
 

 

Photoemission Studies on the Efficacy of 
Self -assembled Monolayers for use in 
Transistor Interconnect Applications  

 

 

 

Anita Brady-Boyd  

B.Sc. 

 

 

 

 

A thesis presented for the degree of Doctor of Philosophy 

Dublin City University  

School of Physical Sciences 

Supervised by Professor Greg Hughes 

November 2018 

 

 

 



ii  
 

Declaration  

  

I hereby certify that this material, which I now submit for assessment on the programme 

of study leading to the award of doctor of philosophy is entirely my own work, and that I 

have exercised reasonable care to ensure that the work is original, and does not to the best 

of my knowledge breach any law of copyright, and has not been taken from the work of 

others save and to the extent that such work has been cited and acknowledged within the 

text of my work.  

Signed:____________________________ ID No.:________________ Date:________ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



iii  
 

Dedication and Acknowledgements  

Firstly, I would like to thank my supervisor Greg Hughes for all his help and for 

sharing his knowledge with me for the last 4 years. He has given me a great 

opportunity to travel and experience working in world class facilities which few 

PhD students are lucky to visit once never mind 8 times! 

To all in DCU especially Tony, Justin, Venkat, Rob and Conor who are always happy 

to discuss results and help if a problem arises. Also, to Conor, (gone but not 

forgotten) who trained me to use all the systems in my first year. A special thanks 

to Pat Wogan, without him we would never get any work done. The past 4 years it 

has never felt like a chore going to work but a pleasure. 

A special thanks to Aaron, Muhammad and Kate for the many lunches and cups of 

tea and coffee. I like to think we kept each other relatively sane over the years. To 

my friends in Carlow who have supported me and listened to me even when they 

had no clue what I was talking about. 

To my parents, Tony and Pauline who taught me that doing what you love is the 

most importan t thing. I owe them so much for raising me to be who I am. To my 

parents in law, Tommy and Elaine thank you for the continued support. Thank you 

to Edna who thoroughly proof read the whole thesis. 

Most importantly, I would like to thank my amazing wife Cla ire for all the support 

she has given me, so I can follow my dreams and do something that I love. Words 

ÃÁÎȭÔ ÅØÐÒÅÓÓ ÈÏ× ÌÕÃËÙ ) ÁÍ ÔÏ ÈÁÖÅ ÈÅÒ ÉÎ ÍÙ ÌÉÆÅȢ ) ×ÏÕÌÄ ÎÅÖÅÒ ÈÁÖÅ ÇÏÔÔÅÎ ÔÈÉÓ 

far without her constant encouragement and unwavering patience and I dedicate 

this thesis to her. 

Finally, I would like to acknowledge Science Foundation Ireland for the financial 

support of this work.  

 



iv 
 

Table of Contents 
 

DeÃÌÁÒÁÔÉÏÎȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȢÉi 

Dedication and AcknowledgementsȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȢ.iii  

4ÁÂÌÅ ÏÆ #ÏÎÔÅÎÔÓȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȢÉv 

4ÁÂÌÅ ÏÆ &ÉÇÕÒÅÓȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȢȢÖÉÉÉ 

0ÕÂÌÉÃÁÔÉÏÎÓ ÁÒÉÓÉÎÇ ÆÒÏÍ ÔÈÉÓ ×ÏÒËȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȢØÉØ 

Conference 0ÒÏÃÅÅÄÉÎÇÓȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȢȢȣȣȣȣȣȣȣȣȣȣȣȣȣȢȢȢØØÉ 

!ÂÓÔÒÁÃÔȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣȣØØÉÉ 

1 Introduction  ......................................................................................................... 1 

1.1 Challenges Facing the Microelectronics Industry ....................................... 2 

1.1.1 RC Time Delay ............................................................................................ 3 

1.1.2 Electromigration, Diffusion and Adhesion ............................................... 7 

1.1.3 Atomic Layer Deposition (ALD) & Electroless Deposition (ELD) ......... 10 

1.2 Self-Assembled Monolayers (SAMs) ........................................................... 13 

1.2.1 Surface Bonding and Deposition of SAMs .............................................. 15 

1.2.2 How can SAMs Benefit the Microelectronics Industry? ..................... 18 

1.3 Thesis Layout and Organisation ................................................................. 19 

1.4 References .................................................................................................... 21 

2 Principals of Experimental Theory & Techniques ............................................ 33 

2.1 X-Ray Photoelectron Spectroscopy ............................................................ 33 

2.1.1 Basic Principals ........................................................................................ 34 

2.1.2 Inelastic Mean Free Path and Sampling Depth .................................. 38 



v 
 

2.1.3 Elemental Identification & Spectral Features .....................................42 

2.1.4 Chemical Shifts .................................................................................... 46 

2.1.5 Quantification ...................................................................................... 48 

2.1.6 Depth Profiling using ARXPS ............................................................. 49 

2.1.7 Peak width and Peak Fitting ................................................................ 50 

2.1.8 Systems Used ........................................................................................ 51 

2.2 Hard X-Ray Photoelectron Spectroscopy ................................................... 53 

2.2.1 History of HAXPES ............................................................................... 53 

2.2.2 Sampling Depth in HAXPES ................................................................ 55 

2.2.3 Synchrotron Sources ............................................................................ 57 

2.2.4 Systems Used ........................................................................................ 61 

2.3 Atomic Force Microscopy .......................................................................... 64 

2.3.1 Basic Principals .....................................................................................65 

2.3.2 AFM Modes ...........................................................................................67 

2.3.3 Image Artefacts .................................................................................... 68 

2.3.4 Image Processing & Analysis ................................................................70 

2.4 References .................................................................................................... 72 

3 Use of Self-Assembled Monolayers as Seed Layers for the Growth of Mn 

Copper Diffusion Barrier Layers ...............................................................................76 

3.1 Introduction  .................................................................................................76 

3.2 Experimental Details .................................................................................. 79 

3.3 Results and Discussion ................................................................................82 

3.3.1 Chemical Characterisation and Stability of DETA SAM deposited on 

SiO2 82 



vi 
 

3.3.2 Interaction of DETA SAM deposited on SiO2 with ultrathin deposited 

Mn layer ..............................................................................................................87 

3.3.3 Interaction of DETA SAM on Spin-on-glass with ultrathin deposited 

Mn layer. .............................................................................................................95 

3.4 Chapter Conclusion ................................................................................... 102 

3.5 References .................................................................................................. 104 

4 Nucleation and Adhesion of Ultra-Thin Copper Films on Self-Assembled 

Monolayers ................................................................................................................ 110 

4.1 Introduction  ................................................................................................ 110 

4.2 Experimental Details .................................................................................. 112 

4.2.1 Substrate Details .................................................................................. 112 

4.2.2 Photoemission Surface Characterisation ........................................... 114 

4.2.3 Adhesion Testing, AFM and 4-point probe measurements .............. 117 

4.3 Results and Discussion ............................................................................... 119 

4.3.1 X-Ray Photoelectron Spectroscopy .................................................... 119 

4.3.2 Adhesion Testing, AFM and Resistivity Measurements .................... 131 

4.4 Chapter Conclusion .................................................................................... 137 

4.5 References .................................................................................................. 139 

5 Atomic Oxygen treatments of DETA and OTMS SAMs ................................ 143 

5.1 Introduction  ............................................................................................... 143 

5.2 Experimental methods .............................................................................. 147 

5.3 Results & Discussions ................................................................................ 149 

5.3.1 Etching of the DETA SAM due to Atomic Oxygen Exposure ........... 149 

5.3.2 Etching of the OTMS SAM due to Atomic Oxygen Exposure .......... 156 

5.3.3 Decay Rate of the DETA and the OTMS SAMs ................................. 160 



vii  
 

5.4 Conclusions ................................................................................................ 164 

5.5 References .................................................................................................. 165 

6 Characterisation of Electroless Deposited Cobalt by Hard and Soft X-ray 

Photoemission Spectroscopy ................................................................................... 171 

6.1 Introduction  ................................................................................................ 171 

6.2 Experimental Methods ............................................................................... 173 

6.3 Results & Discussion ................................................................................. 176 

6.3.1 Sample Overview ................................................................................ 176 

6.3.2 Characterisation of the ELD Co Film ................................................ 179 

6.3.3 The Si-Co Interface .............................................................................. 191 

6.4 Conclusions ................................................................................................ 198 

6.5 References .................................................................................................. 199 

7 Conclusions and Future Work ....................................................................... 208 

7.1 Conclusions ............................................................................................... 208 

7.1.1 Interaction of Mn with the DETA SAM deposited on SiO2 and SOG 208 

7.1.2 The role of SAMs in Improving Nucleation and Adhesion ............. 209 

7.1.3 Effect of Atomic Oxygen on DETA and OTMS SAMs ....................... 211 

7.1.4 The use of DETA SAM in ELD of Cobalt ............................................ 211 

7.2 Future Work  ...............................................................................................212 

7.2.1 DETA SAMs as a Pore Sealant for Low-k Dielectrics .........................212 

7.2.2 SAMs as an Adhesion Promoter for Copper ...................................... 213 

7.2.3 Further Investigation of the Effect of Atomic Oxygen on SAMs ...... 213 

7.2.4 Further Characterisation of ELD Cobalt Films ................................. 214 

7.3 References ................................................................................................... 215 



viii  
 

Table of Figures 

 

Figure 1.1 (a) basic schematic of how interconnects work 4 (b) the complete stack 

from the transistors right up to the solder bump 4 and (c) Scanning electron 

ÍÉÃÒÏÓÃÏÐÅ ɉ3%-Ɋ ÉÍÁÇÅ ÏÆ ÔÈÅ ÁÃÔÕÁÌ Ϋά ÍÅÔÁÌ ÌÁÙÅÒ ÉÎÔÅÒÃÏÎÎÅÃÔ ÓÔÁÃË ÉÎ )ÎÔÅÌȭÓ 

10nm node 5. ................................................................................................................. 2 

 

Figure 1.2 Scaling from the 22nm node to the 10nm node3. ....................................... 3 

 

Figure 1.3 RC time delay as a function of technology node. The gate delay can be 

reduced by decreasing feature size. Changing to Co should decrease the 

interconnect delay26. ................................................................................................... 5 

 

Figure 1.4 Transmission electron microscope (TEM) cross-sectional images of four 

failed samples after 19-50-hour electromigration testing. Voids were always found 

in the via sidewall and bottom corner38. .................................................................... 7 

 

Figure 1.5 Schematic showing poor deposition of barrier metal and subsequent 

copper line. ................................................................................................................ 10 

 

Figure 1.6 Schematic illustrating one full cycle of the ALD process to deposit a thin 

Al2O3 film60 ............................................................................................................... 12 

 

Figure 1.7 Figure of the DETA SAM showing the different segments, the head group, 

hydrocarbon chain and the terminal functional group.  .......................................... 14 

 

Figure 1.8  SAM molecule adhering to the surface. On the left a pristine wafer before 

treatments and the SAM molecule. The middle diagram shows the change in the 

surface after the pre-treatments, now the surface has OH terminal groups that will 



ix 
 

bond to the head group of the SAM with the expulsion of methanol. In the diagram 

on the right the SAM has now made a strong chemical bond with the surface as 

water is expelled. ....................................................................................................... 16 

 

Figure 1.9 Schematic of the liquid tank deposition process. ................................... 17 

 

Figure 1.10 Schematic showing the deposition of SAMs via the vapour phase 

technique. .................................................................................................................. 17 

 

Figure 2.1 A schematic showing the experimental set-up for a conventional XPS 

system. ........................................................................................................................ 34 

 

Figure 2.2 Schematic of the energy level for the binding energy measurements 

where the sample and spectrometer are in electrical contact. ................................ 36 

 

Figure 2.3 XPS survey scan of a 20nm ELD cobalt film with all the main core level 

peaks labelled. The diagram underneath shows the various electron emission 

processess that give either the core level peaks or add to the rising secondary 

electron background. ................................................................................................. 39 

 

Figure 2.4 The universal mean free path (MFP) created by Seah and Dench 6. .... 40 

 

Figure 2.5 Graphical representation of the TPP-2M equation for the IMFP. The 

graph also illustrates what techniques are employed for different energy ranges10.

 .................................................................................................................................... 41 

Figure 2.6 Survey scan of DETA SAM deposited on SiO2 substrate with the principal 

core levels labelled. .................................................................................................... 43 

 



x 
 

Figure 2.7 Difference between metallic Cu and CuO. The shakeup features of CuO 

are clearly visible. ...................................................................................................... 45 

 

Figure 2.8 Si 2p spectrum showing the chemical shift of 4.5eV between the Si 

component peak and the SiO2 component peak. .................................................... 47 

 

Figure 2.9 Schematic diagram showing the influence the electronegativity can have 

on the electron cloud densities in the different bonding environments of Si ɀ Si and 

Si - O. .......................................................................................................................... 47 

 

Figure 2.10 Schematic showing the effective sampling depth in ARXPS. ............... 50 

 

Figure 2.11 Dedicated UHV surface science chamber equipped with XPS, e-beam 

and atomic gas cracker. ............................................................................................. 52 

 

Figure 2.12 Sample stub with bar, showing how two samples can be characterised 

at the same time. ....................................................................................................... 52 

 

Figure 2.13 (a) Hard X-ray scan and (b) soft X-ray scan taken of a 20nm thick Co 

sample at the Diamond Light Source. Insets show the Co 2p in detail highlighting 

both the surface and bulk properties. ......................................................................56 

 

Figure 2.14 A schematic of a third-generation synchrotron. The storage ring is not 

a true ring but has more of a polygon shape. ........................................................... 58 

 

Figure 2.15 Schematic of how an electron moves due to an insertion device. ........59 

Figure 2.16 In (a) the radiation emitted from a wiggler is quite broad whereas in (b) 

the radiation from an undulator is narrow.  ............................................................ 60 

 



xi 
 

Figure 2.17 Full beamline layout for I09 in Diamond Light Source 23. ................... 62 

 

Figure 2.18 Inside experimental hutch i09 at Diamond. .......................................... 63 

 

Figure 2.19 Shown is the analysis chamber, sample preparation chamber and the 

manipulator arm.  ...................................................................................................... 64 

 

Figure 2.20 The diagram shows the effect of tip to sample distance and how the 

distance sets the acquisition mode32. ...................................................................... 66 

 

Figure 2.21 Schematic of an AFM. ............................................................................ 68 

 

Figure 2.22 Example of tip broadening. ................................................................... 69 

 

Figure 3.1 Schematic showing the formation of a porous dielectric, (a) the porogen 

(usually CPO or BMO ) is deposited with the low-k precursor, (b) the low-k 

precursor then crosslinks into a solid layer formed via covalent bonds and finally 

(c) the porogen is then "burned out" by thermal annealing leaving a porous 

dielectric 15. ................................................................................................................. 77 

 

Figure 3.2 The mechanism by which a SAM can act as a pore sealant by blocking 

the metal barrier at the top of the pore. .................................................................. 79 

 

Figure 3.3 The survey scans for the reference substrate and the SAM on SiO2 as 

loaded with the chemical composition inset. .......................................................... 83 

Figure 3.4 Survey spectra of the DETA on SiO2 taken at both normal emission and 

at a 60° emission angle showing that the carbon and nitrogen are surface localised.

 ................................................................................................................................... 84 

 



xii  
 

Figure 3.5 The change in SiO2 thickness is seen between each experimental step.

 ................................................................................................................................... 86 

 

Figure 3.6 Stability of the DETA SAM in UHV after 48 hours. ...............................87 

 

Figure 3.7 Si 2p of (a) the reference native oxide and (b) the DETA on SiO2. The 

thicker SiO2 peak is clearly visible along with the attenuation following Mn 

deposition.................................................................................................................. 88 

 

Figure 3.8 O 1s and Si 2p core level spectra for the reference SiO2 substrate for each 

experimental step. Following the Mn deposition there is the growth of a silicate 

peak which grows with thermal anneal. .................................................................. 89 

 

Figure 3.9 Mn 2p for the reference SiO2 sample showing a mostly metallic 

deposition. Following thermal annealing the Mn is fully converted to MnO and 

MnSiO3. ..................................................................................................................... 90 

 

Figure 3.10 O 1s and Si 2p core level spectra for the DETA on SiO2 for each 

experimental step. After Mn deposition and the first anneal the growth of a silicate 

peak is evident. .......................................................................................................... 91 

 

Figure 3.11 Mn 2p spectrum displays a metallic profile upon deposition and the 

growth of Mn -silicate and conversion of metal to oxide following anneal. ........... 93 

 

Figure 3.12 (a) C 1s spectrum shows the formation of Mn-carbide upon Mn 

deposition and its subsequent decomposition following thermal annealing. (b) N 

1s spectrum showing the formation of Mn-nitride upon Mn deposition and its 

stability even after high temperature annealing. .................................................... 94 

 



xiii  
 

Figure 3.13 (a) C indistinguishable (b) Free Si only present in the SAM on SOG. . 96 

 

Figure 3.14 O 1s and Si 2p for the reference SOG substrate. ................................... 97 

 

Figure 3.15 O 1s and Si 2p spectra for the DETA-on-SOG showing Mn-silicate 

formation upon Mn deposition.  ............................................................................... 98 

 

Figure 3.16 Mn 2p spectrum for the SAM on SOG showing an almost metallic 

deposition and then conversion to a mixed phase oxide and silicate. .................. 100 

 

Figure 3.17(a) Curve fitted C 1s spectrum showing Mn-carbide upon Mn deposition 

and its decomposition upon 400ǓC anneal. (b) Curve fitted N 1s spectrum showing 

the formation of Mn -nitride upon Mn deposition.  ................................................ 102 

 

Figure 4.1 Schematic diagram of (a) (3-Propyl) trimethoxy -silane (PTMS) (b) (3-

Aminopropyl) trimethoxy -silane (APTMS) and (c) (3-trimethoxysilylpropyl) 

diethylenetriamine (DETA) self-assembled monolayers. ....................................... 113 

 

Figure 4.2 Summary of the sample sets fabricated during the study outlining both 

the deposition and characterisation techniques which were used. ....................... 114 

 

Figure 4.3 Different size shadow masks are shown on the left. On the right is a 

schematic of a thick Cu deposition through the shadow mask. ............................ 118 

Figure 4.4 Chemical compositions of all samples, across all experimental steps 

showing the deposition and subsequent desorption of copper following a 400°C 

anneal. ...................................................................................................................... 120 

 



xiv 
 

Figure 4.5 Si 2p and Cu 3p spectra for all samples and all experimental steps. DETA 

shows the best nucleation of copper, but the adhesion following anneal is poor in 

comparison with APTMS..........................................................................................122 

 

Figure 4.6 N 1s and C 1s spectra for all samples. The data shows that the deposited 

copper has little chemical interaction with the SAMs. ...........................................127 

 

Figure 4.7 Cu 2p and O 1s spectra for all samples. The data shows that the deposited 

copper is primarily metallic in nature and that the majority of oxygen within all 

samples is attributed to the underlying SiO2 substrate. ....................................... 130 

 

Figure 4.8 Thickness of deposited Cu films on the different sample sets as 

determined by Dektak measurements. ................................................................... 132 

 

Figure 4.9 Microscope images (left of each panel) and the false colour threshold 

images (right of each panel) before (a-d) and after (e-h) tape testing for each 

substrate for the as deposited Cu. Improved Cu adhesion seen in both samples with 

amino SAM present. ................................................................................................. 133 

 

Figure 4.10 Microscope images (left of each panel) and the false colour threshold 

images (right of each panel) before (a-d) and after (e-h) tape testing for each 

substrate after a 400°C Anneal. ............................................................................... 134 

 

Figure 4.11 3D AFM images following Cu deposition, showing a uniform deposition 

ÁÃÒÏÓÓ ÁÌÌ ÓÁÍÐÌÅÓȢ 3ÃÁÎ ÓÉÚÅ ΫʏÍ Ø ΫʏÍȢ ................................................................. 135 

Figure 4.12 3D AFM images showing the change in morphology following a 400°C 

ÐÏÓÔ ÍÅÔÁÌÌÉÚÁÔÉÏÎ ÖÁÃÕÕÍ ÁÎÎÅÁÌȢ 3ÃÁÎ ÓÉÚÅ άʏÍ Ø άʏÍȢ .................................... 136 

 



xv 
 

Figure 4.13 4-point probe measurements for the as-deposited and 400C anneal 

samples. ..................................................................................................................... 137 

 

Figure 5.1 Schematic showing the area selective ALD process using a SAM as a 

blocker. A SAM is first deposited and adheres only to the Cu surface. A material is 

deposited via ALD and adheres to the uncovered Si. The SAM layer blocks the 

material adhering to the Cu. The sample is then etched to remove the SAM layer 

but leaving the deposited material on the Si12. ...................................................... 144 

 

Figure 5.2 Overall chemical composition from selected atomic oxygen experimental 

steps. The carbon and nitrogen signals sequentially decrease with each successive 

exposure. .................................................................................................................. 149 

 

Figure 5.3 Surveys spectra for selected experimental steps. With each exposure the 

C 1s and N 1s decrease in intensity. ......................................................................... 150 

 

Figure 5.4 C 1s spectra showing the overall decrease in component peaks except for 

the O-C=O peak which grows with higher exposure to atomic oxygen. ............... 151 

 

Figure 5.5 Peak fitted N 1s spectra for selected experimental steps. With each 

exposure the N 1s intensity decreases. ..................................................................... 153 

 

Figure 5.6 The carbon nitrogen ratio displays a slight preference for the removal of 

C over N. ................................................................................................................... 154 

Figure 5.7 The C 1s and N 1s plotted as a function of atomic oxygen treatment 

showing the magnitude of the total reduction in these signals with atomic oxygen 

exposures. ................................................................................................................. 154 

 



xvi 
 

Figure 5.8 O 1s (a) and Si 2p (b) spectra show little to no change over the course of 

the study. ................................................................................................................... 155 

 

Figure 5.9 Schematic of OTMS SAM. ..................................................................... 156 

 

Figure 5.10 Chemical composition of the OTMS SAM. ........................................... 157 

 

Figure 5.11 Selected survey spectra showing the decrease of the C1s signal intensity 

with increasing atomic oxygen exposure. .............................................................. 158 

 

Figure 5.12 The O 1s (a) shows little change due to atomic oxygen exposure while 

the C 1s (b) shows a dramatic decrease in intensity along with the incorporation of 

oxygen into the SAM layer. ..................................................................................... 159 

 

Figure 5.14 Etching of the DETA SAM (a) shows the decrease in intensity of the C 

1s and (b) displays the decrease in intensity of the N 1s. Both graphs show a linear 

decay of the DETA SAM. .......................................................................................... 161 

 

Figure 5.15 Graph showing exponential decay of the OTMS SAM. ....................... 162 

 

Figure 6.1 (a) Schematic displaying the different layers in the sample stack. In (b) 

the location of the five positions ............................................................................ 174 

 

Figure 6.2 (a) Shows the raw intensity of the five positions overlaid on the surface. 

In (b) the positions have been averaged. ................................................................ 176 

Figure 6.3 Soft X-ray survey scans of the ELD cobalt film which show a very strong 

o 1s peak.................................................................................................................... 178 

 



xvii  
 

Figure 6.4 HAXPES survey scans of the ELD cobalt film shows the Co 2p peak 

dominating the spectra. .......................................................................................... 179 

 

Figure 6.5 High energy Co 2p (a) All experimental steps are overlaid to demonstrate 

the decomposition of the oxide component and the increase in intensity of the 

metal component (b) The difference between the first and last steps with binding 

energy positions. ...................................................................................................... 180 

 

Figure 6.6 Co 2p spectra taken from position 5 on the sample showing the surface 

is almost completely oxidised until annealing leads to oxide decomposition and the 

increase in the metallic Co signal. ........................................................................... 181 

 

Figure 6.7 Soft X-ray scans of the Co 2p taken at each position showing the variation 

in the decomposition of the oxide. ......................................................................... 182 

 

Figure 6.8 Pd 2p spectrum showing a metallic profile with the presence of a small 

oxide signal. ............................................................................................................. 183 

 

Figure 6.9 High energy C 1s spectrum showing a decomposition of all component 

peaks with increasing anneal temperature. ........................................................... 185 

 

Figure 6.10 N 1s spectra shows bad signal to noise ratio but peak fitting  shows two 

component peaks are present. ................................................................................ 186 

 

Figure 6.11 Soft X-ray scans of the (a) C 1s and (b) N 1s. ........................................ 187 

Figure 6.12 High energy peak fitted O 1s and B 1s spectra for the as-received sample 

and as a function of thermal anneal. ...................................................................... 188 

 



xviii  
 

Figure 6.13 Soft X-ray scans of (a) O 1s and (b) B 1s spectra for the as-received sample 

and as a function of thermal anneal. ...................................................................... 190 

 

Figure 6.14 AFM images taken before and after thermal annealing show very little 

change in the surface morphology of the ELD Co films. ........................................ 191 

 

Figure 6.15 SEM images also show little to no change in surface morphology 

between the two samples. ........................................................................................ 191 

 

Figure 6.16 (a) The Si 1s spectrum showing the variation of the interface across the 

sample after electroless deposition, (b) following the 500°C the Si appears much 

more uniform across the film. ................................................................................. 192 

 

Figure 6.17 Fitted Si 1s spectra as-received showing all possible peak assignments.

 .................................................................................................................................. 193 

 

Figure 6.18 Peak fitted Si 1s spectra showing the churned-up interface with silicide 

present as-received which becomes more SiO2 like following sequential anneals.

 .................................................................................................................................. 196 

 

 

 

  



xix 
 

Publications  arising from this work  

Investigation of Nitrogen Incorporation into Manganese Based Copper 

Diffusion Barrier Layers for Future Interconnect Applications  

Selvaraju, V., Brady-Boyd, A., O'Connor, R., Hughes, G and Bogan, J. 

Surfaces and Interfaces, 2018, 13, 133 ɀ 138. 

Nucleation and Adhesion of ultra -thin Copper films on amino -terminated 

Self-Assembled Monolayers  

Bogan, J., Brady-Boyd, A., Armini, S., Lundy, R., Selvaraju, V., O'Connor, R. and 

Hughes, G 

Appl. Surf. Sci. 2018, 462, 38ɀ47. 

A Synchrotron Radiation Study of Metallic Titanium deposited on Dielectric 

Substrates  

Bogan, J., Selvaraju, V., Brady-Boyd, A., Hughes, G. and O'Connor, R. 

J. Vac. Sci. Technol. B 2018, 36 (4), 040602. 

On the use of (3 -trimethoxysilylpropyl)  diethylenetriamine self -assembled 

monolayers as seed layers for the growth of Mn based copper diffusion 

barrier layers  

Brady-Boyd, A., O'Connor, R., Armini, S., Selvaraju, V., Hughes, G. and Bogan, J. 

Appl. Surf. Sci. 2018, 427, 260ɀ266. 

 

Physical, Chemical and Electrical Characterisation of the Diffusion of 

Copper in Silicon Dioxide and Prevention via a CuAl Alloy Barrier Layer  

System 

Byrne, C.; Brennan, B.; Lundy, R.; Brady, A.; Hurley, P.; Hughes, G. 

Mater. Sci. Semicond. Process. 2017, 63 (February), 227ɀ236. 



xx 
 

In Situ XPS Chemical Analysis of MnSiO 3 Copper Diffusion Barrier Layer 

Formation and Simultaneous Fabrication of Metal Oxide Semiconductor 

Electrical Test MOS Structures  

Byrne, C.; Brennan, B.; McCoy, A. P.; Bogan, J.; Brady, A.; Hughes, G. 

ACS Appl. Mater. Interfaces 2016, 8 (4), 2470ɀ2477. 

 

Chemical and electrical characterisation of the segregation of Al from a 

CuAl alloy (90%:10% wt) with thermal anneal  

Byrne, C., Brady, A., Walsh, L., McCoy, A. P., Bogan, J., McGlynn, E., Rajani, K. V. 

and Hughes, G. 

Thin Solid Films 2016, 599, 59-63. 

 

Oxidation of Ruthenium Thin Films Using Atomic Oxygen  

McCoy, A. P.; Bogan, J.; Brady, A.; Hughes, G. 

Thin Solid Films 2015, 597, 112ɀ116. 

 

Publications  in preparation  

Atomic Oxygen Treatment of Self -Assembled Monolayers  

Brady-Boyd, A., Selvaraju, V., Bogan, J., O'Connor, R. and Hughes, G 

 

 

 

 

 

 

 

 

 



xxi 
 

Conference Proceedings 

Characterisation of Electroless Deposited Cobalt by Hard and Soft X -ray 

Photoemission Spectroscopy  

Brady-Boyd, A., Selvaraju, V., Bogan, J., O'Connor, R. and Hughes, G. 

Accepted to: The 18th IEEE International Conference on Nanotechnology, 23-26 July 

2018, Cork. 

On the use of (3 -trimethoxysilylpropyl)  diethylenetriamine self -assembled 

monolayers as seed layers for the growth of Mn based copper diffusion 

barrier layers  

Brady-Boyd, A., O'Connor, R., Armini, S., Selvaraju, V., Hughes, G. and Bogan, J. 

2017 Materials for Advanced Metallization (MAM) Conference, 26th-29th March 

Dresden, Germany. 

& 

IOP Spring Meeting 2017, March, Dublin ɀ Finalist for Rosse Medal  

Characterisation of CuAl alloy for future interconnect technologies  

Byrne, C., Brady, A., Walsh, L., McCoy, A. P., Bogan, J., McGlynn, E., Rajani, K. V. 

and Hughes, G. 

2015 IEEE International Interconnect Technology Conference and 2015 Materials 

for Advanced Metallization Conference, IITC/MAM, 18th-21th May Grenoble, 

France. 

 

 

  



xxii  
 

Abstract  

Anita Brady -Boyd 

Photoemission studies on the efficacy of self -assembled 
monolayers for use in transistor applications  

 

The thesis explores the effectiveness of incorporating amino terminated self-
assembled monolayers (SAMs) into several different aspects of the back-end-of-
line (BEOL) process for integrated circuit (IC) fabrication. SAMs are essentially 
two-dimensional nanomolecular assemblies which can display large scale ordering 
via weak Van der Waals interactions, when deposited on a surface. In this study 
SAMs are considered for four main applications (i) as a pore sealant for porous 
dielectrics, (ii) as an adhesion promoter between copper and SiO2, (iii) as a blocker 
for area selective atomic layer deposition (ALD) and (iv) as a means to trap a Pd 
catalyst for the novel electroless deposition (ELD) of cobalt. From a pore sealing 
perspective, in-situ x-ray photoelectron spectroscopy (XPS) studies have shown 
that a manganese silicate layer is formed when a thin film of manganese is 
deposited and annealed on SAM terminated SiO2 and spin-on glass substrates. The 
presence of a silicate implies that the manganese can diffuse through the SAM and 
form a chemically stable barrier which could inhibit  copper infiltration into the 
dielectric. In a separate study, XPS analysis of ultra-thin copper films (~0.5nm) 
deposited on three differently terminated SAMs suggests that amino terminated 
SAMs offer significant benefits in terms of both the nucleation and adhesion of 
copper over layers on dielectric surfaces. A subsequent in-situ XPS study of the 
effects of atomic oxygen treatments of SAM terminated dielectric substrates 
displayed that highly controlled stepwise removal of the SAM could be routinely 
achieved which has significance for the understanding the oxidation cycle in the 
ALD growth of metal oxides on SAM terminated substrates. Finally, the role of 
SAMs in cobalt interconnect electroless deposition (ELD) has been characterised 
by hard x-ray photoelectron spectroscopy (HAXPES) in order to understand the 
optimized process to fabricate these interconnect structures. 
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Chapter 1 

 

 

1 Introduction  

7ÉÔÈ ÔÈÅ ÅÎÄ ÏÆ -ÏÏÒÅȭÓ ÌÁ× ÁÌÍÏÓÔ ÉÎÓÉÇÈÔ ÔÈÅ ÓÅÍÉÃÏÎÄÕÃÔÏÒ industry must find 

novel ways of increasing speed and efficiency in new devices while keeping the 

power consumption to a minimum 1. During the 1960ȭs Moore was the first to 

observe that the number of transistors on an integrated circuit (IC) chip doubles 

roughly every 18 ɀ 24 months2. This observation has become a self-fulfilling 

prophecy with companies like Intel, Global Foundries and Samsung all competing 

ÔÏ ËÅÅÐ -ÏÏÒÅȭÓ ÌÁ× ÁÌÉÖÅ ÂÙ ÁÇÇÒÅÓÓÉÖÅ ÓÃÁÌÉÎÇ ÏÆ ÆÅÁÔÕÒÅ ÓÉÚÅÓ ÉÎ ÔÈÅ )# ÃÈÉÐȢ 4ÈÅ 

IC chip is generally split into two main parts: the front end of line (FEOL) where 

the transistors are patterned directly in the semiconductor and the back end of line 

(BEOL) where the individual transistors are wired by the interconnecting wires or 

interconnects. InÔÅÌȭÓ ΫΪÎÍ ÎÏÄÅ ÂÏÁÓÔÓ ÏÆ ΫΪΪ ÍÉÌÌÉÏÎ ÔÒÁÎÓÉÓÔÏÒÓ ÐÅÒ ÍÍ2 in the 

FEOL of the chip3. This however, requires sophisticated patterning of the 

interconnects in the BEOL as seen in Figure 1.1. This scaling is propelled by new 

advances in mobile technology of phones, tablets and laptops. The desire of 

consumers to always have fast powerful devices at our fingertips is ensuring that 

ÔÅÃÈÎÏÌÏÇÙ ÇÅÔÓ ÔÈÅ ÍÏÓÔ ÏÕÔ ÏÆ -ÏÏÒÅȭÓ ,Á×Ȣ 

This thesis will emphasise some of the critical challenges facing the 

microelectronics industry today and propose possible solutions for these problems. 

The integration of self-assembled monolayers (SAMs) into the BEOL is investigated 

as a means of solving some of the main difficulties in device fabrication. In this 

section, the processing problems faced by industry are outlined. Self-assembled 

monolayers are also introduced and reasons for their interest is highlighted. 
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 Figure 1.1 (a) basic schematic of how interconnects work 4 (b) the complete stack from the 
transistors right up to the solder bump 4 and (c) Scanning electron microscope (SEM) image 

ÏÆ ÔÈÅ ÁÃÔÕÁÌ ίΰ ÍÅÔÁÌ ÌÁÙÅÒ ÉÎÔÅÒÃÏÎÎÅÃÔ ÓÔÁÃË ÉÎ )ÎÔÅÌȭÓ ίήÎÍ ÎÏÄÅ 5. 

 

1.1 Challenges Facing the Microelectronics Industry  

There are a variety of problems ÁÓÓÏÃÉÁÔÅÄ ×ÉÔÈ ÔÈÅ ÓÃÁÌÉÎÇ ÄÏ×Î ÏÆ ÆÅÁÔÕÒÅÓ ÏÎ )#ȭÓȢ 

With  a pitch width of 34 nm at 10 nm node3,5, and even 7 nm node technology6 on 

the way, the problems associated with shrinkage are not easily overcome. The 

resistance-capacitance (RC) time delay in particular has become one of the limiting 

factors for ultra-large-ÓÃÁÌÅ ÉÎÔÅÇÒÁÔÉÏÎ ɉ5,3)Ɋ ÏÆ )#ȭÓ. In addition to the scaling 

issues, choice of material can also have consequences. Copper (Cu) for example, 

introduces some difficulties like electromigration and diffusion into the 

surrounding dielectric insulating layer 7ɀ12. This has led to the need for barrier 

layers13ɀ17 and in the newest technology node, cobalt (Co) has been introduced to 

replace copper in the first three metal lines5. It is predicted that in subsequent 

technology nodes cobalt will in fact replace copper altogether as the interconnect 

material of choice1,6,18.  

Silicon dioxide (SiO2) also has limitations as the interlayer dielectric (ILD) 

material, with a dielectric constant, k, of 3.9 being considered to be too high for 

future back end interconnect fabrication. This has initiated the search for new 

lower dielectric constant materials or low-k materials in the BEOL processing. 
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However, there are considerable material challenges in their introduction. 

Problems of adhesion between the different layers in the device, in particular 

between metal lines and the surrounding dielectric material, have also been a 

hindrance. Delamination due to poor adhesion is common19.  

Finally, the ability to deposit the barriers and the copper in a conformal way that 

will reach to the depths of the vias and trenches is becoming increasingly difficult. 

In the 10 nm node the aspect ratio of the trench height to its width is 7:1 as shown 

in Figure 1.2. This creates a problem for traditional chemical vapour deposition 

(CVD) and physical vapour deposition (PVD) based techniques. Atomic layer 

deposition (ALD) and electroless deposition (ELD) show great promise for 

depositing a variety of thin films including oxides and metals due to their 

uniformity and control over material thickness 20,21. 

 

Figure 1.2 Scaling from the 22nm node to the 10nm node3. 

 

1.1.1 RC Time Delay 

The miniaturisation of device features has greatly improved the overall chip 

performance due to the larger number of transistors per chip and their closer 

proximity to each other. This has led to a decrease in the gate switching delay but 

ultimately to an increase in the interconnect delay as more narrower wires are 
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required to connect these devices. This delay is due to (i) the interconnect 

dimensions and (ii) the electrical resistance of the metal line and the capacitance 

between neighbouring lines surrounded by the dielectric and is known as the RC 

time delay. The RC time delay also limits the clock frequency of the chip, which 

determines how fast the transistors can be switched on and off. 

Since the resistance, Ὑ, of the line is dependent on its geometry, if the cross-

sectional area decreases the resistance will increase. This can be seen by: 

Ὑ  
”ὒ

ὃ
 ȟ ρȢρ 

 

where ” is the intrinsic resistivity of the material in the line, ὒ is the length of the 

line and ὃ is the cross-sectional area of the interconnect. 

Similarly, the capacitance, ὅ, between two interconnecting lines is given by: 

ὅ  ς‖‐
ςὒὝ

ὖ

ὒὖ

ςὝ
 ȟ ρȢς 

where ‖ is the dielectric constant of the material, ‐ is the permittivity of free space, 

Ὕ is the thickness of the line and ὖ is the minimum metal pitch . As the capacitance 

is directly proporti onal to the dielectric constant, if its value remains constant 

while the dimensions of the metal lines decreases, then the capacitance will 

increase correspondingly. 

From these equations it can be deduced that if the RC time delay is to be kept to a 

minimum the metal of choice for interconnects must have a low resistivity and the 

ILD must have a low dielectric constant. All these factors led to copper replacing 

aluminium  as the interconnect material of choice in the late 1990ȭs with the 

introduction of the 180 nm node 22ɀ25. The introduction of copper led to a significant 

ÉÍÐÒÏÖÅÍÅÎÔ ÉÎ 2# ÔÉÍÅ ÄÅÌÁÙ ÄÕÅ ÔÏ ÃÏÐÐÅÒȭÓ ÌÏ×ÅÒ ÒÅÓÉÓÔÉÖÉÔÙ ÖÁÌÕÅ ÍÅÁÎÉÎÇ ÔÈÁÔ 
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the aggressive scaling trend could continue. The resistivity of bulk copper is 1.7 

ʏɷ.cm while bulk aluminium is 2.7 ʏɷȢcm.  

Today, it would appear that the microelectronics industry is set for another switch 

in metalli sation scheme. From Figure 1.3 below it can be seen that cobalt 

interconnects on low-k dielectrics with air gaps, have the potential to greatly 

reduce the RC time delay to allow scaling to continue for several more nodes26. 

Although the resistivity of bulk cobalt is higher than copper at 6 ʏɷȢcm, at these 

length scales it surpasses copper in terms of performance. Figure 1.3 shows the time 

delay due to cobalt interconnects, which even integrates airgaps in the ILD (purple 

line), is ~67 % lower than the best performing copper interconnects. 

 

Figure 1.3 RC time delay as a function of technology node. The gate delay can be reduced by 
decreasing feature size. Changing to Co should decrease the interconnect delay26. 

 

Furthermore, the capacitance can also be reduced to keep the interconnect delay 

minimised. From equation 1.2 it is clear that as devices continue to shrink the 

capacitance will increase. The only way to keep the capacitance minimised is to 
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lower the dielectric constant of the ILD. A low-k dielectric material is defined as 

having a dielectric constant less than the SiO2 ÖÁÌÕÅ ÏÆ έȢγȢ 4ÏÄÁÙȭÓ ÌÏ×-k dielectric 

materials average around k = 2.5. A lower k value is mainly achieved by two 

different methods. The first is to introduce carbon into the oxide. This has the 

effect of replacing some of the highly polarisable Si-O bonds with less polarizable 

Si-CH3 bonds. The introduction of the C also increases the interatomic distances in 

the silicon and this also decreases the dielectric constant27ɀ29.  

The second method used to reduce the k value, is to introduce voids/air gaps or 

pores into the dielectric material.  The lowest k value that can be achieved is 

1, which is that of air. Therefore, by introducing air gaps or pores into the dielectric 

material, the dielectric constant can be lowered. The pores are introduced by 

adding nanoparticles called porogens to the dielectric, which are then burned out 

when the dielectric is heated, leaving air gaps behind. The porogen is an organic 

precursor, normally a hydrocarbon, which is added during the deposition of the 

low-k material. The most common type of porogens are cyclopentane oxide (CPO) 

ÏÒ ÂÕÔÁÄÉÅÎÅ ÍÏÎÏØÉÄÅ ɉ"-/ɊȢ 4ÈÅ ȰÂÕÒÎ ÏÕÔȱ ÐÒÏÃÅÓÓ ÕÓÕÁÌÌÙ ÉÎÖÏÌÖÅÓ ÔÈÅÒÍÁÌÌÙ 

annealing the dielectric at high temperatures for several hours or by UV curing the 

dielectric to remove the porogen30. The size of the pores can be selected by 

choosing the size of the porogens themselves31.  Generally, the larger the pores, the 

higher percentage of porosity of the film. Although new methods such as foaming 

have also been developed where the porosity of the films can reach 65 % 32. Porous 

films are quite challenging as they offer little resistance to metals diffusing through 

the pores and degrading the film33. If the pores are connected they form large open 

areas that can easily hold moisture and other ambient gases, leading to 

contamination  and increase in the dielectric constant. For example, water has a 

dielectric constant of 80.4 and if water vapour was to infiltrate the pores it would 

drastically effect device performance. The pore size and pore density can also have 

consequences on the mechanical properties of the dielectric, with porous 

dielectrics generally being easier to damage as they have Á ÌÏ×ÅÒ 9ÏÕÎÇȭÓ ÍÏÄÕÌÕÓ 
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than silicon dioxide. The severity of all these problems increase as the porosity 

percentage increases, making highly porous films difficult to integrate into the 

fabrication process34,35. 

1.1.2 Electromigration,  Diffusion and Adhesion  

Copper diffusion and electromigration into the dielectric layer are well studied 

phenomena36,37. Electromigration is the result of momentum transfer from the 

electrons to the atoms which make up the interconnect metal. Electromigration 

can lead to several consequences which can affect device performance such as 

voids, hillock format ion and track thinning 12,38. An example of a void is shown in 

Figure 1.4. Electromigration  is primarily an inte rface related event due to the poor 

adhesion between the Cu and the ILD39.  

 

Figure 1.4 Transmission electron microscope (TEM) cross-sectional images of four failed 
samples after 19-50-hour electromigration testing. Voids were always found in the via 

sidewall and bottom corner38. 
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Diffusion  occurs when particles move from a region of high concentration to a 

region of low concentration. #ÏÐÐÅÒȭÓ ÈÉÇÈ ÍÏÂÉÌÉÔÙ ÁÌÌÏ×Ó ÉÔ ÔÏ ÒÅÁÄÉÌÙ ÄÉÆÆÕÓÅ 

through silicon and silicon dioxide even at low temperatures. It is thought the 

diffusion process in copper is due to mobile copper ions7,8. To impede the diffusion 

of copper, barrier layers are inserted between the copper interconnect and the 

dielectric. These barriers prevent interdiffusion across the Cu-SiO2 interface, as any 

copper in the silicon can produce deep electronic level traps in the silicon which 

will degrade device performance by permitting recombination of the minority 

carriers40.  

Barrier layers must meet several criteria which include, ensuring mechanical 

stability, demonstrating improved adhesion between the copper interconnect and 

ILD, be conformal on the surface, scalability, and they must also have a low 

resistance25,28. A tantalum (Ta) and tantalum nitride (TaN) stack, currently being 

used as the barrier layer of choice, gives a layered stack of Cu/TaN/Ta/SiO2 28,41. As 

device miniaturisation continues, Ta/TaN can no longer meet these requirements 

because it demands more of the cross-sectional area of the line leaving less room 

for copper.  

Over the last decade there has been considerable interest in the idea of a self-

forming barrier which involves depositing a copper barrier metal alloy onto the 

dielectric surface. Following deposition of the alloy, the device is then annealed 

and the copper and the alloy metal separate, with the alloying metal migrating to 

all edges where it can chemically interact with the surface of the dielectric. The 

alloying metal must have a preference to chemically react with the dielectric rather 

than stay in its metallic form.  Ideally, this reaction would be self-limiting to a few 

nanometres into the surface of the dielectric to ensure that the barrier layer 

remained thin. The alloying metals which have been considered as suitable 

candidates include aluminium19,42, magnesium (Mg)43, titanium  (Ti) 44,45 and 

manganese (Mn)15,46,47. 
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The microelectronics industry must contend with multilayer systems of dissimilar 

materials such as oxides, metals and dielectrics. The reliability and lifetime of the 

device all depend on how well these materials can bond or adhere together, making 

adhesion a major challenge from a fabrication viewpoint. Delamination is common 

in systems with poor interfacial adhesion and will ultimately lead to device failure. 

Poor adhesion can be related to a range of factors including deposition method, 

temperature, oxygen partial pressure during deposition, the type of substrate, 

purity of material being deposited and surface termination of the underlying 

substrate48,49. It has been revealed that copper deposited on SiO2 and low-k 

dielectrics can show inferior adhesive strength and can be easily delaminated after 

annealing15,50,51. It has been proposed that this is due to the difference in thermal 

expansion between the copper and the underlying substrate48. 

As there is no one definitive way to measure adhesion this makes a quantitative 

analysis very difficult. At present there are over 200 techniques to measure 

adhesion of thin films such as four-point bending test, nanoindentation and 

scratch testing, blister test and tape testing52ɀ58. These techniques can measure the 

modulus, hardness, interfacial strength and toughness of the thin film, and can give 

indications of the adhesive energy and strength. They are however, time 

consuming and can involve complicated microscopy analysis or modelling to yield 

results. 

A simple peel test or tape test is one of the easiest and quickest ways to check for 

adhesion. Although, it is purely qualitative and gives no absolute value to the 

measure of adhesion it does provide a very valuable comparative method of 

adhesion analysis across a range of differently treated samples. The tape test has 

been used in industry to check the efficacy of copper adhesion to barriers. The tape 

is placed on a sample, normally copper deposited on a silicon substrate with or 

without a barrier metal, and then peeled off. If the metal remains on the substrate 

it is a pass, if the metal is removed from the substrate, it fails the test.  
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1.1.3 Atomic Layer Deposition (ALD) & Electroless Deposition 

(ELD) 

As stated previously, with scaling the ability to deposit a uniform homogenous film 

is increasingly difficult with higher aspect ratios in vias and trenches. A variety of 

deposition techniques are used at different stages of the fabrication process such 

as plasma-enhanced CVD (PECVD), electron-beam (e-beam) evaporation, 

sputtering and electroplating just to name a few. However, these CVD and PVD 

techniques do not have the ability to reach the critical dimensions of the newest 

technology nodes with void free filling of small features increasingly becoming a 

significant challenge. For barrier layer formation on high aspect structures the 

main problem lies with coverage, thicker layers tend to form at the top, leaving the 

bottom of the line uncoated. This also makes it hard for the subsequently deposited 

copper to fill the line as displayed in Figure 1.5. 

 

Figure 1.5 Schematic showing poor deposition of barrier metal and subsequent copper line. 

 

ALD is a vapour phase technique that has exhibited the ability to deposit 

homogenous ultra-thin films of various materials. ALD was developed by Suntola 

in the 1970s and was originally called atomic layer epitaxy (ALE)59. ALD deposits a 

material one atomic layer at a time by using sequential, self-limiting reactions with 

different precursors. Many materials can be deposited via ALD such as metals, 
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oxides and nitrides. ALD has many advantages over CVD and PVD deposition 

techniques such as precise thickness control at an atomic level. It is an extremely 

conformal and uniform deposition technique which does not require line of sight 

like most other techniques. Since the precursors are in a gaseous phase they can 

infiltrate even the smallest of spaces so high aspect ratio features or samples with 

3D geometry are readily coated. The deposited film is continuous due to the self-

limiting nature of the reactions and defects such as pinholes are much less likely to 

occur60,61. 

Figure 1.6 displays one complete cycle of the ALD process for depositing aluminium 

oxide, Al2O3Ȣ )Î &ÉÇÕÒÅ ΫȢΰɉÁɊ ÔÈÅ ÂÁÒÅ ÓÕÂÓÔÒÁÔÅ ÉÓ ÒÅÁÄÙ ÆÏÒ ÔÈÅ ÆÉÒÓÔ ȰÈÁÌÆ-ÃÙÃÌÅȱ ÉÎ 

which the first metal organic reactive precursor is introduced until the surface has 

become saturated, Figure 1.6(b). The precursor is pulsed into the chamber and 

given sufficient time for it to react with the surface in a self-limiting manner. This 

allows for a single monolayer to form at the surface. In Figure 1.6(c) and (d) a carrier 

gas is used to purge the chamber of any unreacted precursor or by-products of the 

reaction. The carrier gas is usually either nitrogen, (N2) or argon, (Ar) but this can 

ÄÅÐÅÎÄ ÏÎ ÔÈÅ ÍÁÔÅÒÉÁÌ ÂÅÉÎÇ ÄÅÐÏÓÉÔÅÄȢ 4ÈÉÓ ÉÓ ÆÏÌÌÏ×ÅÄ ÂÙ ÔÈÅ ÓÅÃÏÎÄ ȰÈÁÌÆ-ÃÙÃÌÅȱ 

in Figure 1.6(e), where the substrate is exposed to the reactive gas or plasma, which 

in the case of Al2O3 growth is water. Following another purge (Figure 1.6(f)) one 

monolayer of metal oxide material has been successfully deposited (Figure 1.6(g)). 

This process is repeated until the desired film thickness is attained20,60,61. Other 

factors such as sample temperature and chamber pressure are important during 

deposition, but these can depend on the nature of the material being deposited. 
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Figure 1.6 Schematic illustrating one full cycle of the ALD process to deposit a thin Al2O3 
film 60 

 

For some materials the thermal energy received from heating the sample during 

deposition is insufficient to allow the precursors to chemically react. Also, some 

single-element materials such as metals and semiconductors are not compatible 

with the normal ALD process. In this case a plasma is employed to promote the 

desired reactions, this is known as plasma enhanced ALD (PEALD). Plasmas 

produce a range of species such as highly reactive radicals and ions, which are used 

to facilitate the chemical reactions that cannot take place with either thermal 

energy or other gas reactants. It has been reported however, that PEALD has 

reduced conformality compared to traditional AL D and that the plasma can 

damage the sample60,62,63. 

ELD is a highly selective and conformal electrochemical deposition technique. It is 

reported to have first been developed by the Moche Indians of Peru ~100 BC when 

they electroless deposited gold onto copper masks64. Films produced by ELD are 

very uniform and can be used for depositing in high aspect ratio trenches either for 

barriers or for filling the copper line 65,66. In ELD, a metal is deposited by an 

autocatalytic process where metal ions are reduced by a chemical agent in a 

solution. ELD is different from electroplating in that it does not require an external 
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current source and so can be used to deposit metals on insulating surfaces as well 

as conducting ones. However, ELD does require a metal on metal contact so 

insulating surfaces are activated with a catalyst layer such as palladium (Pd) or Co, 

then the metal of interest can be deposited. Most common metals for ELD include 

copper, cobalt, nickel (Ni), gold (Au), silver (Ag) and a range of alloys.  

The ELD solution can be quite complex and is generally made up of metal ions, 

reducing agents and pH buffers. For depositing cobalt, the most common reducing 

agents are phosphorus or boron-based compounds. These however, can become 

incorporated into the fi lm. To deposit Co, a Pd catalyst is first deposited from a 

PdCl2 solution. The Pd forms small nano-islands across the surface with diameters 

of ~6-10 nm67. Once the Pd activated surface is introduced to the ELD Co solution, 

both metals are reduced which allows nucleation of the cobalt. The cobalt then 

grows from these nucleation sites to form a mostly metallic thin film21. 

There are some disadvantages to this process which can lead to unsatisfactory 

results. The solution can age quickly and so should be made just as it is about to be 

used. The reaction creates by-products which can affect the deposition. The 

reducing agents can become incorporated into the film. The metal can sometimes 

fail to nucleate on the surface due to contamination21. Although ELD shows great 

promise for future integration into the fabrication process it is still a novel 

technique for depositing on such small length scales and requires more 

investigation.  

  

1.2 Self-Assembled Monolayers (SAMs)  

Self-assembled monolayers or SAMs have garnered a lot of attention from many 

disciplines of the scientific community for almost forty years starting when Sagiv68 

succeeded in preparing silane based monolayers and Nuzzo and Allara69 succeeded 

in preparing ordered monolayers of thiols on gold for the first time. During this 

time, research on SAMs has expanded rapidly with an increasing range of 
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applications for the use of such monolayers. There is particular interest in their use 

in the area of biosensors70,71 and of course for use in the microelectronics industry. 

SAMs are essentially two-dimensional nanomolecular assemblies which can 

display large scale ordering via weak van der Waals interactions, when deposited 

on a surface. The SAM is comprised of three segments: the head group, the 

hydrocarbon segment and the terminal functional group  as displayed in Figure 1.7. 

The head group is chosen to ensure a strong affinity for the substrate and permits 

the bonding of the SAM to the surface. It is this segment of the SAM that impacts 

the surface coverage and thermal stability of the SAM. The hydrocarbon chain 

impacts on the SAM thickness, packing density and crystallinity. This segment 

which usually consists of alkyl chains is frequently tilted with respect to the surface 

and uses lateral interactions to minimise free volume. The terminal function group 

is the part of the SAM furthest from the surface and this segment impacts on the 

adhesion between subsequently deposited metal films and the SAM.  

 

Figure 1.7 Figure of the DETA SAM showing the different segments, the head group, 
hydrocarbon chain and the terminal functional group. 
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Thiol SAMs deposited on metals, with gold mainly being the metal of choice, 

represent the most studied group of SAMs with many reviews and papers detailing 

their deposition and many functions72ɀ75. Thiol SAMs on gold represent a model 

system which has primarily been studied for several reasons: (i) it is easy to deposit 

a uniform gold film (ii) gold does not form a stable oxide making it easy to work 

with in ambient conditions (iii) sulphur has a strong affinity for noble metals 

especially gold and forms a strong covalent bond and (iv) gold is easily cleaned76. 

There are many different types of SAMs including silane based SAMs and 

phosphonic acid based SAMs77,78 which are of interest in the microelectronics 

industry.  

The main SAM employed throughout this study is a silane-based SAM known as 

(3-trimethoxysilylpropyl)  diethylenetriamine  or DETA SAM which contains the 

elements silicon, oxygen, carbon, nitrogen and hydrogen and it is designed to 

chemically bond to a SiO2 surface. The terminal functional group of the DETA SAM 

contains nitrogen which is of interest due to its adhesion properties with copper. 

All of the SAMs utili sed in this study were prepared in IMEC in Belgium and 

subsequently packaged and shipped to DCU for surface modification and 

characterisation.  

 

1.2.1 Surface Bonding and Deposition of SAMs 

SAMs can be deposited several different ways, for example liquid tank phase, 

vapour phase, spin-on79,80, micro-contact printing 81 and by supercritical fluids82. 

The two most commonly used methods, liquid tank and vapour phases, will be 

described here. These two methods are compatible with standard fabrication 

processes already in use in the semiconductor industry and they show the best 

coverage. Before deposition however, the surface must be modified to allow the 

SAMs to create a chemical bond with the surface. The silicon dioxide surface can 

be pre-treated by a variety of different treatments including plasma activation,83,84 
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piranha cleaning,85,86 or an RCA process87 prior to SAM deposition. The purpose of 

these treatments is to make the surface more hydrophilic and to generate OH 

terminal groups at the surface to facilitate the SAMs adherence to the silicon 

dioxide surface. The SAM bonds to the hydroxyl terminated  surface via a hydrolysis 

reaction resulting in the elimination of water to form a direct covalent bond 

between the Si in the SAM head group and the oxygen from the surface terminating 

group74,85,88 which is schematically shown in Figure 1.8. 

 

 

Figure 1.8  SAM molecule adhering to the surface.  On the left a pristine wafer before 
treatments and the SAM molecule. The middle diagram shows the change in the surface 
after the pre-treatments, now the surface has OH terminal groups that will bond to the 
head group of the SAM with the expulsion of methanol. In the diagram on the right the 

SAM has now made a strong chemical bond with the surface as water is expelled. 

 

In a liquid tank deposition, illustrated in Figure 1.9, the OH terminated silicon 

substrate is immersed in a tank containing a dilute silane solution which contains 

the SAM precursor molecules dissolved in a solution such as ethanol or carbon 

tetrachloride 85. The substrate is left in the solution for several hours maybe up to 

24 hours to allow the SAMs to chemisorb to the surface. The longer the deposition 

the higher the quality of the SAMs film. The substrate is then removed and rinsed 

multiple times with solvents to remove any unbonded molecules and finally it is 

dried with N 2. The main disadvantages of this method are the length of time taken 

to form an ordered monolayer and the large quantities of solvents used75,85. 
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Figure 1.9 Schematic of the liquid tank deposition process. 

 

Vapour phase deposition is usually carried out in a UHV chamber where the silane 

precursor is heated until it evaporates, shown in Figure 1.10. The vaporised SAM 

then assembles on the surface. This form of deposition is much quicker than the 

liquid phase technique and uses much less solvent. It is also advantageous as in-

situ pre- and post-analysis can be performed. The main drawback is the density of 

the SAMs film is said to be lower for this type of deposition75. 

 

Figure 1.10 Schematic showing the deposition of SAMs via the vapour phase technique. 
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1.2.2 How can SAMs Benefit the Microelectronics Industry?  

Silane based SAMs are of particular interest to the microelectronics industry for a 

variety of reasons. With a thickness in the nanometre dimensional range, 

depending on the chain length, there is little overall increase in resistivity owing to 

the cross-sectional area of the line mainly being occupied by copper. Due to the 

strong covalent bond formed between the silane head group of the SAM and the 

silicon substrate they are highly stable against thermal desorption and can create 

a near perfect monolayer with low defect density. They can form on differently 

oriented surfaces making conformal deposition effortless. Different patterns of 

SAMs can be fabricated by various deposition techniques such as micro contact 

printing 81. They can be used as a blocker to prevent film growth on a surface. Most 

importantly they can be used to tailor the interfacial properties of the underlying 

substrate. This can make a deposited metal film adhere more easily to a SAM 

terminated SiO2 surface than to the untreated surface, by altering the chemistry of 

the terminal functional group 72,74,77. 

 Technically these attributes can be used for a variety of different applications. 

SAMs have been proposed as an ideal pore sealant for porous low-k dielectric 

materials as they are of a comparable size to the pores80,89,90. It has been suggested 

that SAMs could even be considered as a barrier layer themselves as they possess 

many of the barrier layer criteria91,92. 

Area-selective ALD allows the deposition of a material on only certain parts of the 

underlying sample. It has been proposed that SAMs could be used as a blocker for 

area-selective ALD. On a patterned surface consisting of alternate lines of copper 

and SiO2, a silane-based SAM could be deposited which would preferentially bond 

to the SiO2. Subsequently a metal could be deposited by ALD which would adhere 

to the copper and not the SAM terminated SiO2. This could also be performed the 

other way around with the SAM attached to the copper leaving the material to 

deposit only on the SiO2
93ɀ95. 
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Finally, SAMs can help activate the surface for ELD deposition on insulating 

dielectric materials. Unlik e electroplating, ELD can be used to deposit on insulating 

materials but it needs a catalyst. For ELD Co, palladium acts as a catalyst but first 

the SAMs are used to trap the palladium. 

 

1.3 Thesis Layout and Organisation  

Chapter 2 of this thesis introduces some of the various analysis techniques used in 

this study. It outlines the principles behind their operation and analysis methods 

following data collection. The principle technique employed in this work is X-ray 

photoelectron spectroscopy (XPS) with secondary techniques including hard x-ray 

photoelectron spectroscopy (HAXPES) and atomic force microscopy (AFM) also 

explained. The ultra-high vacuum (UHV) XPS system used for experiments is 

briefly described along with the Diamond Light Source beamline I09 where 

HAXPES measurements were obtained. The Veeco Dimension AFM is also 

described.  

In Chapter 3 the interaction of a thin manganese film deposited on a DETA SAM is 

investigated. This chapter can be separated into three sections. The first section 

deals with the characterisation of the DETA SAM. Its chemical composition along 

with its stability in UHV is explored. The next section looks at the interaction of 

the manganese film with the DETA SAM deposited on a native silicon oxide 

substrate. With the final section detailing the interaction of the manganese with 

the DETA SAM deposited on a low-k spin-on-glass (SOG) substrate. 

Chapter 4 presents a comparative study on the effect the chain length and 

composition of the terminal group has on the nucleation and adhesion of 

subsequent deposited copper film. Three different SAMs are employed, one with 

no terminal group and two with amino terminal groups. The two amino -

terminated SAMs also have varying chain lengths. XPS, 4-point prob e and AFM are 
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used to characterise both thin and thick copper films. A new method for semi-

quantitative analysis for tape test measurements is introduced. 

Chapter 5 focuses on the effects of in-situ atomic oxygen treatments of SAM 

terminated dielectric substrates. The atomic oxygen is analogous to O2 plasma 

which is frequently used in ALD, where oxygen radicals react with the sample. Two 

different self-assembled monolayers, the DETA and a long chain carbon SAM, are 

subjected to small highly controlled exposures of atomic oxygen. The manner in 

which these SAMs are impacted by this oxygen etch treatment is investigated. 

HAXPES investigation of the role of SAMs in cobalt electroless deposition is 

reported in Chapter 6. This chapter looks at replacing copper interconnects with 

cobalt via a novel deposition technique which is compatible with standard 

microprocessor fabrication methods. The chemical composition of the cobalt film 

and the interactions at the Si-Co interface are investigated. 

And finally, Chapter 7 reviews the main findings of this work and suggests some 

possible future studies that could be explored. 
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Chapter 2 

 

 

2 Principals of Experimental Theory & Techniques  

The principal technique employed throughout this work to investigate and 

characterise the SAMs and thin metal films is X-ray photoelectron spectroscopy 

(XPS). The secondary techniques include hard X-ray photoelectron spectroscopy 

(HAXPES) and atomic force microscopy (AFM). In this chapter, the theory of these 

techniques and the practical use of the experimental systems will be discussed. 

 

2.1 X-Ray Photoelectron Spectroscopy  

X-ray photoelectron spectroscopy (XPS), also known as ESCA (Electron 

Spectroscopy for Chemical Analysis) is a very powerful surface analysis tool which 

can give a wealth of information about the electronic structure, the elemental 

composition and the chemical state of the first 5 ɀ 10 nm of a solid material1. The 

development and use of XPS as a surface analysis technique was pioneered by Kai 

Siegbahn and his group through the 1950ȭs and 1960ȭs. In XPS, the surface of a solid 

in vacuum, is illuminated with energetic photons fro m the X-ray range of the 

electromagnetic spectrum. Due to the photoelectric effect electrons are 

photoemitted from the surface of the material. The emitted electrons are evaluated 

according to their kinetic energy and a spectrum is created as a plot of the number 

of detected electrons per energy interval versus their kinetic energy. XPS is 

sensitive to all elements apart from H and He, which are the only elements not to 

be observed. The other elements all have their own distinct photoelectron 

spectrum2,3. 
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2.1.1 Basic Principals  

Figure 2.1 schematically shows the basic set-up for a conventional XPS system. The 

main components are the X-ray source, the grounded sample, the electron 

collection lens, the electron energy analyser, the detection system and the 

computer system which displays the acquired spectra.  

 

Figure 2.1 A schematic showing the experimental set-up for a conventional XPS system. 

 

The sample of interest is loaded into the ultra-high vacuum (UHV) chamber and is 

then irradiated with X -rays. These X-rays are generated by a twin anode X-ray 

source which allows the user to select one of two different excitation energies. The 

anode is water-cooled and consists of a copper target with two distinct sides, one 

of which is coated with a thin film of aluminium (Al) and the other a thin film of 

magnesium (Mg). Electrons from a hot tungsten filament are accelerated using a 
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high voltage, ranging from 10 ɀ 15 kV, towards the water-cooled anode. X-ray 

energies of either 1253.6 eV with a line width of 0.7 Å6 ÆÏÒ -Ç +ʂ ÏÒ ΫήβΰȢΰ Å6 ×ÉÔÈ 

a line width of 0.85 Å6 ÆÏÒ !Ì +ʂ ÁÒÅ ÅÍÉÔÔÅÄ ÁÓ ÔÈÅ ÅÌÅÃÔÒÏÎÓ ÂÏÍÂÁÒÄ ÔÈÅ ÁÎÏÄÅȢ 

The anode must be water-cooled as the high electron flux can generate high levels 

of heat which could potentially evaporate the Al or Mg coatings on the anode. The 

twin anode configuration is used in situations where a photoemission peak 

overlaps with an Auger peak. By switching anodes, the binding energy position of 

the Auger peak will change allowing for access to the photoemission peak of 

interest. 

To fully appreciate XPS as a technique, an understanding of how photons and 

electrons interact is vital. When photons bombard a surface and interact with the 

atoms several different events may occur: (i) the photon may not interact with the 

atom, (ii) Compton scattering may occur where some energy is lost when the 

photon is scattered by an orbital electron and (iii) the photoelectron effect may 

occur where there is total transfer of the photon energy to the orbital electron 

which may result in the electron being ejected from the atom4. XPS is based on the 

ÐÒÉÎÃÉÐÌÅ ÏÆ ÔÈÅ ÐÈÏÔÏÅÌÅÃÔÒÏÎ ÅÆÆÅÃÔ ÁÎÄ ÏÂÅÙÓ %ÉÎÓÔÅÉÎȭÓ ÅÑÕÁÔÉÏÎȠ 

Ὁ Ὤ‡  Ὁ ςȢρ 

where Ὁ  is the binding energy of the electron in the atom with respect to the Fermi 

level, Ὁ  is the kinetic energy of the emitted photoelectron, Ὤ ÉÓ 0ÌÁÎÃËȭÓ ÃÏÎÓÔÁÎÔ 

and ‡ is the frequency and the product Ὤ‡  is the energy of the incident x-ray 

photons. Since the X-ray energy is known, the binding energy can be found by 

measuring the kinetic energy of the emitted photoelectrons. Elemental 

composition of any sample can be determined as each element has a discrete 

binding energy associated with every energy level. These values can be measured 

against known values, so the correct element can be identified. However, any 

photon interacting with an electron in a material must be capable of transferring 
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enough energy so that the electron can liberate itself from the surface of the 

material. Equation 2.1 now becomes: 

Ὁ Ὤ‡  Ὁ  ɮ ςȢς 

where ɮ  ÉÓ ÔÈÅ ÓÁÍÐÌÅ ÍÁÔÅÒÉÁÌȭÓ ×ÏÒË ÆÕÎÃÔÉÏÎ ÁÎÄ ÉÓ ÄÅÆÉÎÅÄ ÁÓ ÔÈÅ ÅÎÅÒÇÙ 

difference between the vacuum level and the Fermi level (Ὁ  Ὁ). This is shown 

in Figure 2.2 which displays an energy level diagram for the photoemission process 

inside an XPS system, where a conducting sample and the spectrometer are in 

ÅÌÅÃÔÒÉÃÁÌ ÃÏÎÔÁÃÔȢ )Ô ÃÁÎ ÃÌÅÁÒÌÙ ÂÅ ÓÅÅÎ ÔÈÁÔ ÔÈÅ ÓÕÍ ÏÆ ÔÈÅ ÅÌÅÃÔÒÏÎȭÓ ÉÎÉÔÉÁÌ ÂÉÎÄÉÎÇ 

energy measured up to the Fermi level (Ὁ ), and its kinetic energy after being 

emitted (Ὁ ), does not equal the photon energy of the incident x-rays.  

 

Figure 2.2 Schematic of the energy level for the binding energy measurements where the 
sample and spectrometer are in electrical contact. 

 








































































































































































































































































































































































