in the film, it can be used with confidence to qualitatively determine the 

constituents of the film as well as its variation with subsequent heat treatment [80]. The spectra 
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show the C-H stretch band in the 2800 - 3100 cm-1 region. Notably, the presence of a strong peak 

in the 2800-3100 cm-1 band indicates the presence of sp3 coordinated carbon while the weak 

peak in the 3000 – 3100 cm-1 region is attributed to aromatic or olefinic sp2 carbon coordination 

[81]. Interestingly, a small peak is also observed at around 1220 cm-1 that has been associated 

with the C-C bending mode in low sp3 carbon samples [82]. 

 

Fig. 4.6. Peak Position, G-pk width and Ratio of areas for DLC topcoat film before and after 

annealing for 1 hr at 4000C 

 

Fig. 4.7. Peak Position, G-pk width and Ratio of areas for DLC topcoat film before and after 

annealing for 1 hr at 400C 
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The contact angle with water was determined to be 42 using a Ramè-Hart manual contact 

angle goniometer which is lower than what has been previously observed using the same 

deposition system [76]. The surface roughness was measured before and after heat treatment 

using a Veeco Dimension 5000 Scanning Probe Microscope (SPM) in tapping mode (Fig. 4.8).  

Average roughness (Ra) and root mean square (Rrms) values were measured to quantify surface 

morphology and roughness. AFM analysis revealed an insignificant increase in the average 

surface roughness from < 0.63 nm to less than 2 nm indicating that this film is ultra-smooth. 

Additionally, the thin DLC film before and after annealing was characterized using a Rigaku 

Altima III X-ray Diffractometer (Fig. 4.9). Peaks corresponding to the (004) graphite and n-

diamond planes were observed in both the as-deposited and annealed films [81, 92] indicating 

the presence of sp2 and sp3 hybridized clusters. 

 

Fig. 4.8. AFM images of DLC topcoat film before and after 1 hr anneal in Ar ambient at 400C 
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A thin a:C-F film of around 19.5 nm was deposited on a silicon wafer using process 

conditions of 160C, 100 W and FRR 12.5 for 2 mins. When the thin DLC film was deposited 

over this, severe delamination was observed with the presence of geometric patterns (Fig. 4.10). 

 

Fig. 4.9. XRD pattern of DLCTC film before and after anneal between angles 20 and 100 

 

Fig. 4.10. Scanning electron and optical  micrographs of film delamination in thin a:C-F film 

after DLC deposition. 
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Since deposition of DLC is characterized by ion bombardment, it appears that the high energy 

carbon atoms impinging on the film surface penetrate to the surface of the silicon resulting in 

such severe peeling effects.  

An explanation for these structures could be derived from an understanding of the stacking of 

lattice planes in hexagonal diamonds where the planes are stacked in an -AB-AB-AB- fashion 

along the (111) direction unlike in cubic diamonds where they are stacked in an –ABC-ABC- 

fashion. The formation of staggered bonds within the layer and eclipsed bonds between layers is 

another property of these diamonds [83]. (Fig 4.11) 

 

Fig. 4.11. SEM micrograph of a typical diamond crystallite,  schematic illustration of the 

various planes in diamond and structure of staggered and eclipsed bonds [83]. 
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However we were able to obtain a smooth conformal coating that passed the tape test with 

the DLC film deposited over a thick a:C-F film of roughly 200 nm as well as 200 nm of the a:C-

F film over the thin DLC film. The relative dielectric constant of the thin DLC film was 

measured to be 2.5. 

4.5 Evaluation of a:F-C and DLC layered stacks. 

a:C-F films layered with a:C-H films were prepared using three different stack 

configurations as shown in Fig. 4.12 and evaluated in terms of thickness, dielectric constant, 

contact angle, surface roughness and chemical structure using IR analysis.   

First, data related to film survival rate is reported and the theoretical stress resulting from 

intrinsic and thermal contributions is analyzed. Microstructural evaluation of failed films is 

utilized to provide insight into the primary cause for film integrity issues.  Subsequently, IR 

analysis of viable films in the as-deposited, layered and heat treated form, are reported and 

 

Fig. 4.12. Schematic of dielectric stacks evaluated. 
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discussed to understand structural variation in the film due to not only the layering process but 

also thermal anneal. Finally, the effect of process conditions on film thickness, roughness and 

contact angle is analyzed by plotting each of these variables with the three tunable process 

parameters: process pressure, substrate temperature and FRR in order to optimize the process 

window.  

4.5.1 Layered Films: Post Deposition Survival Rate 

The number of as-deposited  films that survived the high energy DLC deposition process 

to yield films with uniform morphology and good adhesion is summarized in Table 4.1. While 

every effort was made to achieve the goal of creating and analyzing data from a crossed design, 

several films disintegrated upon deposition or post heat treatment. Majority of AFC-TC and BC-

FC-TC survived heat treatment indicating that techniques employed to preserve film integrity 

can include either annealing of the original FC film, providing a bottom coat of DLC in addition 

to the top coat or potentially a combination of the two.   

Table 4.1 Number of viable a:C-F and DLC film stacks 

 

Film Type      Number of as-deposited films   Number of annealed films 

                                      (Out of 11)                                   (Out of 11)                      

FC                                        11                                                   11                     

FC-TC                                  11                                                   1 

AFC-TC                               10                                                   7 

BC-FC-TC                            6                                                     6 
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It should be noted that the coefficient of thermal expansion (CTE) of a:C-H films is of the 

order of 1 X 10-6 K-1 to 7 X 10-6 K-1 [84] while that of a:C-F films is much higher at 3.5 X 10-5 K-

1 [85].  Both a:C-H and a:C-F films typically exhibit compressive internal stresses [15] [86]. The 

internal stress of the a:C-F film (iFC) is expected to be in the range of 11.6 – 23.2 MPa [15] 

while that of DLC (iDLC) has been reported to reach values of several Gigapascals [84]. 

Utilizing commonly available mathematical models for interface stress analysis [87] and values 

of Young’s modulus and Poisson’s ratio from literature [88], [89]  the polarity and magnitude of 

surface and average stresses in each layer of this multilayered film was calculated.  

Ratio of film thicknesses is an important metric that determines the relationship between 

the average residual stress and misfit stress (), whether the polarity of the stress that is 

developed at the top of each layer is opposite in sign to that of the misfit stress and if it is large in 

magnitude as compared to the average stress in that layer.  varies with the deposition 

temperature utilized for each layer. For this reason, calculations were performed with values of 

the thinnest and thickest Fluorocarbon film and using both 120°C and 200°C as deposition 

temperatures.  

For the film comprising of a bottom Fluorocarbon layer with a top coat of DLC (Fig. 

4.13), the fluorocarbon film exhibits a reduction in the internal compressive stress in the range of 

1% to 9% of its original value. Stresses in the DLC film continue to be dominated by the large 

intrinsic compressive stress value with an average value that is 2 orders of magnitude lower than 

the non-layered film. At the very top of the DLC layer, a tensile stress is developed with a 

magnitude that is one to two orders lower than that of the intrinsic stresses in the DLC film.  
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Fig. 4.13. Schematic of process flow and partitioning study utilized to generate film stacks (a) 

FC-TC (b) BC-FC-TC and (c) AFC-TC 
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In contrast, for the film comprising of a Fluorocarbon layer sandwiched between two 

DLC layers, while the effect on the Top coat of DLC remains the same, the average 

Fluorocarbon film stresses also drops by one order of magnitude. In addition, this film develops 

a tensile surface component that is an order of magnitude lower than the internal stress of this 

film (See Fig. 4.14). As expected, the contribution of deposition temperature or film thickness to 

these values is insignificant. 

In summary, addition of just a top coat of DLC to a fluorocarbon film results in lowering 

the average stresses in the DLC layer and the generation of a significantly large tensile stress on 

the top of this film surface without overly affecting stresses in the Fluorocarbon layer. Addition 

of a base coat of DLC to this stack, results in the same phenomenon but in addition, significantly 

lowers the average stress of the Fluorocarbon film and results in the generation of a tensile 

stress on the surface of the Fluorocarbon film. This correlates well with observed data showing 

increased survival of as deposited BC-FC-TC films compared to FC-TC films. 

 

 

Fig. 4.14. Schematic of the polarity of interface and internal stresses. 
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4.5.2 Partition Study: FTIR 

First, comparisons of the FTIR spectra were made within the group of samples with 

bottom coated DLC films and found to be similar to each other and closely match the 

corresponding parent FC film for investigated process conditions. Next, spectra of films after 

adding a Top Coat DLC to Fluorocarbon films was compared to those of layered films with BC-

FC-TC (See Fig. 4.15) to determine variation in the bonding structure by the addition of a base 

coat. A slight shoulder between 1031 and 960 cm-1 (CF/CF2) in the FC-TC film was absent in 

the spectra of the BC-FC-TC layered stack. Comparing FC-TC  to virgin FC films, notably 

additional bands between 2831 – 3641 cm-1 (CH/ CH2 /C-H stretch), 3670 cm-1 (Si-OH),  2154 – 

2093 cm-1  (Si=Si=H2/Si3≡SiH), 1750 – 1399 cm-1 (C-H absorption modes, C=O or keto groups), 

1700 cm-1 (carbonyl groups) were visible. In addition, spectra of both AFC-TC and FC-TC 

consisted of a band and shoulder between 973 – 760 cm-1 corresponding to Si-O / Si-OH / Si-F / 

Si-F2 type bonds.  

Next the transition from A(FC) to AFC-TC was analyzed. Within the subgroup, Top 

Coated films appeared similar to each other exhibiting the presence of a primary broad peak 

between 900 and 1400 cm-1 corresponding to random arrangements of the CFx group 

configuration (CF, CF2 and CF3 type bonds), a shoulder around 980 cm-1 corresponding to C-F 

bond vibrations and a peak around 1220 cm-1 corresponding to the CF2 asymmetric stretching 

mode. The transition however, was characterized by a large change - inclusive of both a leftward 

shift of the central FC peak and a merging and broadening of split peaks generated by annealing 

Fluorocarbon films – confirming the existence of significant structural modifications in the 
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underlying film. For example, Fig. 4.15 (c) shows peaks at 1282 / 1237 / 1173 cm-1 merge and 

converge to a broad peak centered on 1192 cm-1.  

The transition structurally reconverts the annealed film to the as-deposited form with the 

exception of peaks at 1638 cm-1 (C=C) and 1725 cm-1 (C=O or keto groups). Third, the rather 

benign transition from FC-TC to A(FC-TC) (Fig. 4.16) was determined to be characterized by 

the disappearance of the peak at 1020 cm-1 (C-O stretch). The central peak shifts to the right and 

the peak at 1608 cm-1 (C=C) gains prominence.  

 

Fig. 4.15. FTIR absorption spectra of (a) As-Deposited and Post Anneal Top-Coat DLC film 

(b) As-Deposited FC and (c) Layered FC-TC films. 
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The transition from AFC-TC to A(AFC-TC) is characterized by the presence of 

prominent peaks at 1721 cm-1 (CF2=C) and 1591 cm-1 (C=C) after anneal. Peaks between 1030 

and 1160 cm-1 associated with CF3, CF in CF2 and CF2 symmetric stretch, disappeared after heat 

treatment. In this case, two variations in the transition spectra were identified within the 

subgroup – the first where the broad peak between 900 and 1400 cm-1 (CF / CF2) split into 

multiple peaks as in an annealed FC film [90] and the second where this peak gradually 

disappeared except at 1197 cm-1 (CF / CF2), along with a residual peak between 1283 cm-1 to 

1350 cm-1.   

Finally, considering BC-FC-TC to A(BC-FC-TC), annealed samples possess an 

additional peak at 1608 cm-1 (C=C stretch) without a shoulder at 1041 cm-1. Removal of CFx 

 

Fig. 4.16. FTIR absorption spectra of layered FC-TC films before and after heat treatment. 
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type and F constituents [80] results in the loss of the shoulder corresponding to C-F bond 

vibrations at 980 cm-1 in post anneal BC-FC-TC films. The distinct peak at 2930 cm-1 (C-H 

stretch) in the as-deposited sample disappears upon heat treatment providing evidence for 

hydrogen loss upon annealing. The peak at 1732 cm-1 (CF2=C) in the as-deposited sample 

expands and splits into multiple peaks between 1828 to 1607 cm-1 (C=C groups). The only 

difference in the spectra of different annealed samples in this category is the variation of size and 

location of distinct CF2 peaks, attributed to the doublet observed in bulk PTFE, between 1244 

and 1177 cm-1 [21]. 

In summary, from a structural perspective, the increased thermal stability of AFC-TC is 

attributed to the fact that DLC deposition converts components in the annealed fluorocarbon film 

to the original as-deposited state while that of BC-FC-TC films, taking into account the absence 

of specific Si-F / Si -F2 type components in the as-deposited layered film and the presence of CF2 

peaks after annealing is attributed to lowered Fluorine loss from Si as compared to just FC-TC 

films. In contrast, for the non-annealed FC film, DLC top coat results in hydrogen and Si 

incorporation. Loss of film integrity of this stack is attributed to the fact that annealing results in 

increased Hydrogen and Fluorine loss from the film leading to a closed network. 

4.5.3 Partition Study: Microstructural evolution 

Wafers were removed after each process step in the flow and evaluated. Three categories 

of films were identified – film retains its integrity (Type I), film degradation occurs because of 

crater and blister formation in a mostly smooth background (Type II) and film exhibits overt 

background buckling in addition to crater formation (Type III).  
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As-deposited thin DLC films that delaminated post deposition from a blank Si substrate 

(Fig. 4.17), exhibit crater-like structures sized between 50  to 200  that closely resemble Type 

II failed films Striations (S), related to buckling with the top layer being intact, are absent at the 

edge of the peeled film (Marked “No S”) and present at the edge of these craters.  

This confirms that this type of wrinkled delamination of film B is confined to the top-surface 

layer. Although it is tempting to ascribe the term “phase” to each “region”, compositional 

analysis is required to confirm this hypothesis. Keeping in mind the presence of n-diamond from 

XRD results, an explanation for these structures could be derived from an understanding of the 

stacking of lattice planes in hexagonal diamonds where the planes are stacked in an -AB-AB-

AB- fashion along the (111) direction unlike in cubic diamonds where they are stacked in an –

 

Fig. 4.17. Scanning electron micrographs of delamination in thin a:C-F film after DLC 

deposition showing regions A, C, D, Delaminated film B and striations (S) at the crater edge. 

Area marked “No S” clarifies that film B delamination with striations is a surface phenomenon 

associated with the top-surface layer.  
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ABC-ABC- fashion. The formation of staggered bonds within the layer and eclipsed bonds 

between layers is another property of these diamonds [83]. Light region (A) probably contains 

defects on the graphitic structure that serve as nucleation sites for nano-diamond growth with 

some preferred growth orientation. 

Type II failed films exhibit delamination of Region B to expose Region A.  Our data 

shows that Type II failure classification is identified in heat treated samples where the parent 

Fluorocarbon film is deposited with process condition FRR 30 or higher. For example, 

micrographs of A(FC-TC) (Fig. 4.18) exhibiting this failure type reveal the presence of similar 

areas with physically distinct regions A, B and C.  

 

Fig. 4.18. Optical micrographs of annealed thick a:C-F film after DLC deposition exhibiting 

Type II failure showing (a) Only Regions A, B and C similar to thin a:C-F film after DLC 

deposition and (b) Additional Region E and Region F instead of Region D. 
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In other locations in the same sample, film stress created by differential thermal 

expansion results in a combination of very slight background microbuckling (Inset G, Fig. 4.19), 

macrobuckling (Region ii), systematic patterns (Region E & S) and film thickness variation 

(Region H) [91]. Telephone cord buckling delamination of DLC on Si and glass substrates has 

previously been reported in literature [92].  

Films deposited using FRR 25 or lower or using FRR 30 at 120°C exhibit a higher degree 

and extent of micro-buckling in Region C (background region of Fig. 4.19). While this appears 

to lead into the hypothesis that annealing of a carbon rich phase has resulted in nucleation and 

grain growth related failure, these images are in fact identical to those obtained from simulation 

results of layered films under biaxial compression where the postbuckling morphology evolves 

from concomitant wrinkling to random buckle-delamination blisters [93]. Of the different kinds 

of buckling morphology, zig-zag, stripes or labyrinth, stripes morphology is clearly observed in 

the region where macro-buckling and micro-buckling fringes meet (Fig. 4.20).  

Given that there is no difference in bonding configuration or F/C ratio for films deposited 

at FRR 30 as compared to those at FRR 25 and below, the oxygen content is the lowest at FRR 

30, and the presence of oxygen results in enhanced polycrystalline growth in DLC films [94] 

increasing the likelihood for thermally activated failure, it can be deduced that in annealed films, 

the root cause for delamination is phase transitions resulting in buckling delamination in addition 

to thermal stresses and structural changes detailed below. 
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Fig. 4.19. Optical micrographs of annealed thick a:C-F film after DLC deposition with areas 

showing (a) systematic pattern in E at (i) (b) border fringing with macro buckling and new 

Region  and (c) Onset of microbuckling in C (Inset G). 
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4.5.4 Film thickness and shrinkage 

An important concern while depositing DLC films over a:C-F films is the modification of 

a:C-F film structure due to the implantation of energetic carbon atoms into the softer a:C-F films. 

The difference between the thickness of the as-deposited or annealed a:C-F film and the a:C-F 

 

Fig. 4.20. Optical micrographs of annealed thick a:C-F film after DLC deposition showing (a) 

macro and micro buckling with fringe formation (b) Type III failure related macrobuckling and 

(c) Influence of DLC buckling on FC film integrity. 
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film with a:C-H topcoat is consistently around 25 nm indicating that the deposition of DLC film 

over the FC film is conformal with minimum interaction between both films (Fig. 4.21). 

 

The properties of the film deposited at 300 mTorr fall in a different population as 

compared to films at 500 mTorr and hence any reference to general trends excludes this film 

unless explicitly specified. The number of as-deposited FC-TC, AFC-TC and BC-FC-TC films 

that survived the high energy DLC deposition process to yield films with uniform morphology 

and good adhesion is summarized in Table I. FTIR data indicates that DLC deposition 

intrinsically repairs the underlying FC component in AFC films in comparison to BC-FC-TC or 

FC-TC films where the FC component of the spectrum remains unchanged. Most BC-FC-TC 

films at FRR 30 disintegrated as compared to those at FRR 20 even though the underlying FC 

films are structurally similar; however, FRR 30 films exhibit higher oxygen content compared to 

 

Fig. 4.21. Variation in film thickness and shrinkage rate of films deposited using process 

conditions 500 mTorr, 100 W as a function of temperature. 
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FRR 20 films. The film deposited at 300 mTorr survived as compared to the film deposited at 

500 mTorr (Fig. 4.23). It should be recollected that the FTIR spectra of this a:C-F film exhibited 

the presence of Si-O / Si-F bonds explaining the unusual stability of this film [94].  

After annealing, most films deposited at FRR = 20 survived but the survival rate at FRR = 30 

was very poor. Not surprisingly, the shrinkage rates for the AFC-TC films were very low in 

comparison to the BC-FC-TC films probably due to fluorine outgassing from the unannealed 

film. However the number of samples that survived the extended heat treatment is roughly the 

same in both the AFC-TC and BC-FC-TC films from which we could conclude that excessive 

fluorine outgassing or film shrinkage are not the only causes for film delamination after DLCTC 

deposition. Essentially this brings into question the inherent thermal stability of the DLC film. 

Shrinkage rates for all fluorocarbon samples was initially high but was extremely low (< 

2%) after the stabilization anneal (Fig. 4.22 & 4.23). While depositing films using 

fluorohydrocarbons, Theil et al. observed that shrinkage rates stabilized after 15 minutes of 

annealing [36]. A reduction in this rate has also been observed by Grill et al. with fluorinated 

diamond like carbon [12]. Upon thermal treatment, in the case of BC-FC-TC films, those that 

survived TC deposition also survived heat treatment. Survival rates of AFC-TC films deposited 

at FRR 30 was very poor as compared to those at FRR 12.5, 20 and 25. Not surprisingly, the 

shrinkage rates of AFC-TC films were very low in comparison to BC-FC-TC probably due to 

low rates of fluorine outgassing from the doubly annealed film. 
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Fig. 4.22 shows the variation of film thickness and shrinkage rate as a function of FRR 

utilized for the deposition of a:C-F films.  All 8 FC-TC films and AFC-TC films and 5 BC-FC-

TC films survived the high energy DLC deposition process and yielded films with uniform 

morphology and good adhesion. After annealing, 0 FC-TC, 6 AFC-TC and 4 BC-FC-TC samples 

survived.  Additionally, as discussed earlier, the shrinkage rates were much higher for the BC-

FC-TC films in comparison to the annealed FC films with a:C-H topcoats. 

 

Fig. 4.22. Variation of film (a) Shrinkage Rate and (b) Thickness as a function of FRR for 

deposition at 120°C, 140°C and 160°C for films (1) FC (2) FC-TC (3) AFC-TC and (4) BC-

FC-TC . Extremely low shrinkage rates are observed in the doubly annealed AFC-TC films. 
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While both films deposited using 300 mTorr and 500 mTorr (See Fig. 4.23) survived the 

deposition processes, after annealing only one of the FC-TC film deposited at FRR 12.5 

survived. It should be recollected that the FTIR spectra of this a:C-F film had indicated the 

presence of Si-O / Si-F bonds which could explain the unusual stability of this film. 

Since DLC is a metastable material, it converts to graphite-like carbon on thermal 

activation.  The majority of sp3 bonding in a:C-H films is due to hydrogen saturation of carbon. 

The structural change due to a decrease in sp3 content compares favorably with previously 

observed leakage current increases [78] and mass loss post annealing [79]. Since loss of 

hydrogen and CHx type species occurs at around 400C, it is tempting to attribute the mass loss 

 

Fig. 4.23. Variation in film thickness and shrinkage rate of films deposited using process 

conditions 100 W, FRR 12.5, 120C as a function of Pressure. 
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to loss of hydrogen from the film, as this hypothesis is further reiterated by the reduction in 

dielectric constant with annealing (Fig. 4.24). 

4.5.5 Relative Dielectric Constant, Roughness and Contact Angle 

The electrical properties were evaluated by fabricating MIS structures as described earlier. 

Variation of the relative dielectric constant with FRR is shown in Fig. 4.24.  

 

Comparison of the k-values of the as-deposited films shows that BC-FC-TC films have much 

lower k-values in comparison to even as-deposited FC films while FC-TC films show the 

opposite trend. Additionally, after annealing, many of the films with a topcoat of DLC display a 

significant lowering in the k-values. Based on the reduction in film thickness after annealing 

 

Fig. 4.24. Variation of the relative dielectric constant of the film as a function of FRR for 

deposition of films (1) FC (2) FC-TC (3) AFC-TC and (4) BC-FC-TC. 
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coupled with effect of heat treatment in transforming sp3 to sp2 bonds as indicated by the Raman 

and FTIR data, it is suspected that the mechanism leading to the lowering of k-value in annealed 

films is hydrogen loss. However further FRES or RBS evaluation is required to confirm this 

result. 

The variation in relative dielectric constant with substrate temperature utilized for the 

deposition of the a:C-F film has been shown in Fig. 4.25. Majority of FC-TC films have k-values 

comparable to that of FC films while the AFC-TC films showed relatively higher k-values. BC-

FC-TC k-values were comparable to those of the FC films. After thermal treatment though, the 

k-values of A(BC-FC-TC) films were considerably lower probably due to hydrogen removal 

from both the topcoat and the bottom coat films. However many of these films did not survive 

the hour long anneal that was employed to test for thermal stability. 

 

 

Fig. 4.25. Variation of relative dielectric constant with Temperature for films deposited using 

process conditions 500 mTorr and 100 W  
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Changes in k-value with pressure are plotted in Fig. 4.26. Analysis of the FC-TC film 

deposited using 300 mTorr that survived thermal treatment shows that the film has a k-value 

close to 8.5 rendering it useless for low-k applications. The AFC-TC film deposited at 500 

mTorr shows a drastic reduction in k-value with heat treatment making it a very attractive low k 

alternative. 

Process integration requires that photoresist or etching solutions wet or adhere to the 

fluorocarbon film surface. Contact angle measurements help us quantify the surface energy 

 

Fig. 4.26. Variation in relative dielectric constant of films deposited using process conditions 

100 W, FRR 12.5, 120C as a function of Pressure. 
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related to chemical bonds on the surface while measurement of the surface roughness relates to 

the physical arrangement of molecules on the surface. 

Fig. 4.27 shows the variation of the contact angle with water as a function of flow rate ratio.  

Based on our findings that a:C-F films have a higher contact angle in comparison to a:C-H films 

it is expected that the film with DLC-TC on top has a lower contact angle in comparison to the 

a:C-F film and indeed our results indicate this to be the case.  

 

 

Fig. 4.27. Variation of contact angle with water as a function of Flow rate ratio for films 

deposited using process conditions 500 mTorr and 100 W. 
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Surprisingly AFC-TC and BC-FC-TC have higher contact angles compared to FC-TC which 

was originally hypothesized to be due to the effect of underlying film morphology. However, 

based on FTIR data, it appears that FC-TC films where the FC component has been deposited 

using 500 mTorr, contain Si and the effect of Si in increasing surface energy has been 

extensively studied and verified [95]. 

Finally, Fig. 4.28 shows the variation of roughness parameters, Ra and RzDIN, measured using 

the profilometer in VSI mode, as a function of the flow rate ratio. All films had Ra < 10 nm and 

RzDIN < 100 nm indicating that the film surface is smooth and suitable for semiconductor 

processing.   

 

Fig. 4.28. Variation of Ra and Rz as a function of flow rate ratio for films deposited using 

process conditions 500 mTorr and 100 W 
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4.6 Conclusions 

DLC films with thickness of 25.4 nm was deposited by means of a PECVD process using 

CH4 and Ar gas as precursors. Raman spectroscopy confirmed the presence of both sp2 and sp3 

bonds as well as an increase in the sp2 fraction after heat treatment for 1 hr at 400C in Ar 

ambient.  Average film roughness as measured by AFM was less than 1 nm, the k-value was 2.5 

and the contact angle with water was 42. Three different stacks of a:C-H films layered with a:F-

C films were evaluated in terms of variation in thickness,  k-value, roughness and contact angle 

before and after annealing.  

Films that showed high k-values in the as-deposited conditions showed a marked decrease in 

dielectric constant after heat treatment which could possibly be attributed to the loss of hydrogen 

from annealed films based on the Raman and shrinkage data. Variation in thickness after heat 

treatment, roughness and contact angle of the all the films before and after heat treatment 

indicated that the films are conformal, with a smooth morphology, and contact angle with water 

between 40 and 70.  Further analysis of FTIR spectra is essential to determine the nature of 

structural changes induced by the layering process. The a:C-F process conditions that resulted in 

films with k-values less than 2.0 has been summarized in Table 4.2. 

Three different a:F-C and a:C-H stacks were generated as potential candidates for use as 

ULK dielectric materials in the BEOL.  DLC film and a:F-C films were deposited using a 

PECVD process using CH4 / Ar and CF4 / Si2H6 / Ar gas as precursors. Buckling delamination is 

the primary failure mode for adhesion loss and is associated with stress failure and phase 

transitions from nanodiamond to graphite in the as-deposited and heat treated form. Of the three 

different stacks of a:C-H films layered with a:F-C films that were evaluated, Annealed 
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Fluorocarbon with Top Coat DLC films exhibited the highest thermal stability. FTIR spectra of 

Fluorocarbon films with Top Coat DLC and Base Coated DLC film-Fluorocarbon-Top Coated 

DLC films and annealed films closely resemble the parent FC film. Majority of Annealed 

Fluorocarbon with Top Coat DLC and Base Coat DLC – Fluorocarbon – Top Coat DLC 

survived heat treatment indicating that techniques employed to preserve film integrity can 

include either annealing of the base FC film, providing a bottom coat of DLC or potentially a 

combination of the two. FRR ratio of CF4: Si2H6 at of 30 resulted in a:F-C films with lower 

oxygen content, increased resistance to adhesion failure upon thermal treatment and a lower 

degree and extent of buckling. Thickness variation after heat treatment, roughness and contact 

angle of films before and after heat treatment indicated that the films are conformal, with smooth 

morphology, and contact angle with water between 40º and 70º. 

  

Table 4.2 Process parameters for a:C-F film deposition and k-value obtained after anneal 

 

Table 3. Process parameters for a:C-F film deposition and k-value obtained after anneal 

Film Type                    Process Conditions                                           k-value 

                             Pressure   Power   Temperature   FRR 

                               (mTorr)    (W)         (0C)             

A(AFC-TC)           500            100         160                  20                      1.83                     

A(AFC-TC)           500            100         140                  20                      1.95 

A(BC-FC-TC)       500            100         140                  20                      1.84 

A(AFC-TC)           500            100         120                  12.5                   1.69 

A(BC-FC-TC)       500            100         120                  25                      1.80 

A(AFC-TC)           500            100         120                  30                      1.92 

A(BC-FC-TC)       500            100         120                  30                      1.83 
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SUMMARY AND CONCLUSIONS 

Collectively, this dissertation explores the systematic variation of properties of the ULK 

dielectric film through the control of precursor type and process parametersflow rate ratio, 

chamber type, chamber temperature, platten temperature, and process pressure. The ensuing 

modification of the electrical, structural, chemical and physical properties of the film relevant to 

integration as ULK materials were subsequently measured and characterized during the 

processing of a:C-F, DLC and layered films. 

5.1 a:C-F Deposition and Characterization 

PECVD process parameters have been optimized to yield a:C-F films  with a relative 

dielectric constant of 1.8 / 1.9 (As deposited and after extended anneal). The breakdown Field 

strength determined from J-E characteristics is around 4.2 MV/cm before and after annealing and 

leakage current is of the order of 10-6 A/cm2. Deposition rates for as deposited low k films are 

between 5 – 7.5 nm / min. FTIR and XPS studies of ULK and high k samples indicates that CF2 

is the primary constituent that determines the k value of the film. Additionally, the XRD 

spectrum does not reveal any crystallinity in the sample and SEM micrographs indicate smooth 

film morphology. While the shrinkage rate after the first anneal is around 65% for these films, an 

extended stabilization anneal leads to acceptable shrinkage rates of less than 3%. After the first 

anneal the FTIR spectrum of the annealed ULK sample reveals the presence of the PTFE doublet 
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and formation of C=C bonds but does not show any changes after the extended anneal. The 

optical energy gap, Ra, Rz and contact angle of the ULK film is 3.4 eV, 9 nm, 50 nm and 64 

respectively.   The F/C ratio of the ULK film is measured by XPS to be around 1.7 and the 

refractive index of the film (1.39) is closer to that of Teflon. C-V characteristics indicate the 

presence of interface trapped or bulk negative charges in the film. 

No plasma irradiation damage is determined based on FTIR and refractive index 

measurements after etching a:C-F film with oxygen plasma.  Film is also resistant to attack by 

developers CD 26 and KOH though the k-value of the film decreases with exposure to KOH. 

While the film dissolves in UVN-30 negative resist, it is impermeable to PGDMA, the 

constituent solvent. Modification of the film by e-beam exposure leads to a 12% increase in 

dielectric constant and decrease in contact angle from 65 to 47 

5.2  DLC / Layered a:C-F with DLC Deposition and Characterization 

DLC films with thickness of 25.4 nm was deposited by means of a PECVD process using 

CH4 and Ar gas as precursors. Raman spectroscopy confirmed the presence of both sp2 and sp3 

bonds as well as an increase in the sp2 fraction after heat treatment for 1 hr at 400C in Ar 

ambient.  Average film roughness as measured by AFM was less than 1 nm, the k-value was 2.5 

and the contact angle with water was 42. Three different stacks of a:C-H films layered with a:F-

C films were evaluated in terms of variation in thickness,  k-value, roughness and contact angle 

before and after annealing. Films that showed high k-values in the as-deposited conditions 

showed a marked decrease in dielectric constant after heat treatment which could possibly be 

attributed to the loss of hydrogen from annealed films based on the Raman and shrinkage data. 
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Variation in thickness after heat treatment, roughness and contact angle of the all the films before 

and after heat treatment indicated that the films are conformal, with a smooth morphology, and 

contact angle with water between 40 and 70.  Further analysis of FTIR spectra is essential to 

determine the nature of structural changes induced by the layering process. The a:C-F process 

conditions that resulted in films with k-values less than 2.0 has been summarized in Table 3 

Three different a:F-C and a:C-H stacks were generated as potential candidates for use as ULK 

dielectric materials in the BEOL.  DLC film and a:F-C films were deposited using a PECVD 

process using CH4 / Ar and CF4 / Si2H6 / Ar gas as precursors. Buckling delamination is the 

primary failure mode for adhesion loss and is associated with stress failure and phase transitions 

from nanodiamond to graphite in the as-deposited and heat treated form. Of the three different 

stacks of a:C-H films layered with a:F-C films that were evaluated, Annealed Fluorocarbon 

with Top Coat DLC films exhibited the highest thermal stability. FTIR spectra of Fluorocarbon 

films with Top Coat DLC and Base Coated DLC film-Fluorocarbon-Top Coated DLC films 

and annealed films closely resemble the parent FC film. Majority of Annealed Fluorocarbon 

with Top Coat DLC and Base Coat DLC – Fluorocarbon – Top Coat DLC survived heat 

treatment indicating that techniques employed to preserve film integrity can include either 

annealing of the base FC film, providing a bottom coat of DLC or potentially a combination of 

the two. FRR ratio of CF4: Si2H6 at of 30 resulted in a:F-C films with lower oxygen content, 

increased resistance to adhesion failure upon thermal treatment and a lower degree and extent of 

buckling. Thickness variation after heat treatment, roughness and contact angle of films before 

and after heat treatment indicated that the films are conformal, with smooth morphology, and 

contact angle with water between 40º and 70º. 
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