DEVELOPMENT OF A CONTACTLESS TECHNIQUE FOR ELECTRODEPOSITION
AND POROUS SILICON FORMATION

by
Mingrui Zhao
__________________________
Copyright © Mingrui Zhao 2017

A Dissertation Submitted to the Faculty of the
DEPARTMENT OF CHEMICAL AND ENVIRONMENTAL ENGINEERING
In Partial Fulfillment of the Requirements
For the Degree of
DOCTOR OF PHILOSOPHY
WITH OF MAJOR IN CHEMICAL ENGINEERING
In the Graduate College

THE UNIVERSITY OF ARIZONA

2017

1

2

STATEMENT BY AUTHOR
This dissertation has been submitted in partial fulfillment of the requirements for an
advanced degree at the University of Arizona and is deposited in the University Library to be
made available to borrowers under rules of the Library.
Brief quotations from this dissertation are allowable without special permission, provided
that an accurate acknowledgement of the source is made. Requests for permission for extended
quotation from or reproduction of this manuscript in whole or in part may be granted by the head
of the major department or the Dean of the Graduate College when in his or her judgement the
proposed use of the material is in the interests of scholarship. In all other instances, however,
permission must be obtained from the author.

SIGNED: Mingrui Zhao

3

ACKNOWLEDGEMENTS
First and foremost, I would like to express my sincere gratitude to my advisors, Dr.
Farhang Shadman and Dr. Manish Keswani, for their great support and guidance of my Ph.D
study. I feel so proud to have these two advisors, who have been so energetic and passionate to
the research projects and helping me evolve academically and professionally. In the group I not
only learnt about how to analyze and conduct research, but also how to produce exceptional
work on my own.
Also, I would like to thank Dr. Srini Raghavan, for all his great help during my graduate
life and guidance in the study of my minor subject, and Dr. Paul Blowers, for his support and for
serving as one of my dissertation committee members. My gratitude also extends to all of the
department staff members for their kind assistance during the last 4 years.
I am thankful to my past and present lab members and friends Rajesh Balachandran,
Chieh-Chun Chiang, Dongni Ma, Bing Wu, Jungsheng Wu and Ruoyun Xiao for their assistance
and very nice friendship.
I want to acknowledge Applied Materials, Inc., SRC Engineering Research Center for
Environmental Benign Semiconductor Manufacturing, Onda Corporation and PCT Systems for
support of the projects.
Last but not the least, I would like to give special thanks to my manager Dr. Steven
Verhaverbeke during my 3 times internship experience at Applied Materials, Inc. Thanks also go
to Dr. Roman Gouk, Dr. Han-Wen Chen and Dr. Kurtis Leschkies for the mentorship and kind
help. The knowledge I gained there perfectly complemented my graduate studies.

4

DEDICATION
I would like to dedicate this dissertation to my parents, Gang Zhao and Hongyan Chen,
my girlfriend Xuetong Sun, and my sister Mingying Zhao.

5

Table of Contents
LIST OF FIGURES ...................................................................................................................... 10
LIST OF TABLES ........................................................................................................................ 19
NOMENCLATURE ..................................................................................................................... 20
ABSTRACT .................................................................................................................................. 21
CHAPTER 1. RESEARCH BACKGROUND AND LITERATURE REVIEW ......................... 25
1.1. Introduction to Metal Electrodeposition in 3D Integration ............................................... 25
1.2 Evolution and Advantages of 3D Integration Technology ................................................. 26
1.3 Electrodeposition of Copper in TSVs ................................................................................. 29
1.4 Technical Challenges .......................................................................................................... 30
1.5 Literature Review: Recent Work on Cu Electrodeposition in TSVs .................................. 34
1.6 Scientific and Technical Impacts ........................................................................................ 37
1.7 Other Applications of the Contactless Electrochemical Process ........................................ 39
1.8 Research Objectives and Method of Approach .................................................................. 42
CHAPTER 2. COPPER ELECTRODEPOSITION IN THROUGH SILICON VIAS ................. 50
2.1 Copper Electrodeposition onto Blanket Silicon Wafers ..................................................... 50
2.1.1 Materials and Experimental Procedures ...................................................................... 50
2.1.2 Results and Discussion ................................................................................................ 52
2.1.2.1 Effect of Temperature ........................................................................................... 53
2.1.2.2 Effect of Current Density ...................................................................................... 54
2.1.2.3 Effect of Sulfuric Acid Concentration .................................................................. 58
2.1.2.4 Effect of Copper Sulfate Concentration ................................................................ 60
6

2.1.3 Conclusions .................................................................................................................. 62
2.2 Ni Electrodeposition on Blanket Si Wafers ........................................................................ 63
2.2.1 Materials and Methods ................................................................................................. 65
2.2.2 Equilibrium Species Concentrations for Various Aqueous Fluoride Etchants and
Possible Etching Mechanism ................................................................................................ 67
2.2.3 Results and Discussion ................................................................................................ 70
2.2.3.1 Effect of Deposition Bath Composition ................................................................ 70
2.2.3.2 Microstructural Characterization .......................................................................... 72
2.2.3.3 Effect of Solution Temperature and Concentration of Etchant ............................ 76
2.2.3.4 Effect of Stirring ................................................................................................... 79
2.2.3.5 Effect of Etchant Composition.............................................................................. 81
2.2.4 Conclusions .................................................................................................................. 82
2.3 Electrodeposition of Cu in Through Silicon Vias on Patterned Wafers ............................. 84
2.3.1 Materials and Methods ................................................................................................. 84
2.3.1.1 Experimental Details ............................................................................................. 84
2.3.1.2 Deposition on Patterned Wafers ........................................................................... 85
2.3.2 Results and Discussion ................................................................................................ 86
2.3.3 Conclusions .................................................................................................................. 92
CHAPTER 3. PROCESS SIMULATION FOR COMPARISON OF CONTACTLESS AND
CONVENTIONAL ELECTRODEPOSITION METHODS USING ADDITIVE-FREE
ELECTROLYTE SOLUTIONS ................................................................................................... 93
3.1 Introduction ......................................................................................................................... 93
3.2 Materials and Methods........................................................................................................ 95

7

3.2.1 Experimental Details .................................................................................................... 95
3.2.2 Process Simulation ....................................................................................................... 97
3.3 Results and Discussion ..................................................................................................... 100
3.4 Conclusions ....................................................................................................................... 104
CHAPTER 4. OTHER APPLICATIONS OF THE CONTACTLESS ELECTROCHEMICAL
METHOD ................................................................................................................................... 105
4.1 Synthesis of Porous Silicon through Interfacial Reactions and Measurement of its
Electrochemical Response using Cyclic Voltammetry ........................................................... 105
4.1.1 Materials and Methods ............................................................................................... 108
4.1.1.1 Formation of porous silicon ................................................................................ 108
4.1.1.2 Cyclic Voltammetry ............................................................................................ 109
4.1.1.3 Inductively Coupled Plasma Mass Spectrometry (ICP-MS) .............................. 110
4.1.2 Results and Discussion .............................................................................................. 112
4.1.3 Conclusions ................................................................................................................ 125
4.2 Fabrication of Radially Symmetric Graded Porous Silicon using a Novel Cell Design .. 126
4.2.1 Materials and Methods ............................................................................................... 127
4.2.1.1 Fabrication of porous silicon .............................................................................. 128
4.2.1.2 Surface parameter analysis ................................................................................. 130
4.2.2 Results and Discussion .............................................................................................. 132
4.2.2.1 Effect of Surfactant Concentration ..................................................................... 134
4.2.2.2 Effect of HF Concentration ................................................................................. 139
4.2.2.3 Effect of Solution pH .......................................................................................... 143
4.2.2.4 Effect of Current Density .................................................................................... 146

8

4.2.2.5 Effect of Si Wafer Resistivity ............................................................................. 150
4.2.3 Conclusions ................................................................................................................ 151
4.3 Gradient Filling of Copper in Porous Silicon using a Non-Contact Electrochemical Method
................................................................................................................................................ 152
4.3.2 Materials and Methods ............................................................................................... 154
4.3.2.1 Porous Silicon Formation ................................................................................... 154
4.3.2.2 Electrodeposition of Cu in Porous Silicon .......................................................... 155
4.3.3 Results and Discussion .............................................................................................. 156
4.3.3.1 Bottom-up and Gradient Filling Process............................................................. 156
4.3.3.2 Effect of Applied Current Density ...................................................................... 159
4.3.3.3 Effect of CuSO4 concentration............................................................................ 160
4.3.3.4 Effect of Etching/Deposition Area Ratio ............................................................ 164
4.3.3 Conclusions ................................................................................................................ 167
REFERENCES ........................................................................................................................... 169

9

LIST OF FIGURES
Figure 1. 1 Stacking of layers in 3D integration using TSVs [5] ................................................. 26
Figure 1. 2 2D interconnect vs. SOC vs. 3D integrated circuits [3]. ............................................ 28
Figure 1. 3 Challenges in traditional deposition process and illustration of ideal fill process for
TSV. .............................................................................................................................................. 31
Figure 1. 4 Sample SEM images showing pinch-off effect and consequent void formation inside
TSVs [16]. ...................................................................................................................................... 32
Figure 1. 5 Commonly used additives for copper electrodeposition. .......................................... 33
Figure 1. 6 Cost structure of 5×50 µm TSV [22]. ......................................................................... 33
Figure 1. 7 Schematic of the reactor for “bottom-up” copper electrodeposition. ........................ 43
Figure 2. 1 Schematic of the electrochemical cell. ...................................................................... 52
Figure 2. 2 Current density versus deposition time for experiments conducted at solution
temperature of 25 °C and 65 °C. ................................................................................................... 54
Figure 2. 3 Comparison between actual deposition rate and theoretical deposition rate for 2-hour
of deposition time. ........................................................................................................................ 55
Figure 2. 4 SEM images of deposited copper at different current densities. Magnification is 50x
(top) and 200x (bottom). Deposition was performed for 2 h with a deposition solution containing
3 M H2SO4 and 0.5 M CuSO4. Solutions were heated up to approximately 65 °C. ..................... 56
Figure 2. 5 SEM images at 50x magnification of copper deposited at different current densities
(a and c – 39 mA/cm2, b and d –108 mA/cm2) with different H2SO4 concentrations (a and b –
3 M, c and d – 0.2 M). Deposition was performed for 2 h with a deposition solution with 0.5 M
CuSO4. Solutions were heated up to approximately 65 °C. .......................................................... 58

10

Figure 2. 6 SEM images of deposited copper with different concentrations of CuSO4.
Magnification is 50x (top), 200x (middle), and 1000x (bottom). Deposition was performed for
2 h with an applied current density of 108 mA/cm2 (2.5 A) and a deposition solution with 0.2 M
H2SO4. Solutions were heated up to approximately 65 °C. .......................................................... 60
Figure 2. 7 Equilibrium concentrations of various fluoride species for different concentrations of
total F, (a) 1 M, (b) 1.5 M, (c) 25 M at 25˚C and (d) 1.5 M at 50˚C. ........................................... 69
Figure 2. 8 SEM images of electrodeposited nickel at 200x (a), (b) and (c) and 1000x (d), (e)and
(f). Deposition bath composition for (a), (b), (d) and (e) was 0.9 M NiSO4 and 0.5 M H3BO3 and
for (c) and (f) was 0.2 M NiCl2, 0.9 M NiSO4 and 0.5 M H3BO3. ............................................... 71
Figure 2. 9 AFM images of electrodeposited nickel (a), (b) and (c), and surface roughness as a
function of current density and composition of deposition bath (d). Deposition bath composition,
(a) and (b) 0.9 M NiSO4 and 0.5 M H3BO3 and (c) 0.2 M NiCl2, 0.9 M NiSO4 and 0.5 M H3BO3.
Scan rate: 0.930 Hz. Color scale: 0-6 m. .................................................................................... 73
Figure 2. 10 X-ray diffraction spectrum of nickel films electrodeposited at 108 and 152 mA/cm2
using 0.9 M NiSO4 + 0.5 M H3BO3, and 108 mA/cm2 using Watts bath (0.9 M NiSO4 + 0.5 M
H3BO3 + 0.2 M NiCl2). ................................................................................................................. 74
Figure 2. 11 Current density and potential versus temperature curves for (a) 3% HF and 1 M
NaF as etchant solutions and (b) 49% HF as etchant solution. Deposition bath composition was
0.9 M NiSO4 and 0.5 M H3BO3. ................................................................................................... 78
Figure 2. 12 Effect of stirring of deposition or etching solution on current density at two
different solution temperatures (0.9 M nickel sulfate with 0.5 M boric acid as deposition solution
and 3% HF as etchant solution). ................................................................................................... 80
Figure 2. 13 Effect of pH of sodium fluoride solution (1 M) on maximum current density. ...... 82

11

Figure 2. 14 Steps involved in copper electrodeposition using contactless method. ................... 86
Figure 2. 15 Ni seed layer formation and copper electrodeposition on patterned wafers............ 87
Figure 2. 16 Cross sectional micrographs of electrodeposited copper in the vias using contactless
deposition technique. SEM images showing (a) and (b) view of the full vias and enlarged view of
(c) via opening and (d) via bottom, respectively. Current density: 1350 A/m2. ........................... 88
Figure 2. 17 SEM images showing enlarged view of (a) via top and (b) via bottom and (c) – (g)
EDS spectra of five different locations inside the via after copper deposition. Atomic
concentration of each element (K-shell) was determined by taking ratio of area under the
respective peak to the total area. ................................................................................................... 90
Figure 3. 1 Trench Geometry Developed in COMSOL® Multiphysics v. 5.2. ........................... 98
Figure 3. 2 Potential as a function of natural logarithm of current density. Measurements were
conducted by polarizing the silicon sample about 1500 mV anodically and cathodically from Eoc
at a scan rate of 1 mV/sec . ......................................................................................................... 101
Figure 3. 3 Additive-free conventional deposition process at 40 A/m2 with Cu2+ bulk
concentration of 1000 mol/m3. Maps show the Cu concentration profiles in the via and the
progress of the deposition and filling of the via at different times of 50, 1200 and 1590 sec. Map
shows only one half of the axisymmetric via.............................................................................. 102
Figure 3. 4 Contactless deposition process at 200 A/m2 with Cu2+ bulk concentration of 1000
mol/m3. Maps show the Cu concentration profiles in the via and the progress of the deposition
and filling of the via at different times of 20, 3600 and 7081 sec. Map shows only one half of the
axisymmetric via. ........................................................................................................................ 103
Figure 4. 1 Schematic of the dual compartment PTFE cell used for generating porous silicon.
Silicon substrate is free of electrical contacts and reactions are motivated by means of applying a

12

suitable current between the Ni (or Pt) anode and Pt cathode. The anodic and cathodic reactions
of silicon dissolution and nickel (or ferricyanide) ion reduction occur continuously and
concurrently at the silicon interfaces. ......................................................................................... 107
Figure 4. 2 Cyclic voltammetry using different electrodes. Comparison of cyclic
voltammograms obtained on nickel coated blanket silicon electrode and platinum electrode using
2 mM potassium ferricyanide and 0.5 M potassium carbonate solution. Scan rate = 20 mV-sec-1.
Solution pH = 11.5. Projected area: 1 cm2. Current response (as a function of potential) from two
different metals confirm the peak positions of the ferricyanide/ferrocyanide redox couple. ..... 110
Figure 4. 3 SEM images of macroporous silicon formed using aqueous HF etchant solution. (a)
Top view and (b) cross sectional view of the silicon formed using 8% aqueous HF solution with
0.05 mM Triton X-100 as the etchant solution. (c) Top view and (d) cross sectional of the
silicon using 8% aqueous HF (without any surfactant) as the etchant solution. Deposition
solution: 1 M NiSO4 and 0.5 M H3BO3. Current density: 10 mA cm-2. Etching time: 4 hours. 111
Figure 4. 4 SEM images of silicon with macropores of different treatment time and conditions.
(a-c) 0.5 h of reaction time with unpolished silicon surface in contact with HF-H2O-DMSO
etchant solution, (d-f) 2 h of reaction time with polished silicon surface in contact with the HFH2O-DMSO etchant solution, (g-i) 18 h of reaction time with polished silicon surface in contact
with the HF-H2O-DMSO etchant solution, and (j-l) 1 h of reaction time with polished silicon
surface in contact with the HF-H2O-DMSO etchant solution. Resistivity of p-type (100) silicon =
8-12 Ω-cm. Deposition solution: (a-i) aqueous solution of 1 M NiSO4 and 0.5 M H3BO3, (j-l)
aqueous solution of 1.0 M K3Fe(CN)6. Anode: (a-i) Nickel and (j-l) Platinum. Cathode:
Platinum. Pore diameter, wall thickness and porosity were characterized using the top view
micrograph while pore depth was determined using the cross-section view. ............................. 113

13

Figure 4. 5 FESEM images for different silicon types with mesopores. Micrographs of n-type (a
and b) and p-type (c and d) silicon; Resistivity = 5 mΩ-cm. Top view (a and c) and cross-section
view (b and d). Polished silicon surface in contact with HF-H2O-DMSO etchant solution.
Deposition solution – aqueous solution of 1 M NiSO4 and 0.5 M H3BO3. Reaction time = 2 h.
Type of doping in silicon wafer has a significant effect on topography of porous silicon. ........ 115
Figure 4. 6 SEM image and EDS distribution mapping for different elements. (a) Cross-section
micrograph; (b) Nickel, (c) Silicon and (d) Oxygen distribution maps at cross-section of
macroporous Si coated with Ni (80 µm pore depth). Distinguishing feature in the distribution
intensity was observed for Ni and Si. Nickel was present only in the porous region while silicon
intensity was higher in the non-porous region. ........................................................................... 117
Figure 4. 7 Cross-sectional SEM images of macroporous silicon coated with nickel. (a) 15 µm
(b) 80 µm pore depth. ................................................................................................................. 118
Figure 4. 8 Cross-section SEM micrograph (a) and EDS distribution mapping for different
elements (b-d). (b) Nickel, (c) Silicon and (d) Oxygen distribution maps of the cross-sectional
area of macroporous Si coated with Ni (15 µm pore depth). ...................................................... 119
Figure 4. 9 EDS spectrum of the cross-sectional area of macroporous silicon (80 µm pore depth)
coated with Ni. Atomic concentration of each element (K-shell) was determined by taking ratio
of area under the respective peak to the total area. ..................................................................... 120
Figure 4. 10 CV on nickel coated blanket and macroporous silicon samples. Cyclic
Voltammograms obtained using 0.5 M potassium carbonate solutions in the (a) presence and (b)
absence of 2 mM potassium ferricyanide for nickel coated blanket and porous (80 µm pore
depth) silicon surface, and (c) background-subtracted cyclic Voltammograms. Solution pH =

14

11.5. Scan rate = 20 mV-sec-1, projected area: 1 cm2. Better electrochemical response was
observed for porous silicon owing to its larger effective surface area. ...................................... 121
Figure 4. 11 Cyclic voltammetry in the presence/absence of surfactant. Comparison between
cyclic voltammograms obtained on nickel coated blanket silicon samples (vs. Hg/Hg2SO4) in 2
mM ferricyanide and 0.5 M potassium carbonate solution with and without 0.05 mM Triton X100. Solution pH = 11.5. Scan rate = 20 mV-sec-1. Projected area: 1 cm2. Effect of surfactant was
minimal on the potential difference between redox current peaks. ............................................ 122
Figure 4. 12 Schematic and working mechanism of the new cell design. (a) Schematic of
modified dual compartment PTFE cell used for generating graded porous silicon. Silicon wafer
placed and sealed between the two Teflon® plates. The anodic and cathodic reactions of silicon
dissolution and nickel deposition occur continuously and concurrently at the silicon-solution
interfaces. (b,c) Flow of current in the wafer results in a current density gradient radially along
the reacting surface. .................................................................................................................... 129
Figure 4. 13 Analysis of pore deminsions using ImageJ® software. Characterization and
calculation of (a) pore diameter, (b) porosity and (c) pore depth of porous silicon films. ......... 131
Figure 4. 14 Surface morphology of porous silicon structures formed using etchant solution
containing 1E-1% Triton X-100. SEM images showing (a)-(c) top view and (d)-(f) cross
sectional view of porous films at Zone 1, 2 and 3. ..................................................................... 133
Figure 4. 15 Surface morphology of porous silicon samples prepared using etchant solution
containing 3E-3% Triton X-100. SEM images showing (a)-(c) top and (d)-(f) cross sectional
view of porous films at Zone 1, 2 and 3. .................................................................................... 135

15

Figure 4. 16 Surface morphology of porous silicon samples prepared using etchant solution
containing 9E-3% Triton X-100. SEM images showing (a)-(c) top and (d)-(f) cross sectional
view of porous films at Zone 1, 2 and 3. .................................................................................... 136
Figure 4. 17 Comparison of symmetric morphological gradient for porous films obtained using
different conditions. Plots and SEM images showing pore depth as a function of distance along
the diameter of the circular region of the samples prepared using different concentration of
Triton X-100 in etchant solution. (a) and (d): 3E-3%; (b) and (e): 9E-3%; (c) and (f): 1E-1%.
Center of the sample was set as zero point. ................................................................................ 137
Figure 4. 18 Comparison of surface parameters for porous films obtained using different
conditions. Plots for (a) pore diameter, (b) pore depth and (c) porosity distribution of porous
films prepared using different concentrations of Triton X-100 in HF based etchant solutions.138
Figure 4. 19 Surface morphology of porous silicon samples prepared using etchant solution
containing different amounts of HF. SEM images showing (a)-(c), (g)-(i) top and (d)-(f), (j)-(l)
cross sectional view of porous films at center and edge of the samples, respectively. 3E-3%
Triton X-100 and (a), (d), (g), (j) 3% HF, (b), (e), (h), (k) 5% HF and (c), (f), (i), (l) 8% HF
aqueous solution were used as etchant solution, while deposition solution contained 1 M NiSO4
and 0.5 M H3BO3, respectively. Wafer resistivity: 14 Ω-cm, current density: 10 mA/cm2. ...... 140
Figure 4. 20 Comparison of surface parameters for porous films obtained using etchant solution
containing 3%, 5% and 8% HF. Plots for (a) pore diameter, (b) pore depth and (c) porosity
distribution of porous films prepared using different concentrations of HF in etchant solution. 142
Figure 4. 21 Surface morphology of porous silicon samples prepared using etchant solution of
different pH. SEM images showing (a)-(b) top view and (c)-(d) cross sectional view of porous
films. pH for etchant solution: (a) and (c): 4.2, (b) and (d): 6.5. Etchant solution: 5% HF and 3E-

16

3% Triton X-100 aqueous solution. Deposition solution: 1 M NiSO4 and 0.5 M H3BO3. Wafer
resistivity: 14 Ω -cm, current density: 10 mA/cm2. .................................................................... 142
Figure 4. 22 Equilibrium concentrations of various fluorine species as a function of solution pH
for total F of 2.5 M at room temperature. ................................................................................... 145
Figure 4. 23 Surface morphology of porous silicon samples prepared with current density of (a)(d) 3 mA/cm2 and (e)-(h) 10 mA/cm2. SEM images showing (a), (c), (e), (g) top view and (b),
(d), (f), (h) cross sectional view of porous films. Etchant solution: 8% HF and 3E-3% Triton X100 aqueous solution. Deposition solution: 1 M NiSO4 and 0.5 M H3BO3. Wafer resistivity: 14
Ω-cm. .......................................................................................................................................... 147
Figure 4. 24 Comparison of surface parameters for porous films obtained using current density
of 3 and 10 mA/cm2. Plots for (a) pore diameter, (b) pore depth and (c) porosity distribution of
porous films as a function of different current densities............................................................. 148
Figure 4. 25 Surface morphology of porous silicon samples prepared using (a), (d), (g), (j) 14 Ω
cm, (b), (e), (h), (k) 8 Ω cm and (c), (f), (i), (l) 2 Ω cm wafers. SEM images showing (a)-(c), (g)(i) top and (d)-(f), (j)-(l) cross sectional view of porous films at center and edge of the samples.
Etchant solution: 8% HF, 8% water and 84% DMSO (by weight) solution. Deposition solution: 1
M NiSO4 and 0.5 M H3BO3. Current density: 3 mA/cm2. .......................................................... 149
Figure 4. 26 Effect of wafer resistivity on pore diameter and pore depth with applied current
density of 3 mA/cm2. 8% HF/8% H2O/84% DMSO as etchant solution and 1 M NiSO4 with 0.5
M H3BO3 as deposition solution. ................................................................................................ 150
Figure 4. 27 SEM images showing (a) top-down and (b) cross-sectional view of the formed
porous silicon. ............................................................................................................................. 155

17

Figure 4. 28 Bottom-up gradient filling of copper in the porous structure. SEM images showing
(a- c) cross sectional view of copper deposition in pores located at Zone 1 (center), 2 (5 mm
away from the center) and 3 (8 mm away from the center). Applied current density: 5 mA/cm2
followed by 10 mA/cm2. Deposition solution: 1 M CuSO4 and 0.2 M H2SO4. Etching area to
deposition area ratio: 2.7. ............................................................................................................ 157
Figure 4. 29 Plot showing depth of deposited Cu as a function of distance along the diameter of
the sample cross-section. Center of the sample was set as the zero point. ................................. 158
Figure 4. 30 Deposition of copper in the porous structure by applying different current densities
(10and 15 mA/cm2) in the system. SEM images showing cross sectional view of deposited
copper at Zone 1, 2 and 3, respectively. Deposition solution: 1 M CuSO4 and 0.2 M H2SO4.
Etching area to deposition area ratio: 2.7.................................................................................... 160
Figure 4. 31 Deposition of copper in the porous structure using 0.1 M, 0.25 M and 1 M CuSO4
solution. SEM images showing cross-sectional view of deposited copper for samples at Zone 1, 2
and 3, respectively. Applied current density: 10 mA/cm2. Etching area to deposition area ratio:
2.7................................................................................................................................................ 162
Figure 4. 32 SEM images showing cross-sectional view of deposited copper at the extreme edge
ofthe samples (~9.5-10 mm away from the center) obtained using (a) 0.25 M and (b) 1 M CuSO4
in the deposition solution. ........................................................................................................... 164
Figure 4. 33 Deposition of copper in the porous structure with different etching area to
deposition area ratio (1.6, 2.7 and 3.8). SEM images showing cross sectional view of deposited
copper at Zone 1 and 3, and the extreme edge area, respectively. Applied current density: 10
mA/cm2. Deposition solution: 1 M CuSO4 and 0.2 M H2SO4. ................................................... 166

18

LIST OF TABLES
Table 1. 1 Effect of mechanical agitation, electrochemical, and solution parameters on
deposition characteristics. ............................................................................................................. 46
Table 2. 1 Possible reaction schemes during Ni electrodeposition process [73, 74, 75, 76]............. 63
Table 2. 2 Relative intensity of diffraction peaks with respect to different orientation planes and
average grain size. ......................................................................................................................... 75
Table 2. 3 Atomic concentration of different elements presents in Spectrum 1 – 5. ................... 91
Table 3. 1 Simulation Parameters. ............................................................................................... 99
Table 3. 2 Potential measured with respect to the Hg/Hg2SO4 reference and overpotential
calculated on the Cu side and Si side of the wafer at different current densities applied between
the anode and the cathode (overpotential was determined by the difference between actual
potential and the open circuit potential measured at 0 mA/cm2). ............................................... 100
Table 4. 1 Faradaic efficiency of porous silicon formation process at different etching times.
Current density: 10 mA-cm-2. Resistivity of p-type (100) silicon = 8-12 Ω-cm. ....................... 125
Table 4. 2 Results of pore dimension analysis. Morphological characteristics for porous films
obtained using different concentrations of Triton X-100 in the etchant solution. .................... 132
Table 4. 3 Results of deposited Cu pillar heights inside the pores (havg) at different locations
when applying different current densities. .................................................................................. 157
Table 4. 4 Results of deposited Cu pillar heights inside the pores (havg) at different locations
when using different concentration of CuSO4 in deposition solution......................................... 163
Table 4. 5 Results for deposited Cu depth inside the pores (havg) at different locations for three
different etching area to deposition area ratio............................................................................. 167

19

NOMENCLATURE
α
α0
C
Cb
γ
D
davg
E
Eoc
F
havg
θ
IR
J
J0
k+
kM
n
ρ
p
R
R2
RMS
T
t
tavg
η

= Charge transfer coefficient
= Constant used to solve for charge transfer coefficient
= Concentration of Cu species
= Bulk concentration of Cu species
= Constant used to solve for charge transfer coefficient
= Diffusivity of Cu in the electrolyte solution
= Average diameter of the pores
= Potential between working electrode and reference electrode
= Open circuit potential
= Faraday constant
= Average pore depth or depth of deposited Cu pillar
= Angle of diffraction
= Relative intensity
= Applied current density
= Exchange current density
= Adsorption rate constant
= Consumption rate constant
= Molecular weight
= number of transferred electrons per reaction
= Cu density
= porosity
= Gas constant
= Goodness of fit
= Root Mean Square
= Temperature
= Deposition time
= Average wall thickness
= Overpotential

20

ABSTRACT
In the recent years, there has been a growing interest in micro- and nano-structured
composite systems due to their wide use in microelectronics, optoelectronics, magneto-optical
devices, high-density data storage, sensors, biomedical devices, and many other areas. Of
particular interest is application in the integrated circuit (IC) industry. Here the need for
miniaturization has led to new architectures that combine disparate technologies. This has been
achieved through innovations in packaging technologies such as 3D integration for high
interconnection density, low power, high data throughput, good signal integrity and reliability,
and low cost. One of the key active manufacturing technologies for 3D integration is through
silicon vias (TSVs), which involves etching of deep vias in a silicon substrate that are filled with
an electrodeposited metal, and subsequent removal of excess metal by chemical mechanical
planarization (CMP). Electrodeposition often results in undesired voids in the TSV metal fill as
well as a thick overburden layer. These via plating defects can severely degrade interconnect
properties and lead to variation in via resistance, electrically open vias, and trapped plating
chemicals that present a reliability hazard. Thick overburden layers result in lengthy and
expensive CMP processing.
We are proposing a technique that pursues a viable method of depositing a high quality
metal inside vias with true bottom-up filling, using an additive-free deposition solution. The
mechanism is based on a novel concept of electrochemical oxidation of backside silicon that
releases electrons, and subsequent chemical etching of silicon dioxide for regeneration of the
surface. Electrons are transported through the bulk silicon to the interface of the via bottom and
the deposition solution, where the metal ions accept these electrons and electrodeposit resulting
in the bottom-up filling of the large aspect ratio vias. With regions outside the vias covered by
21

dielectric, no metal electrodeposition should occur in these regions, which minimizes the metal
CMP step and reduces the overall processing times and costs. Hence, inherent bottom-up filling
is financially advantageous because it will eliminate a large portion of the metal overburden and
associated planarization costs. Additive-free deposition is preferable from both lower production
cost and quality management perspectives since it results in higher reliability of deposited metal.
Our new bottom-up technique was initially examined and successfully demonstrated on blanket
silicon wafers and shown to supply electrons to provide bottom-up filling advantage of throughhole plating and the depth tailorability of blind vias. In order to understand the driving
mechanism and limits of this process, we have also conducted a fundamental study that
investigated the effect of various process parameters on the characteristics of deposited Cu and
Ni and established correlations between metal filling properties and various electrochemical and
solution variables. A copper sulfate solution with temperature of about 65 °C was shown to be
suitable for achieving stable and high values of current density that translated to copper
deposition rates of ~2.4 µm/min with good deposition uniformity. The importance of backside
silicon oxidation and subsequent oxide etching on the kinetics of metal deposition on front side
silicon has also been highlighted.
Further, a process model was also developed to simulate the through silicon via copper
filling process using conventional and contactless electrodeposition methods with no additives
being used in the electrolyte solution. A series of electrochemical measurements were employed
and integrated in the development of the comprehensive process simulator. The experimental
data not only provided the necessary parameters for the model but also validated the simulation
accuracy. From the simulation results, the “pinch-off” effect was observed for the additive-free
conventional deposition process, which further causes partial filling and void formation. By
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contrast, a void-free filling with higher deposition rates was achieved by the use of the
contactless technique. Moreover, experimental results of contactless electrodeposition on
patterned wafers showed fast rate bottom-up filling (~3.3 µm/min) in vias of 4 µm diameter and
50 µm depth (aspect ratio = 12.5) without void formation and no copper overburden in the
regions outside the vias.
Efforts were also made to extend the use of the contactless technique to other applications
such as synthesis of porous silicon, which is known to be an excellent material with fascinating
physical and chemical properties. We were able to fabricate porous silicon with a morphological
gradient using a novel design of the experimental cell. The resulted porous silicon layers show a
large distribution in porosity, pore size and depth along the radius of the samples. Symmetrical
arrangements were attributed to decreasing current density radially inward on the silicon surface
exposed to surfactant containing HF based etchant solution. The formation mechanism as well as
morphological properties and their dependence on different process parameters, such as HF
concentration, solution pH, surfactant concentration, current density and wafer resistivity, has
been investigated in detail. In the presence of surfactants, an increase in the distribution range of
porosity, pore diameter and depth was observed by increasing HF concentration or lowering pH
of the etchant solution, as the formation of pores was considered to be limited by the etch rates of
silicon dioxide. Gradient porous silicon was also found to be successfully formulated both at
high and low current densities. Interestingly, the morphological gradient was not developed
when dimethyl sulfoxide (instead of surfactants) was used in etchant solution potentially due to
limitations in the availability of oxidizing species at the silicon-etchant solution interface.
In the last part of the dissertation, we have discussed the gradient bottom up filling of Cu
in porous silicon substrates using the contactless electrochemical method. The radially
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symmetric current that gradually varied across the radius of the sample area was achieved by
utilizing the modified cell design, which resulted in gradient filling in the vias. Effect of different
deposition parameters such as applied current density, copper sulfate concentration and etching
to deposition area ratio has been examined and discussed. Increasing the current density from 10
to 15 mA/cm2 resulted in bottom up deposition with less sharp gradients. Further, the study on
the effect of copper sulfate concentration highlighted the importance of mass transfer in this
process, as either bottom-up deposition or gradient filling could not be achieved at lower CuSO4
concentrations (0.1 and 0.25 M). Additionally, the filling gradient of deposited Cu was obtained
with etching to deposition area ratio of 1.6 and 2.7, while a more uniform deposition was
observed when the ratio was increased to 3.8. This suggested that the gradient filling may only
be accomplished within a certain range of the etching to deposition area ratios.
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CHAPTER 1. RESEARCH BACKGROUND AND
LITERATURE REVIEW

1.1. Introduction to Metal Electrodeposition in 3D Integration
As the number of transistors on a chip increases and the size of transistors decreases, the
backend connections for power delivery and interchip connections must also decrease in size to
keep pace with device miniaturization. Accordingly, vias and trenches on chips have increased in
depth and decreased in diameter - leading to aspect ratios as high as 25:1 [1]. One of the hottest
topics in the semiconductor industry today is 3D packaging using through silicon via technology,
which is widely known as a promising technology for future electronic systems to overcome the
performance bottleneck. The short, vertical and low impedance area array interconnects would
enable inter-wafer communications with less parasitic losses and reduced timing delays. As
shown in Figure 1.1, a wafer-level 3D integration is generally referring to the integrated circuit
that fabricated by stacking multiple strata (layers) of planar devices and interconnecting them
vertically using through Si vias, the TSV technology. It provides shortest chip-to-chip
interconnections with a series of significant advantages, such as higher density, lower power
consumption, expanded memory capacity and improved electrical performance [2]. The
applications of 3D ICs are also quite wide, including dynamic random access memory (DRAM),
image sensor, radio frequency (RF) circuits and flash memory [ 3, 4]. The formation of TSVs
involves etching of deep vias in a silicon substrate that are filled with an electrodeposited metal,
and subsequent removal of excess metal by CMP. Electrodeposition often results in undesired
voids in the TSV metal filling as well as a thick overburden layer. These via plating defects can
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severely degrade interconnect properties and lead to variation in via resistance, electrically open
vias, and trapped plating chemicals that present a reliability hazard. Thick overburden layers
result in lengthy and expensive CMP processing. The via dimensions in today’s TSV
applications vary from 1 to 100 µm in width and from 50 to 500 µm in depth. These aspect ratios
will undoubtedly continue to increase as the 3D integration of chips with through silicon
interconnections are developed.

Figure 1. 1 Stacking of layers in 3D integration using TSVs [5].

1.2 Evolution and Advantages of 3D Integration Technology
As the heart of 3D integration technology, TSV was invented by the 1956 Nobel Laureate
in Physics, William Shockley, more than 50 years ago [6]. In 1982, General Electronics (GE)
started to investigate the possibilities of forming electrical interconnections through Si wafers for
NASA. The basic concepts and proposed technologies for 3D ICs were laid out by Akasaka and
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Hayashi during 1986-1990 [7, 8]. Later, Hayashi proposed fabrication of separate devices in
separate wafers, reduction in the thickness of the wafers, providing front and back leads and
connecting the thinned die to each other [9]. Since then, much R&D of 3D integration technology
has been done by National Projects and companies in the world.
It is considered that the interconnect delay problem can be relieved by creating the 3D
structures with reduced chip area. As the short interconnects (metal pillars in TSVs) replace the
large number of the long wire bonding needed in 2D structures, 3D integration will greatly
enhance the overall performance of logic circuits. The comparison for memory to logic
interconnections created using a current 2D interconnection scheme, a system-on-chip (SOC)
solution and a 3D integration solution using TSVs is shown in Figure 1.2. SOC is generally
referring to the integration of nearly all aspects of a system design on a single chip. Such chips
are often mixed signal and/or mixed technology designs, which include embedded DRAM, logic,
analog, RF, and so on. While this technology at first glance looks appealing, integration of such
disparate technologies on a single chip dramatically increases the chip area and increases long
global interconnect, which can lead to significant signal transmission delays. Since it takes
different process technologies to produce these different functions, the complexity of materials
and process issues is significant.
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Figure 1. 2 2D interconnect vs. SOC vs. 3D integrated circuits [3].

In 3D integration technology, device fabrication is achieved by means of full wafer
production of a specific function, such as embedded processors, digital signal processors (DSPs),
static random-access memory (SRAM), DRAM, and so on. All of these compartments are
thinned, aligned and vertically interconnected (chip to wafer or wafer to wafer) to create a
functional device. Thus, the 3D concept would allow integration of incompatible technologies,
and offer significant advantages in performance, functionality, and power efficiency. In some
sectors this has become known as heterogeneous integration, which is shown in Figure 1.2 (3D
stacked Si). Other technologies that could be conceivably included in the stack include antennas,
sensors, power management and power storage devices.
Greater system performance as well as faster device response can be achieved by
shortening the signal paths between Si die and chips. The power usage is also directly related to
the wire length, and keeping wire lengths short would help to keep power use down. One of the
concerns about 3D structures is heat removal, but the use of TSV reduces the overall wire length,
so that could reduce the heat generation to some extent.
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1.3 Electrodeposition of Copper in TSVs
Generally, formation of TSVs involves the following steps:
1) Via formation using deep reactive-ion etching (DRIE);
2) Deposition of dielectric using plasma enhanced chemical vapor deposition (PECVD);
3) Deposition of barrier and seed layer by physical vapor deposition (PVD);
4) Cu electroplating to fill the vias;
5) CMP of Cu overburden on the top surface;
6) TSV revealing.
This dissertation will be mainly focusing on the 4th step: Cu electroplating inside the vias.
Copper is known to be one of the most suitable materials for making device electrical
connections. It is highly conductive, easily available, relatively inexpensive and has large
resistance to electromigration which ensures higher stability. Copper can be deposited by
chemical vapor deposition (CVD), PVD, and electrodeposition. Although CVD processes have
been efficient in the deposition of copper in micrometer size trenches, use of organometallic
precursors can cause lower purity and higher resistivity in deposited copper, which may be a
significant drawback [10]. Also, these processes require low pressure and high temperature that
increase the processing costs. Typically, CVD processes are well suited for small-sized vias with
diameter up to 5 µm and aspect ratio up to 20 [11]. On the other hand, electrodeposition of copper
can be operated at or near room temperatures with lower processing costs in comparison to
existing CVD techniques.
In conventional electrodeposition systems, ions in the electrolyte solution (e.g. Cu2+,
Ni2+) are reduced to metallic form by an applied current through a cathode. The circuit is
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completed by means of using a sacrificial anode which is typically made of the same metal that
is being plated and dissolves proportionally as metal is deposited. Metal deposits into patterned
recesses (trenches and vias) on a wafer surface to create an array of electrical interconnections.
Electrodeposition replaced blanket deposition and patterning techniques that were used for
metallization when aluminum was prominent before 1998 [12].

1.4 Technical Challenges
Currently, TSV is the most advanced technology in 3D IC integration. There are two
approaches to vertical integration that have been adopted for 3D chip stacking: via middle or via
last. Of these two, the first one has gained more popularity and has become the preferred TSV
stacking method in the industry due to difficulties in handling and plating thin wafers required
for the second approach.
The formation of TSV interconnects involves creating vias in silicon followed by
sequential deposition of an insulator, a barrier layer, and a copper seed layer. One of the biggest
challenges faced when filling high aspect ratio vias with copper using the traditional copper
sulfate/sulfuric acid based electrolyte solution is to achieve high fill rates without forming
undesired voids or seams, while keeping the copper overburden to a minimum [13]. When filling
vias with high aspect ratios by applying a current along the copper seed layer, a concentration
gradient of copper ions develops along the depth of the via due to mass transport limitations [14].
As shown in Figure 1.3 and 1.4, this ion concentration gradient causes preferential deposition at
the mouth of via leading to a “pinch off” effect. Pinch off means the bottom of a blind via or the
middle of a through-hole via is closed to electrolyte solution before being completely filled with
copper. Furthermore, even in cases where full filling is achieved, the conformal nature of the
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deposition causes a seam to form where the deposition of the side walls meets in the center of the
via, which becomes a reliability concern for the electrical connection [15]. In an ideal process,
deposition will occur bottom up and no excess metal will be deposited in the regions outside the
vias (Figure 1.3).

Figure 1. 3 Challenges in traditional deposition process and illustration of ideal fill process for
TSV.
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Figure 1. 4 Sample SEM images showing pinch-off effect and consequent void formation inside
TSVs [16].

Because of these challenges, there is a persistent effort to develop new methods with
novel chemical formulations and optimized process parameters that offer reliable and defect free
fills along with faster fill speeds. Defect-free filling would ensure high quality, and the absence
of an overburden would translate into reduced chemical mechanical planarization (CMP) cost
[17]. These chemical formulations are designed to accelerate copper deposition at the via bottom
and suppress deposition at the via mouth. A void-free fill is typically accomplished by using
various additives in the electrodeposition solutions such as a leveler (e.g., thiourea,
benzotriazole), an accelerator (e.g., bis(sodiumsulfopropyl) disulfide, 3-mercapto-1propanesulfonic acid sodium salt) and a suppressor (e.g., polyethylene glycol, or PEG,
polypropylene glycol, shown in Figure 1.5) [18]. Some of these additives have significant
environment, safety, and health (ES&H) impacts. For example, thiourea is toxic with an oral
LD50 of 125 mg/kg (rat) and a health hazard rating of 3, and is suspected to cause cancer, while
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3-mercapto-1-propanesulfonic acid sodium salt is considered to be a hazardous substance
according to OSHA with a subcutaneous LD50 of 1500 mg/kg (mouse) [19, 20, 21]. Additive-free
deposition is preferable from both cost and quality perspectives since it results in lower
production cost and higher reliability of deposited copper.

Figure 1. 5 Commonly used additives for copper electrodeposition.

Figure 1. 6 Cost structure of 5×50 µm TSV [22].
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Further, as the technique for building 3D ICs has been qualified, the focus has been turned to
optimizing the cost of TSV technologies. Figure 1.6 shows the cost structure for vias with an
aspect ratio of 10 (5×50 m). It is worth noting that 35% of the cost is in the CMP processing
step. Moreover, application of CMP generates 6 L of waste slurry per wafer which contains 0.021% solids, 2-40 ppm Cu, various organic complexants and corrosion inhibitors [23]. All of these
wastes can cause severe ES&H impacts. Cost savings can be achieved by trying to eliminate
CMP processing through better control of the copper overburden. Thus, inherent bottom-up
filling is also financially advantageous.

1.5 Literature Review: Recent Work on Cu Electrodeposition in TSVs
Kondo et al. reported void-free filling of 10 µm diameter and 70 µm deep vias by using
sulfonated diallyl dimethyl ammonium chloride copolymer (SDDACC) in a conventional
electrodeposition bath containing chloride ions and bis(3-sulfopropyldisulfide) [24]. It was
suggested that V-shapes were formed in the via cross-section with SDDACC, which led to
bottom-up filling. In another study, Hayase et al. achieved bottom-up copper deposition in 0.2
µm wide and 1 µm deep trenches by using PEG and chloride ions in acid-sulfate solution [25].
The benefit of using ultrasonic agitation (27 kHz) over mechanical agitation in the void-free
filling of blind vias of diameter 4 µm and aspect ratio 3:1 was illustrated in a study by Chen et al.
[26]. The plating electrolyte comprised copper sulfate and sulfuric acid as well as several organic
additives including a suppressor, an accelerator, and a leveler in the concentrations of 10 mL/L,
7.5 mL/L, and 5 mL/L, respectively. When direct current was combined with mechanical
agitation, the fill showed voids, which were not present when ultrasonic agitation replaced
mechanical agitation. The superior fill with ultrasonic agitation was explained based on
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enhanced mass transfer inside the vias caused by sonication-induced cavitation and reduction in
the boundary layer thickness. Bottom-up copper filling of vias of diameter 8 µm and depth 56
µm was demonstrated in a 1.0 M CuSO4 and 0.5 M H2SO4 electrolyte solution containing
chloride ions and poloxamine (Tetronic 701) as a suppressor [27]. Bottom-up filling using
traditional methods relied on inhibition of metal deposition on the free surface and sidewalls, and
preferential deposition on the bottom via surface.
Through-hole plating is another technique that allows for bottom-up rather than
conformal filling of vias. However, through-hole plating requires the use of a sacrificial wafer
that essentially doubles the material costs. In cases where a conducting template and photoresists
are used, these layers must be removed after copper plating without damaging the wafer. Dow et
al. proposed a simplified new method for through silicon hole (TSH) filling, which did not
require the assembly and removal steps of a conducting template and the exposure and
development of the photoresist [28]. The process was based on thinning the wafer and forming
TSHs, which were coated with isolation, barrier, and seed layers and then filled with a plating
solution containing an organic additive. This additive was needed to plate copper preferentially
at the middle of the TSH and inhibit copper ion reduction at the hole opening. In experiments
performed by Dixit and Miao, electroplating rates of ~ 0.6 µm per min were achieved with TSH
plating in trenches with aspect ratios up to 15 [29]. However, this required the addition of an
accelerator and a leveler at 10 mL/L and 15 mL/L respectively. Additive-free chemical
formulations were not investigated in this study.
Pulse current deposition is an alternative method of achieving void free filling in high
aspect ratio structures. The pulsation of the current between positive and neutral or negative bias,
utilizes the concentration gradient caused by the applied current to shape the deposition and

35

create super conformal filling. Pulse current deposition, even in cases of conformal filling, are
generally accompanied by at least one additive. However, in a study by Hofmann et al. it was
shown that copper electroplating without additives produced a superior filling result compared to
cases in which two additives were used—an accelerator and a carrier at 0.1% and 2%
respectively [30]. The step coverage values (RSC, the ratio of copper thickness at the bottom wall
to that at the neck of the TSV) for 20 µm deep TSVs with and without additives were in the
range of 24–34 % and 47–73 %, respectively. The RSC were below 35 % for deeper (50 µm
depth) TSVs. Furthermore, Zhu et al. illustrated that the use of period pulse reverse (PPR)
current can produce void-free conformal deposition in blind vias with aspect ratios up to 5
without the addition of chemical additives, albeit with very low current densities (4–8 mA/cm2)
or deposition rates (0.1–0.2 µm/min) [31].
It can be noted from the previous studies that void-free filling of high aspect ratio vias is
a persistent challenge. In addition to the voiding issues, copper electrodeposition in vias is
subjected to several undesirable characteristics such as [32, 33]: i) long plating times or low
plating rates (particularly when filling deep and narrow vias); ii) excessive copper overburden
that requires time-consuming CMP and post-CMP cleaning processes and expensive consumable
utilization; and iii) instability in the process due to the use of large quantities of organic
additives, which leads to complex process control, monitoring, and moreover high process costs.
In order to overcome these drawbacks, we propose a novel approach to electroplate copper that
will enable void-free filling of high aspect ratio TSVs at significant deposition rates without
using extraneous additives. The proposed method is based on the concept of bottom-up filling by
flowing current from the back of the silicon wafer. The process is expected to uniformly deposit
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copper of excellent quality and minimize (or eliminate) the need of the CMP step that is
presently required to remove copper deposited outside the vias.

1.6 Scientific and Technical Impacts
The deposition of metals inside deep and narrow structures of other materials has a wide
range of applications. These include 3D IC integration as well as porous silicon-based nano or
microstructures filled with metals or conducting polymers with tunable and desired physical
properties for electroluminescent devices, ferromagnetic semiconductors, spintronics, and
sensing devices. Another application is in the integration of Microelectromechanical Systems
(MEMS) devices with Complementary Metal-Oxide-Semiconductor (CMOS) signal processing
circuits (considered to be quite challenging), which can accelerate the progress to achieving
“More than Moore” [34]. The benefits presented by 3D TSVs allow MEMS to meet the stringent
demands of budding applications such as wireless sensor networks, wearable sensors, personal
health monitoring, and consumer electronics. The important example selected for this project is
the fabrication of interconnects for all types of IC devices. TSV technology enables 3D
interconnects by creating the shortest vertical channels for integration of circuit components
from multiple heterogeneous dies such as logic, memory, analog, and radio frequency at various
nodes. It offers superior functionality and performance, power profile, space efficiencies, and
interconnect densities compared to wire bonding and flip chip 3D schemes. The need for a TSV
3D technology is driven by advanced smart phones, tablets, multi-core CPUs, and other
applications that require high bandwidth between memory and logic—such as networking,
graphics, mobile communications, and computing. The bottleneck in the process flow of TSVs,
as mentioned earlier, is the via filling step, which prevents a wide adaptation of the TSV
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technology and significantly impacts the overall integration cost. This proposed research offers
an innovative solution by allowing bottom-up filling of high aspect ratio vias at high
throughputs. This technique is based on a new concept of back-side electrochemical oxidation of
silicon and subsequent chemical etching of SiO2 to prevent passivation of the surface and
achieve a continuous process. The electrons generated in the electrochemical step are transported
through the silicon substrate and accepted by the copper ions in the vias, and with sidewalls
covered with barrier/dielectric layers this enables a superfill growth of copper. This project
allows fundamental investigations of the physical, chemical, and electrochemical mechanisms
that drive the proposed electrodeposition process and unveil the role of various solution and
sound field parameters that directly impact the electrodeposition rates, fill modes, morphology,
and mechanical and chemical properties of the deposited copper and other metals. In general, the
proposed method for deposition of metals in semiconductor substrates serves as an example and
a trend setter for adopting processes that combine a significant gain in both process performance
and environmental impact of the manufacturing. While the main motivation for this novel
development is resolving key technical bottlenecks in the conventional metal deposition
methods, the proposed new process has equally impressive gain in several critical environmental
fronts (such as lowering the demand for CMP and its high rate of material and energy usage and
waste generation, as well as reducing the usage of organic compounds of environmental
concern). It is expected that the success of the project will be a major advancement in the science
and technology of through silicon vias for 3D IC applications, and will expand the use of the
proposed process in semiconductor devices not only for entertainment, network and
communication products but also for military, aviation, automotive, and many other applications.
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1.7 Other Applications of the Contactless Electrochemical Process
Efforts have been made to extend the use of the contactless technique to other
utilizations. One of the possible applications is to form porous silicon materials, which is
originating from non-uniform dissolution of silicon in HF containing solutions, and has
fascinated many with its distinct properties such as pronounced biocompatibility and optical and
electrical characteristics [35, 36, 37]. These diverse properties allow various applications in solar
cells [38, 39, 40, 41, 42, 43], fuel cells [44], biology [45], nanoenergetics [46], MEMS [47], sensors [48],
and photonic crystals [49]. The occurrence of porous silicon was first observed by Uhlir and
Turner in the late 1950’s during electropolishing of silicon in aqueous hydrofluoric acid [50, 51].
Since then, there have been extensive studies to understand the mechanisms of porous silicon
formation [46]. Despite significant interest, the exact mechanism of porous silicon formation is
still in dispute.
There are several theories that attempt to explain plausible mechanisms for porous silicon
formation. Unagami postulated that a hindrance layer composed of silicic acid was formed
during anodization, which ensured local dissolution of silicon only at the pore tips [52]. Smith et
al. developed a model based on diffusion limited aggregation mechanism and suggested that the
growth rate of branched pores depends on the diffusion of holes through the space charge layer
to the surface sites where the dissolution reaction occurs [53]. Later, Zhang et al. illustrated that
the conditions for porous silicon formation were largely dependent on the nature of
electrochemical reactions [54]. Further, Parkhutik et al. concluded that the bottom of the pores
was covered by a virtual passive film whose growth and dissolution rates were determined by the
electric field strength, and pore formation was a result of continuous dissolution of this layer [55].
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The characteristics of porous films are affected by the properties of silicon (dopant type,
resistivity, and orientation), composition of the electrolyte solution (HF concentration and use of
oxidizing and wetting agents such as organic solvents and surfactants) and external parameters
such as current density, solution temperature, pH and illumination of the substrate [56]. Lehmann
et al. demonstrated the dependence of macropore morphology on substrate doping density, HF
concentration and applied current density for p-type silicon electrodes via electrochemical
anodization in aqueous HF solution [57]. Based on the results, it was concluded that the organic
solvents play no major role in the silicon dissolution reaction as macropore formation was
observed in pure aqueous HF solution at a current density of 40 mA/cm2. A decrease in pore
diameter as well as pore wall thickness was noted with decrease in the substrate resistivity (2100 Ω-cm). The pore depth was found to be roughly proportional to the applied current density
(3-30 mA/cm2) for a constant anodization time. Increasing HF concentration from 10 to 30%
replaced macropore with micropore formation on p-type silicon substrate.
Effect of solution composition on porous silicon formation has been investigated by
many researchers. Lust and Levy-Clement conducted a systematic study to understand the role
played by organic solvents in macropore formation [58]. Their results revealed that organic
solvents such as dimethyl formamide (DMF), dimethyl sulfoxide (DMSO), acetonitrile (ACN)
and propylene carbonate (PC) preferably form macropores on medium doped Si. Aqueous HF
and ethanol-HF mixtures were shown to favor nanopore formation. In another study, Ogata et al.
conducted experiments under different conditions of oxidizing agents (KMnO4 and HNO3 +
H2O2) and surfactants (NCW-1001 and sodium lauryl sulfate) and concluded that the type of
surfactant was not a critical factor in formation of porous films but ensured a good infiltration of
solution inside the pores, thus improving the electrolytic etching of silicon in hydrofluoric acid
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[59]. They were also able to increase pore size and reduce branching of pores by increasing
current density. In addition, with the decrease in HF concentration, pore widening was observed.
Chao et al. investigated the effect of different types of surfactants such as sodium ndodecyl sulfate (SDS), 4-(1,1,3,3-Tetramethylbutyl) phenyl-polyethylene glycol (Triton X-100)
and cetyltrimethylammonium chloride (CTAC) on the anodization of p-type silicon and showed
that deep macropores with thick pore walls and straight channels were formed with CTAC [60].
In the case of SDS or Triton X-100 containing solutions, randomly oriented macropores with
thin pore walls were formed. O’Halloran et al. illustrated that the structure of the porous layer
prepared in HF aqueous solutions containing Triton X-100 was highly homogeneous and pores
were evenly distributed with pore diameters ranging around 5 nm or less [61].
Traditionally, the most commonly used method to prepare porous silicon is by anodic
(electrochemical) etching in HF-based solutions using silicon as an electrode [37]. By employing
a suitable design and geometry of the silicon sample assembly, radially symmetric graded porous
silicon with a morphological gradient was formed through simultaneous oxidation and reduction
reactions at silicon–solution interfaces using the contactless electrochemical method. Graded
porous silicon is of significant and growing interest in applications related to gradient-index
optics, biomaterials, sensors and bioadhesion research [62, 63, 64]. We have successfully
investigated the effect of various electrochemical, solution and substrate parameters on regular
and graded porous silicon formation in the contactless process, and established correlations
between processing variables and surface characteristics such as porosity, pore diameter and
depth.
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1.8 Research Objectives and Method of Approach
In order to develop an effective electrodeposition process, it is important to conduct a
systematic scientific study that involves fundamental investigation of the effects of various
process parameters on deposition characteristics. Therefore, the overall objective of this work is
to develop a bottom-up approach of metal electroplating that will enable void-free filling of high
aspect ratio TSVs at significant deposition rates while minimizing metal overburden without the
use of extraneous additives, and to determine and generate the optimized conditions for the
proposed method. The proposed work will include both experimental and theoretical
components.
The electrodeposition of a metal inside deep and narrow structures of another material is
much more complicated than blanket surfaces, since it involves a competitive combination of
metal transport by various mechanisms simultaneously with surface interactions, where all of
these will be influenced by charge effects and the externally applied or internally generated
electrical fields. A schematic of the set-up illustrating the proposed electrodeposition process is
shown in Figure 1.7. Setup of the proposed method consists of a reactor with two chambers. A
silicon wafer with vias is placed and sealed between the two chambers. The sidewalls of vias
have an insulating layer and a barrier lining. Only the bottom of each via has a Ni seed layer
applied using a galvanic displacement technique [65,66]. The regions outside the vias are covered
with silicon dioxide or silicon nitride to prevent electrodeposition of copper in these areas. The
front side of the wafer—the via side—is in contact with a copper sulfate/sulfuric acid solution
with a copper anode immersed in the bath. The backside of the wafer is in contact with a SiO2
etchant solution (e.g. diluted HF) with an immersed Pt mesh or graphite cathode. Silicon in
contact with the etchant solution undergoes two-step dissolution, the first being electrochemical
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oxidation to SiO2 (see reaction R1) and the second involving chemical etching of SiO2 (see
reaction R2) [67,68].

Si + 2H2O = SiO2 + H2 + 2H+ + 2e-

(R1)

SiO2 + etchant (alkali/acid) = H+ + (Si-etchant complex)- + H2O

(R2)

(e.g. SiO2 + 6HF = 2H+ + SiF62- + 2H2O in HF solution or SiO2 + 4OH- = SiO44- + 2H2O in
alkaline solution)

Platinum mesh/
graphite cathode

Wafer back side

Hg/Hg2SO4
Reference
electrode

Sacrificial
copper anode

Deposition Side

Etchant Side

0.5”
Si + etchant
= H2 + 3H+ + (Si-etchant complex)+ 2e-

2H+(aq.)+2e-H2(g)

Cu2+(aq)+2e-Cu(s)
Cu(s)Cu2+(aq.)+2e-

Potentiostat
(-)

(+)

Figure 1. 7 Schematic of the reactor for “bottom-up” copper electrodeposition.

The electrons at the silicon/etchant solution interface resulting from the first reaction are
conducted through the bulk of silicon wafer to be consumed at the interface between the bottom
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of vias and the aqueous copper sulfate solution. At this later interface, copper ions are reduced
and deposited on the seed layer. Since only the bottom of the vias is not coated with a dielectric,
deposition will occur at the bottom of the features but not on the via sides or outside the via
features; thereby ensuring a bottom-up fill process. This will prevent the formation of voids or
seams because the driving force for the reaction is provided through the wafer rather than along a
seed layer on the surface of the sample, as is typically the case in a traditional electro-deposition
process. To maintain overall charge neutrality in the etchant solution, H+ reduction occurs on a
Pt mesh cathode immersed in this solution. Further, as the copper ions are reduced, the
deposition solution is depleted of positive charges. The copper ions are replenished through
dissolution from the copper anode to which a constant potential or current is applied.
The primary task involved experimental work to achieve more uniform copper deposition
and higher electrodeposition rates with minimum concentrations of copper sulfate, using blanket
silicon wafers pre-coated using a sputter deposition process with Ti/Cu or Ti/Ni adhesion/seed
layers of varying thicknesses. Using the proposed electrochemical approach, deposition of
copper on the seed layer will be carried out under various conditions. Experimental variables
under stirring and flow/no flow conditions include: the magnitude of anodic and cathodic bias,
applied current density, composition of copper sulfate/sulfuric acid mixtures, etchant solution
type and dilution, pH of the etchant solution, solution temperatures, type of seed layer with
varying thickness, and conductivity of silicon wafer. All these variables would affect deposition
rates as well as the uniformity of metal deposition. Agitation or convection should lower the
copper concentration gradient and increase the mass transport of copper ions. Solution
temperature, pH, and the type and chemical composition of the etching solution will be key
variables in the electrodeposition process. These parameters will significantly affect the kinetics
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of the silicon oxidation and subsequent etching, which is pivotal to the proposed
electrodeposition approach. For example, when using 3 wt.% and 49 wt.% HF as the etchant
solution, it was observed that the maximum achievable current density was affected by the
concentration and temperature (in the 20–60C range investigated) of both etchant and
deposition solutions. Although Ti (or titanium silicide formed post annealing) or Cu or Ni has
good conductivity, the film or interface resistances due to thinness may become comparable to
the activation overpotential and the ohmic drop in the electrolyte. Since the current flows
through the wafer in the proposed process, the conductivity and homogeneity of silicon and
adhesion and seed layers may influence the deposition uniformity and rates. Optimum
thicknesses of adhesion and seed layers will be determined for most effective and favorable
performance of the electrochemical process. Electroplating rates of copper were computed from
the current density and verified by profilometry or mass measurements.
The morphology, crystallographic orientation (111, 200, 220, 311), microstructure (grain
size/shape and grain boundary characteristics), and chemical properties of the electroplated
copper at various stages of deposition were measured using techniques such as atomic force
microscopy (AFM), X-ray diffraction, and SEM. Roughness and non-uniformity in grain sizes
can result in structural defects and affect the strength and resistivity of the plated copper films.
Crystal orientation plays an important role in determining the electrical migration of copper. For
example, the ability to resist electromigration is higher for the Cu (111) orientation compared to
that of the Cu (200) orientation and therefore Cu (111) reduces the reliability concern for TSVs.
Since electromigration involves atomic diffusion, typically along the grain boundaries instead of
through the grain bulk, the electromigration lifetime depends strongly on grain size distribution.
Increasing current densities can promote the formation of nuclei instead of crystal growth
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thereby producing smaller grain sizes and higher hardness (Hall-Petch effect), until a peak
hardness value is reached when the grain size is refined up to the nanometer range. The effect of
current densities, type and thickness of the seed layers, and electrochemical and solution
parameters on the microstructure characteristics of the electroplated copper were investigated
and correlations were established between the quality of the deposited copper films and the
process variables. By controlling variables such as current density, applied bias, solution
temperature, and composition, copper films with varying characteristics can be deposited. This
will improve the possibility of tailoring the mechanical properties of electroplated copper and its
adhesion to the seed layer to ensure adequate TSV reliability for commercialization of 3D
technology. The preferred conditions were used to guide the deposition of copper in silicon vias
on patterned wafers. Parameters such as bulk copper ion concentration and applied current
density could significantly affect the diffusional mass transport of copper ions especially in deep
and narrow vias.

Table 1. 1 Effect of mechanical agitation, electrochemical, and solution parameters on
deposition characteristics.
Process Variables

Primary Effect on Deposition Characteristics

Agitation or convection using mechanical

Electroplating rates and quality of fill

force
Etchant solution composition, temperature Electroplating rates
and pH, conductivity of silicon wafer and
doping type
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Composition and temperature of the

Electroplating rates and quality of fill

deposition solution
Applied current/potential

Electroplating rates and quality of fill

Thickness and uniformity of adhesion and

Quality of fill

seed layers
Via shape and dimension

Quality of fill

Table 1.1 summarizes key process variables that will be used to modulate the copper
electrodeposition rates and the fill quality. It is expected that parameters such as mechanical
agitation, etching and deposition solution conditions, and applied current density are likely to
have the greatest impact on deposition characteristics. The structure can be created by
sequentially depositing a dielectric by CVD, forming a via through silicon using deep reactive
ion etching (Bosch process), coating a dielectric and barrier layer on the via sidewalls through
deposition and subsequent anisotropic etching steps, and depositing nickel (nickel silicide postannealing) on exposed silicon by a galvanic displacement technique.
A process model was also developed to simulate the TSV copper filling process in both
conventional and proposed contactless method for electrodeposition under additive-free
conditions, using COMSOL® Multiphysics Modeling Software. Electrochemical measurements
were employed and integrated in the development of the comprehensive process simulator. The
experimental data not only provided the necessary parameters for the model but also validated
the simulation accuracy. The two simulations will allow for a comparison of the respective
concentration profiles and copper diffusion, and the model was useful in the analysis of
experimental data with the goal of selecting and optimizing the operational parameters to achieve
high-quality fillings with desired deposition rates.
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Efforts were also directed towards electrodeposition of other metals such as nickel under
conditions identified to be the best suitable for deposition of copper. Although the bulk
resistivity of nickel is about 3 – 4 times higher than that of copper, the resistance of electroplated
nickel would be much lower than other resistances involved (doped silicon, adhesion/seed layers,
and solution) during the deposition process. Although copper has better thermal and electrical
properties, its coefficient of thermal expansion (CTE) is a few times higher than that of silicon.
This results in large local thermal expansion mismatch between the copper and the
silicon/dielectric when copper filled TSVs are subjected to high temperature loadings, and
creates considerable stresses that may cause delamination between the interfaces. Moreover,
copper must be isolated from the bulk silicon and dielectric materials (i.e. silicon dioxide) by a
diffusion barrier to prevent poisoning. Semiconductor grade silicon is so sensitive to copper
poisoning that nearly all fabrication centers have non-copper dedicated areas in which nothing
that has contacted copper is permitted. Nickel has a lower conductivity than that of copper, but
does not require a diffusion barrier to prevent poisoning of the substrate and exhibits a similar
electroplating efficiency. The advantage of the proposed process is that it should allow for
bottom-up filling of vias independent of the metal deposited as long as the driving mechanism is
based on silicon oxidation and subsequent etching of the oxide. The concentration of different
chemical species in the deposition solution and other operating parameters such as temperature
and pH were controlled to tailor the properties of the electroplated nickel. Close control of the
main constituents and operating conditions were maintained to produce consistent and known
properties of the electroplated nickel. Achieving effective electrodeposition of nickel at rates and
fill quality superior or equal to that of copper would expand the use of the proposed processing
technology for plating of metals to applications beyond 3D ICs.
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Towards the end of the project, we were able to extend the contactless electrochemical
technique to fabricate porous silicon by modifying the experimental setup. Formation of pores
with different diameters, depth and porosity were achieved in p- or n-type (100) silicon of
different resistivity. This work provides a novel means of generating porous silicon using a
technique where the silicon substrate is not an electrode and does not need to be under an
external anodic bias. The results of this study are intriguing as they are contrary to the general
understanding of the requirement of electrochemical anodization of the Si (by application of a
potential) for pore formation [36]. The main advantage of this technique is that it is scalable since
the only contact of the silicon substrate is that with the solutions on the two sides.
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CHAPTER 2. COPPER ELECTRODEPOSITION IN
THROUGH SILICON VIAS

2.1 Copper Electrodeposition onto Blanket Silicon Wafers
In this section, the proposed electrochemical method for electrodeposition of copper onto
blanket silicon wafers has been investigated. The deposition approach involves two chemical
systems which are separated by a silicon wafer. The deposition solution is typical, but on the
opposite side of the wafer is an etching solution of hydrofluoric acid (dilute HF). Since the
electrochemical cell set-up is different from the traditional electroplating, where the silicon wafer
is neither serving as an electrode, nor being connected by any wires, we also call it “contactless”
technique. The system successfully deposits copper. Electrochemical oxidation and chemical
etching of the silicon substrate are shown to be integral steps in this process. Deposition
parameters such as applied current density, deposition solution composition, concentration of
each species in the solution and supporting electrolyte were examined and optimized to achieve
high deposition rates as well as homogenous deposition of copper.

2.1.1 Materials and Experimental Procedures
De-ionized (DI) water of 18 M Ω-cm resistivity was used in the preparation of solutions
and for rinsing the samples. Semiconductor grade isopropyl alcohol (99.9 vol%) was purchased
from Sigma-Aldrich. Very-large-scale-integration (VLSI) grade hydrochloric acid (36 wt%) was
procured from Cole–Parmer and sulfuric acid (98 wt%) was purchased from Honeywell Inc.
Copper sulfate pentahydrate (>99%) powder was obtained from Acros Organics. The samples
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used for deposition were boron doped silicon wafers (5e14–8e14 atoms/cm3), with a 5 nm layer of
titanium (for adhesion) and a 500 nm layer of nickel on the surface. Copper bar (99.9%, FisherScientific) was used as the sacrificial working electrode. Platinum mesh (99.99%, Alfa-Aesar) of
size 50×50 mm2 was used as the counter electrode. A standard mercury–mercurous sulfate
(Hg/Hg2SO4) electrode was used as the reference when current or potential was applied with the
Gamry interface 1000. Electrodeposition experiments were conducted by means of a Gamry
Interface 1000 potentiostat with a current range of ±1 A and maximum potential of 20 V. The
chronoamperometry/ chronopotentiometry modules were used to apply a constant potential or
current and measure the corresponding current or potential as a function of time. For applying
currents greater than 1 A, a current generator from B&K Precision Corporation (current limit of
5 A) was used to apply direct current to the system and potential was monitored. The
experiments were typically conducted for a time period of 2 h and images of the deposited
copper were taken using a scanning electron microscope (SEM) to assess the uniformity of the
copper. The deposition rate was indirectly ascertained by delaminating the deposited copper film
and measuring its mass. About 200 mL of the deposition solution was used for the experiments.
The effective area of the sample exposed was about 23 cm2.
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Figure 2. 1 Schematic of the electrochemical cell.

The study uses a cell, shown in Figure 2.1, where the front side (Ti/Ni) of the sample is
exposed to a solution of copper sulfate and sulfuric acid with a sacrificial copper anode
immersed in it. The contact on the back side of the wafer was made using a HF based aqueous
solution. The electrons generated by electrochemical oxidation of silicon on the back side of the
wafer are transported to the front side where cupric ions from the solution accept them and
deposit on to the surface.

2.1.2 Results and Discussion
In this study several parameters were investigated to understand the performance of this
new deposition technique. The temperature of the deposition solution was increased in an effort
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to provide conditions for a sustainable reaction, and increased solubility of copper salt. In an
effort to demonstrate this system’s commercially viability, the rate of copper deposition was then
increased by applying greater currents. Finally, the concentrations of copper sulfate and sulfuric
acid in the deposition solution were varied to improve the uniformity of the deposited copper.

2.1.2.1 Effect of Temperature
Figure 2.2 shows the current density as a function of deposition time for an overpotential
of about 0.25 V for two different solution temperatures of 25 and 65 °C. The deposition solution
consisted of 0.5 M copper sulfate and 2.8 M sulfuric acid. At the lower solution temperature of
25 °C, a steady decrease in current density was observed with time. This could possibly be due to
a lower diffusivity of copper at room temperature. This decrease continued over the course of 2 h
of measurement until the current, and therefore the deposition rate, was nearly zero. With a lower
diffusivity, it will take longer for copper ions to transport through the boundary layer and deposit
on to the sample surface. If this diffusion takes place too slowly, then as copper deposits onto the
surface of the sample a steeper concentration gradient will be established in the region right next
to the sample. This means that copper will become depleted in the boundary layer and as the
concentration goes down, the deposition will become more and more difficult. This causes the
deposition rate to fall. When the solution is heated to 65 °C, the drop-in current is significantly
reduced and the current remains almost constant during 2 h of experimental time. This effect
may be explained by an increase in the copper diffusivity. As the temperature increases from 25
to 65 °C the diffusion coefficient of cupric ions in solution increases by about 2.5 times [69]. This
means that it will be much easier for the diffusion of copper to keep pace with the deposition of
copper. Increasing the solution temperature eliminates the problem of copper depletion that leads
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to a drop in current, and deposition rate. The slight decrease that is still observed with higher
temperature solutions can most likely be attributed to evaporation of the solutions decreasing the
reaction area.

Figure 2. 2 Current density versus deposition time for experiments conducted at solution
temperature of 25 °C and 65 °C.

2.1.2.2 Effect of Current Density
Figure 2.3 shows the relationship between the theoretical deposition rate obtained from
applied current density and the actual copper deposition rate based on mass measurements. The
theoretical deposition rate of copper can be calculated from the applied current density using the
following equation:
µ𝑚

𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝐷𝑒𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑅𝑎𝑡𝑒 (𝑚𝑖𝑛) = 6 × 106 𝐽 × 𝑀/(𝑛 × 𝐹 × 𝜌)
Where J is the current density (A/m2), M is the molecular weight (for copper it is 64
g/m3), n is the transferred electrons in the redox reaction (here is 2), F is the Faraday Constant
(96485.33 C/mol) and ρ is the density of deposited metal (8.96*106 g/m3).
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The actual deposition rate was computed from the mass measurements for the deposited
films using the following equation:
µ𝑚

𝐴𝑐𝑡𝑢𝑎𝑙 𝐷𝑒𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑅𝑎𝑡𝑒 (𝑚𝑖𝑛) = 106 𝑚/(𝜌 × 𝐴 × 𝑡)
Where m is the measured mass of deposited film (g), A is the surface area of the sample
(2.3*10-2 m2) and t is the deposition time (min).
The actual copper deposition rate increases from 0.72 to 0.88 µm/min with an increase in
current density from 30 to 35 mA/cm2. There is a very steady relationship between the current
density and copper deposition rate suggesting that nearly all of the current measured corresponds
to copper deposition taking place. The actual deposition rate was computed from the mass
measurements while the theoretical deposition rate was calculated from the applied current
density using Faraday’s Law. These two values match each other by over 99%. This means that
the system is very efficient and practically no power is being wasted.

Figure 2. 3 Comparison between actual deposition rate and theoretical deposition rate for 2-hour
of deposition time.
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Figure 2. 4 SEM images of deposited copper at different current densities. Magnification is 50x
(top) and 200x (bottom). Deposition was performed for 2 h with a deposition solution containing
3 M H2SO4 and 0.5 M CuSO4. Solutions were heated up to approximately 65 °C.

One of the objectives of this project was to increase the current density and therefore the
copper deposition rate. While copper deposited at slower rates looked smooth and uniform, the
deposition at rates above 1 µm/min was found to be very porous, resembling an agglomeration of
particles rather than a continuous film. The effect was more pronounced at higher current
densities as can be seen in Figure 2.4. Figure 2.4 a and d show that at two different
magnifications of 50x and 200x, the surface of the copper deposited with a current density of 39
mA/cm2 corresponding to deposition rates of 0.85 µm/min. The surface is shown to be uniform
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and non-porous. Figure 2.4 b and e show the copper surface deposited at a higher current density
of 108 mA/cm2. These images show that copper is very non-uniform and exhibits a structure of
large nodules.
Figure 2.4 c and f show copper deposited using a current density of 207 mA/cm2. These
images, again, show the nodular structure in the copper. The reason for this could be the
diffusion limitation of cupric ions in the boundary layer. The boundary layer exists between the
wafer surface and the bulk electrolyte solution. When copper deposits on the wafer the copper
ions near the wafer surface are depleted. Because of this a concentration gradient is established
within the boundary layer. The thickness of the boundary layer depends on the diffusion
coefficient of the cupric ions and their concentration in the bulk solution. The seed layer onto
which the copper deposits is not perfectly uniform on a microscopic scale. Tiny protrusions may
be present which extend into the boundary layer. A protrusion higher than the surface reaches a
region in the boundary layer with a slightly higher concentration of copper ions. This means that
more dissolved copper is available to deposit on these spots and current will flow there
preferentially. Non-uniform deposition of the copper is what likely causes the formation of the
nodules that are shown in Figure 2.4 b, c, e and f. The effect is more pronounced at higher
deposition rates. When the current density is higher copper is depositing faster, but since the bulk
concentration and diffusion coefficient of cupric ions are unchanged the concentration gradient
in the boundary layer becomes larger.
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2.1.2.3 Effect of Sulfuric Acid Concentration

Figure 2. 5 SEM images at 50x magnification of copper deposited at different current densities
(a and c – 39 mA/cm2, b and d –108 mA/cm2) with different H2SO4 concentrations (a and b –
3 M, c and d – 0.2 M). Deposition was performed for 2 h with a deposition solution with 0.5 M
CuSO4. Solutions were heated up to approximately 65 °C.

The concentration of sulfuric acid in the plating solution was reduced to determine its
effect on deposition uniformity. It was found that a change in concentration from 3 M to 0.2 M
slightly improved the quality of deposited copper. Figure 2.5 a shows the deposited copper at a
current density of 39 mA/cm2 using about 3 M sulfuric acid and Figure 2.5 c shows that with the
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concentration reduced to 0.2 M, the copper becomes slightly more uniform. Figure 2.5 b and d
show the same sulfuric acid concentration comparison with a current density of 108 mA/cm2.
In Figure 2.5 d, with 0.2 M H2SO4, one can notice that the deposited copper is less non-uniform.
The purpose of the sulfuric acid in the solution is to increase conductivity. It may also contribute
to the non-uniformity in the deposited copper if present in excessive concentration. At higher
concentrations of sulfuric acid, the redox potential for H+ reduction will decrease, which will
cause hydrogen liberation at the wafer surface thereby contributing to increased non-uniformity
or porosity in the deposited copper. Therefore, in the subsequent experiments, the concentration
of sulfuric acid was reduced to 0.2 M. It may also be noted that copper sulfate solubility in water
decreases with increase in sulfuric acid concentration. The decrease is as much as 35% with an
increase in H2SO4 concentration from 0.25 to 3 M at 65 °C [70]. This may have an adverse effect
when higher concentrations of copper sulfate are needed for more uniform deposition as will be
observed from the results in the next section.
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2.1.2.4 Effect of Copper Sulfate Concentration

Figure 2. 6 SEM images of deposited copper with different concentrations of CuSO4.
Magnification is 50x (top), 200x (middle), and 1000x (bottom). Deposition was performed for
2 h with an applied current density of 108 mA/cm2 (2.5 A) and a deposition solution with 0.2 M
H2SO4. Solutions were heated up to approximately 65 °C.
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In an effort to improve the quality of copper at higher deposition rates, the concentration
of copper sulfate in the deposition solution was varied. It was found that increasing the
concentration of copper sulfate from 0.5 M to 1 M greatly increased the uniformity of the
deposition, as shown in Figure 2.6. Figure 2.6 a, d, and g show the large nodules of copper
formed with 0.5 M copper sulfate at a current density of 108 mA/cm2. Figure 2.6 b, e, and h
show the images of deposited copper surface when copper sulfate concentration had been
increased to 1 M. This difference in the structure of the deposited copper is caused by the
diffusion of copper in the boundary layer. With a higher concentration of copper ions in solution
the concentration gradient is steeper which causes the rate of diffusion to be faster, and the
boundary layer to be smaller. When a protrusion in the deposition layer reaches into the
boundary layer the difference in copper concentration there and at the surface will not be as
large, which means the copper will deposit more evenly.
It was also found that further increasing the concentration of copper sulfate did not have
much effect. Figure 2.6 c, f, and i show that the copper deposited with 1.5 M concentration look
similar to that deposited with 1 M concentration at the same deposition rate. This likely means
that for this deposition rate, 2.4 µm/min, there is a certain concentration of copper that allows the
diffusion rate to keep pace with the deposition, and prevent the boundary layer from becoming
too large. Beyond that point increasing the concentration has minimal benefit. As the current
density was increased from 108 to 207 mA/cm2, increasing the concentration of copper sulfate
did not make the copper uniform (data not shown). At a deposition rate of 4.5 µm/min, the
highest copper sulfate concentration achievable, around 2.75 M at 65 °C, is too low to keep the
boundary layer small enough for a uniform deposition.
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2.1.3 Conclusions
We have successfully demonstrated the effect of various experimental variables such as
current density, solution temperature, sulfuric acid, and copper sulfate concentration on
deposition rate and quality of electroplated copper using a contactless electrodeposition method.
Increasing the temperature of the deposition solution was found to be critical in achieving stable
and high values of current densities. Decreasing sulfuric acid concentrations from 3 to 0.2 M and
increasing copper sulfate concentrations from 0.5 to 1.5 M allowed a deposition rate as high as
2.4 μm/min (calculated by mass) with the deposited copper showing a high level of uniformity as
indicated from SEM images. The results show that the operational parameters, particularly
solution temperature and copper sulfate concentration, have significant effect on the rate and the
quality of the deposited copper, and therefore, can potentially provide the performance required
in state-of-the-art high-volume manufacturing without some of the key shortcomings of the
conventional techniques. Continued work is planned to gather more date and evelop techniques
for a comprehensive optimization of these key operational parameters.

62

2.2 Ni Electrodeposition on Blanket Si Wafers
As mentioned earlier, copper is the most common metal in back end metallization.
However, copper must be isolated from the bulk silicon and dielectric materials by a diffusion
barrier to prevent poisoning [71]. Semiconductor grade silicon is so sensitive to copper poisoning
that nearly all fabrication centers have non-copper dedicated areas in which nothing that has
contacted copper is permitted. Nickel has a lower conductivity than copper, but does not require
a diffusion barrier to prevent poisoning of the substrate and exhibits a similar electroplating
efficiency [72]. In this section, the contactless electrodeposition technique was used to deposit
bulk metallic nickel and accompanying factors that affect the rate of deposition are discussed.

Table 2. 1 Possible reaction schemes during the Ni electrodeposition process [73, 74, 75, 76].
Nickel Electrodeposition

Hydrogen evolution reaction

Ni2+ + X-  NiX+

H+ + e-  Hads

NiX+ + e-  NiXads

Hads + H+ + e-  H2

NiXads + e-  Ni + X-

2Hads  H2

Nickel hydroxide precipitation

Water oxidation

Ni2+ + 2 OH-  Ni (OH)2

2H2O  O2 + 4H+ + 4e2H2O  H2O2 + 2H+ + 2e-

Conventional methods of depositing nickel include the use of acidic solutions containing
either sulfates or chlorides of nickel [72, 77, 78, 79, 80, 81]. Nickel is known to deposit by the
following mechanism as shown in Table 2.1 (where X-/2- denotes OH-, SO42- or Cl-), where
nickel (in the form of a complex) is adsorbed onto the surface and eventually undergoes
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reduction [81]. From Tafel characterization, the deposition reaction has been observed to occur by
transfer of two electrons (slope = 120 mV/decade), justifying the reaction mechanism. Other
accompanying reactions (hydrogen evolution) may occur depending on the applied potential [82].
Factors that affect the efficiency of the process such as stirring, occurrence of secondary
reactions, disparity in bulk and surface conditions have been studied for years. Since, the process
is carried out under acidic conditions (pH ~ 2), the possibility of a competing hydrogen evolution
reaction (HER) also arises. Studies show that reduction of nickel ions occurs at further negative
potentials in comparison to reduction of protons [77], which makes it critical to lower H+
reduction either by reducing the adsorption of protons or by using a deposition solution which is
relatively less acidic. Reproducibility of nickel deposition results has been reported to be the best
in the pH range of 3.3 to 4.5, because at further lower pH, significant current is used up in HER,
which lowers the current efficiency. As the H+ at the surface is consumed, a concentration
gradient is developed between the surface and bulk, which results in an increase in the surface
pH [83]. Researchers have proposed the use of boric acid to subdue the HER to prevent localized
pH variation [84]. Uniformity of the deposited nickel is expected to improve in the presence of
stirring as it ensures uniform concentration of H+ in the vicinity of the wafer.
With hydrofluoric acid as the silicon dioxide etching agent in their contactless bottom-up
electrodeposition process for copper, Patterson et al. described an increasing resistance with time
in the system eventually leading to total passivation at the voltage limit of their potentiostat [67].
A similar passivation effect has been observed by Knotter [85] in his publication on the etching
mechanism of silicon dioxide, however this was with n-type doped silicon. Since the silicon
samples used in experiments by Patterson et al. were p-type (100) doped it was concluded that
porous silicon formation, like what observed by Uhlir [41] in germanium and silicon
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electrochemical etching, was a more likely culprit for passivation. In this publication no attempt
is made to study the increase in resistance as deposition progresses, but the effect is mitigated by
shortening deposition time, increasing potential and current limits, and heating solutions during
deposition.
Electrodeposition for metallization is comprised of fairly well understood phenomena,
however because the contactless technique used in this publication requires the continuous
oxidation of silicon and etching of oxide [86] to complete the current circuit, the system is much
more complex. In the earlier session of this chapter, the effect of different solution parameters
like temperature, copper sulfate concentration and sulfuric acid concentration on the deposition
of copper were investigated. The emphasis of this work has been on nickel deposition and
parameters affecting the process. The first part of this section discusses in detail about the
process of nickel deposition while the second part focusses on the fundamental investigations of
the factors affecting the rate of deposition.

2.2.1 Materials and Methods
De-ionized (DI) water of 18 MΩ-cm resistivity was used in the preparation of solutions
and for rinsing of the samples. VLSI grade isopropyl alcohol (99 vol%) and hydrofluoric acid
(49 wt%) were obtained from Honeywell Inc. Hydrochloric acid (36 wt%), sodium fluoride
(>99%) and boric acid (>99%) were purchased from Fisher Scientific Inc. Nickel sulfate
hexahydrate (99%) was procured from Sigma Aldrich. The samples used for deposition were ptype Si (110) wafers (5e14-8e14 B atoms/cm3), with a 5-nm titanium adhesion layer and a 500 nm
nickel seed layer on the surface. Nickel plate (99.5%) with dimensions of 50 mm x 50 mm x 6.35
mm was used as the sacrificial working electrode. Platinum mesh (99.9%) of size 50 x 50 mm
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was used as the counter electrode. A power source from B&K Precision Corporation (current and
potential limit of 5 A and 41 V) was used to apply current/potential to the system.
Prior to the experiments, wafer samples and electrodes were cleaned with isopropyl
alcohol and 1:100 HCl: H2O (by volume) solution for 1 min with each step followed by thorough
rinsing with DI water. The electrodeposition cell consisted of two chambers separated by a
silicon wafer with one chamber containing aqueous 3 or 49 wt % HF solution or 1 M sodium
fluoride solution (pH range 3.0 – 10.2) as silicon dioxide etchant solution and the other aqueous
0.9 M NiSO4 and 0.5 M H3BO3 solution (pH ~ 4.0) as nickel deposition solution. Si in contact
with the etchant solution undergoes a two-step dissolution, the first one being electrochemical
oxidation to SiO2 according to reaction (R1) and the second one involves chemical etching of
SiO2 as per reaction (R2).

Si + 2H2O = SiO2 + H2 + 2H+ + 2e-

(R1)

SiO2 + HF = 2H+ + SiF62- + H2O

(R2)

The electrons at the silicon/etchant solution interface resulting from first reaction are
conducted through the bulk of silicon wafer to be consumed at the interface between Ni layer and
aqueous nickel sulfate solution. At this layer interface, Ni ions are reduced and deposited on the
surface. Nickel sulfate supplies the nickel ion source while boric acid supports conductivity and
dissolution of a sacrificial nickel anode. To maintain overall charge neutrality in the etchant
solution, H+ reduction occurs on a Pt mesh cathode immersed in this solution. Further, as the
nickel ions are reduced, the deposition solution is depleted of positive charges. The nickel ions

66

are replenished through dissolution from the nickel anode to which a constant potential or current
is applied.
About 200 ml of the deposition and etchant solution were used and the effective wafer
surface area was about 23 cm2. At the beginning of each experiment, a low rate (5 mA/cm2)
nickel deposition was performed to obtain a uniform nickel layer (~ 1 µm). Following this,
nickel electrodeposition was conducted at higher deposition rates and temperatures (~ 65˚C) for a
period of 1 hr. Images of deposited nickel were taken from scanning electron microscope (FEI
Inspec-S50) to assess the uniformity of nickel film. For the experiments designed to determine
the effect of solution temperature, etchant solution composition and concentration, and stirring,
the electrodeposition process was run at the maximum achievable current density for 90 sec, and
the potential was recorded as a function of time. Surface morphology of electrodeposited nickel
was characterized by atomic force microscopy (Bruker Multimode 8 AFM, PeakForce Mode).
The root mean square (RMS) surface roughness was computed using Bruker NanoScope
Analysis 1.5 for each sample. Crystal orientation was evaluated by X-ray diffraction
measurements (PANalytical X’Pert Pro, Cu K) operating at 45 kV and 40 mA in the range of
20-100. The mean grain size for each sample was calculated using the Scherrer calculator in the
PANalytical X’Pert Plus software.

2.2.2 Equilibrium Species Concentrations for Various Aqueous Fluoride Etchants and
Possible Etching Mechanism

Equilibrium concentrations of various fluoride species were evaluated at different
temperatures and compositions of etching solution using the STABCAL software and the
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thermodynamic data available in literature [87]. The etchants under investigation in this work
were aqueous solutions of hydrofluoric acid at ~ 1.5 M (3% wt.) and ~ 25 M (49% wt.) and
sodium fluoride at 1 M. The etching behavior of hydrofluoric acid was compared to sodium
fluoride, which supplies F- but is naturally basic. The pH of the sodium fluoride solutions was
adjusted in the range of 3.0 – 10.2 using HCl acid to vary the concentration of different fluoride
species that etch silicon dioxide at different rates. The probable dissociation/combination
reactions occurring in solutions containing fluoride species are given below [80, 88],

HF = H+ + F- ; K1 = 6.85*10-4 mol/l

(R1)

HF + F- = HF2-; K2 = 3.963 l/mol

(R2)

2 HF = H2F2; K3 = 2.7 l/mol

(R3)

The release of either nucleophiles HF2- or H2F2 is known to significantly affect the etch
rate of SiO2, while HF or F- are not particularly critical [89]. The equilibrium constants of R2 and
R3 are greater than 1, indicating that the production of HF2- and H2F2 are favored.
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Figure 2. 7 Equilibrium concentrations of various fluoride species for different concentrations of
total F, (a) 1 M, (b) 1.5 M, (c) 25 M at 25˚C and (d) 1.5 M at 50˚C.

At equilibrium, the concentrations of different dissociated forms of fluoride (HF, H2F2,
HF2-, F-) have been plotted as a function of the solution pH in Figure 2.7. At a particular pH (~ 4)
and solution temperature (25˚C), as the total concentration of F was increased from 1 to 25 M
(Figure 2.7 (a) to (c)), the relative concentration of the dissociated HF2- increased by almost two
times from 40% to about 75%, while the H2F2 concentration was a weaker function of this
change. This increase in HF2- concentration was due to the buffering effect provided by the
excess F- ions in the 25 M solution favoring the reaction R2. It is clear that the effect of H2F2
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becomes increasingly important only below a pH of 4, while HF2- dominates at a pH in the range
of 3 to 6. Another important observation here is that as the pH is increased beyond 6, all the
constituents of the bath dissociate to form F-. The importance of higher alkaline pH solutions on
oxide etching will be discussed in section 2.2.3.4. An increase in solution temperature from 25 to
50˚C did not realize a notable change in concentrations of either of the HF2- and H2F2 indicating
a weak dependence of the equilibrium constant on the temperature.
The mechanism of silicon dioxide etching is still a topic of debate. It has been shown,
however, by Judge [84] that fluoride ions alone are poor etching agents. Kikuyama et al. also
confirmed that fluoride ions from a highly dissociative salt are only a third as effective at etching
as hydrofluoric acid of the same concentration [90]. The findings of Kikuyama et al. and Judge
may imply that complexes of fluoride are the major agents of silicon dioxide etching. Zhang
derived an empirical equilibrium equation for HF2- and H2F2 complexes in solutions of
hydrofluoric acid [86]. His equations agree with the trends determined by Knotter [85] that
prevalence of HF2- decreases with high acidity and basicity, but that a third reaction path
involving dimers of hydrofluoric acid, H2F2, are only significant at very high concentration of
HF, and consequently low pH.

2.2.3 Results and Discussion
2.2.3.1 Effect of Deposition Bath Composition
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Figure 2. 8 SEM images of electrodeposited nickel at 200x (a), (b) and (c) and 1000x (d), (e)and
(f). Deposition bath composition for (a), (b), (d) and (e) was 0.9 M NiSO4 and 0.5 M H3BO3 and
for (c) and (f) was 0.2 M NiCl2, 0.9 M NiSO4 and 0.5 M H3BO3.

The first step of the study was to evaluate the quality of the deposited nickel layer using a
standard deposition bath that consisted of 0.9 M NiSO4 and 0.5 M H3BO3. As shown in Figure
2.8 (a) and (d), a conformal layer of nickel was deposited when a current density of about 108
mA/cm2 (~ 2.3 µm/min from theoretical calculations versus 2.2 µm/min from mass
measurements) was applied through the system. On the contrary, the uniformity of the metal
layer was compromised by increasing the current density to about 152 mA/cm2 (3.1 µm/min
from theoretical calculations versus 3.0 µm/min from mass measurements), as nodular formation
started to appear at higher deposition rate. Figure 2.8 (e) indicates significant micro-roughness
on the surface, which could be attributed to the simultaneous generation of H2 at higher current
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densities [91]. Due to the depletion of H+ in the vicinity of the surface, the pH may become
relatively higher (>9) at the surface, which eventually could lead to the formation of insoluble
precipitate Ni(OH)2) [92]. The formation of the precipitate could result in poor adhesion of
subsequent nickel layers deposited and may lead to their peeling off causing localized roughness.
In addition to poor uniformity at higher current transients, another issue encountered was
significant generation of bubbles at the nickel anode. These bubbles were likely oxygen bubbles
and generated due to oxidation of water under high anodic potentials. Secondary reactions can
negatively affect the process efficiency and bubbles in the solution can stick on surfaces and
induce non-uniformity in deposition. In order to resolve this issue, the use of chloride ions (Cl-)
as an additive was investigated, as Cl- is known to increase the ease of dissolution of nickel
through improved anode corrosion [93]. It was visually observed that the generation of bubbles
was significantly reduced on the addition of 0.2 M Cl- but as can be seen from Figure 2.8 (f), the
deposited layer had poor topographical characteristics and will not fulfill the uniformity
requirements for deposition in TSVs.

2.2.3.2 Microstructural Characterization
The microstructural properties such as surface roughness, crystal orientation and grain
size were characterized by AFM and XRD measurements. As shown in Figures 2.9 (a) through
(c), the nickel film deposited at 108 mA/cm2 from Cl- free Watts solution exhibited the best
surface uniformity with RMS roughness value of 282±22 nm. Increasing the current density from
108 to 152 mA/cm2 increased the RMS roughness to 402±3 nm. Further, the addition of 0.2 M
chloride significantly increases the mean surface roughness by about 2 times to 803±150 nm.
These results correlate well to we observed from SEM imaging in the last section.
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Figure 2. 9 AFM images of electrodeposited nickel (a), (b) and (c), and surface roughness as a
function of current density and composition of deposition bath (d). Deposition bath composition,
(a) and (b) 0.9 M NiSO4 and 0.5 M H3BO3 and (c) 0.2 M NiCl2, 0.9 M NiSO4 and 0.5 M H3BO3.
Scan rate: 0.930 Hz. Color scale: 0-6 m.

The effect of chloride ion on the increase in RMS value can be explained by two aspects:
(1) localized corrosion by Cl- and (2) electrolyte diffusion. Although addition of chloride can
help improve the dissolution of nickel from the anode, it also causes localized corrosion on
deposited nickel film [94], leading to surface irregularities. The diffusion of Ni ions in the
electrolyte during electrodeposition enhances these surface irregularities rather than damp them
[95]. During the deposition process, the nickel ion concentration is higher near the tip of
irregularities (caused by localized corrosion), where the thickness of the diffusion layer is
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smaller, thereby allowing greater diffusion flux and ultimately resulting in higher deposition
rates in those areas and preferential plating. Thus diffusion can cause more rapid growth of peaks
than valleys, and increase the surface roughness [96].

Figure 2. 10 X-ray diffraction spectrum of nickel films electrodeposited at 108 and 152 mA/cm2
using 0.9 M NiSO4 + 0.5 M H3BO3, and 108 mA/cm2 using Watts bath (0.9 M NiSO4 + 0.5 M
H3BO3 + 0.2 M NiCl2).

Figure 2.10 shows the intensity of diffraction peaks for electrodeposited nickel films as a
function of angle of diffraction (2θ). It is evident that both current density and composition of the
bath have an impact on the crystalline nature/orientation of the nickel grains. In the absence of
any added Cl-, a distinct peak at 76.4˚ pertaining to the (220) plane was observed while Clcontaining formulations exhibited a peak at 51.8˚ corresponding to the (200) plane. This is an
interesting result as it signifies the importance of solution formulation on the orientation of the
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deposited metal. In the past, researchers [92, 97] have conducted morphological characterization
of electrodeposited crystalline nickel films from a Watts bath (NiSO4 + NiCl2 + H3BO3). Under
an applied current density of 100 mA/cm2, nickel films were oriented either in the (111) or (200)
plane which is in contrast to the results observed with our process. Table 2.2 compares the
intensities of (200) and (220) peaks for different current densities and chemical formulations. In
solutions containing NiSO4 and H3BO3, an increase in current density, decreased the relative
intensity of the (220)/(200) peak by about 1.6 times. Nickel film texture and orientation are
known to depend on the hydrogen coverage on the substrate [92]. As the deposition current
density increases from 108 to 152 mA/cm2, the rate of H2 evolution also increases. Since the
localized concentration of H2 increased, the formation of (200) surface was favored which is in
agreement with the trends observed in literature [92, 98].

Table 2. 2 Relative intensity of diffraction peaks with respect to different orientation planes and
average grain size.
Bath Composition

I (mA/cm2)

IR (220)/(200)

Average grain size (nm)

NiSO4 + H3BO3

108

86.928

96

NiSO4 + H3BO3

152

52.585

105

0.005

>150

NiSO4 + H3BO3 + Cl- 108

Mean grain size of deposited films was calculated using the XRD data and is tabulated in
Table 2.2. Increasing the current density from 108 to 152 mA/cm2 for chloride-free based
deposition solutions increased the average grain size slightly from 96 to 105 nm. The grain
formation was a weak function of the applied current density, while varying significantly with
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the added anion. In NiSO4 and H3BO3 solutions, the grain size was about 100 nm whereas
addition of Cl- increased it to greater than 150 nm. These numbers are relatively larger than those
reported in the literature (<50 nm) [92, 99, 100]. In the case of using a Watts bath as the deposition
solution, the line width broadening of characteristic peaks in the spectrum was not enough for a
reliable calculation indicating even greater mean grain size (>150 nm) for those samples.

2.2.3.3 Effect of Solution Temperature and Concentration of Etchant
The effect of solution temperature was examined by measuring the potential between the
anode and the cathode required to induce maximum current density (within the limits of the
power supply) at different temperatures of etchant and deposition solutions. Both etchant and
deposition solutions were heated simultaneously. It can be noticed from Figure 2.11(a) that the
effect is fairly linear at low solution concentrations of 3% HF and 1 M sodium fluoride. In both
of these cases, the potential value reached the maximum limit of the power supply and the
current was monitored. In the case of high concentration of HF (49 %) solution, the maximum
current density reached the limit of the power supply but the potential did not and was measured
with time. At this HF concentration, the benefit of adding heat was less than linear, tapering
towards higher temperatures. Current can be seen as a representation of reaction rate since
current can only pass through the system by satisfying reactions on both etchant (Si oxidation
and SiO2 etching) and deposition (Ni deposition) sides. From Arrhenius theory, it is a known fact
that the reaction kinetics increase with increase in temperature. Although sodium fluoride
facilitates a lower peak current at all temperatures, the effect is seen to be roughly equivalent
between 3% HF and 1 M NaF as the slopes of the curves (current density vs temperature) were
similar. The similarity of the trends suggests that the same mechanism is dominant in both cases
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despite the difference in acidity, ranging from approximately pH 3 (3% HF) to 10 (1 M NaF).
The HF solution provides a better silicon dioxide etch rate due to higher concentrations of
difluoride species than the alkaline pH sodium fluoride solution (where F- dominates) allowing
faster regeneration of the silicon surface for its subsequent oxidation. As temperature increased,
the necessary potential for said current decreased. The maximum achievable current density for
any temperature condition was higher for 49 % HF compared to 3% HF or 1 M NaF
reemphasizing the importance of silicon dioxide etching in achieving higher nickel deposition
rates. In an earlier publication on this contactless deposition technique, increasing the
concentration of hydrofluoric acid above 3% did not increase current flow at any given
overpotential [63]. However, in this study current was found to increase substantially between 3
and 49% HF at all temperatures. The temperatures of solutions as well as the deposition solution
composition are different for the experiments reported in this work, but the doping of the silicon
substrate and composition of the etching solution are the same.
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Figure 2. 11 Current density and potential versus temperature curves for (a) 3% HF and 1 M
NaF as etchant solutions and (b) 49% HF as etchant solution. Deposition bath composition was
0.9 M NiSO4 and 0.5 M H3BO3.

At room temperature it can be seen that 49% HF etching solution achieves nearly double
the current density, 220 mA/cm2 vs 115 mA/cm2, at about half the potential, 21 V vs 41 V, of the
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3% HF solution. The 3% solution benefited more from the addition of heat. Heating from 20 to
60˚C reduced the resistance of the system by approximately 40%, while the same temperature
increase in the 49% HF experiment only lowered system resistance by about 25%. However,
system resistance for 49% HF solution at room temp was far less than the resistance for 3% even
at the highest temperature, 60˚C, showing that the increase in hydrofluoric acid concentration
does indeed increase current capacity of the system at a given potential. This may imply that the
temperature increase does more to augment etching of silicon dioxide, which is a purely
chemical process, than oxidation of silicon, which is electrochemically promoted. The oxidizing
agent, water, is in excess in the 3% HF case but of comparable concentration to HF in the 49%
case. Both 3% HF and NaF had a linear response to temperature increase. Therefore, it may be
that at highest concentrations of HF and within the potential range of these experiments the
oxidation of silicon takes a rate limiting role and lowers equilibrium current from linearly
predicted values.

2.2.3.4 Effect of Stirring
The stirring of electrolyte solution is commonly employed to maintain a uniform
concentration and circumvent the local temperature rises in the bath [101]. Here, the experiments
were designed to understand the importance of mass transfer in each of the solutions for the
deposition process. Figure 2.12 shows the comparison of current densities with and without
stirring for either deposition or etchant solution at two different temperatures (25 and 45˚C). At
room temperature (25˚C), as the deposition solution was stirred, there was insignificant increase
observed in the current density (from 102 (no stirring) to 107 mA/cm2). This suggests that at
lower temperature, the deposition solution is reaction rate controlled and an increase in mass
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transfer rate of Ni2+ can hardly improve the deposition rate. As the temperature was increased to
45˚C, the stirring process increases the current density from 160 (no stirring) to 182 mA/cm2,
showing an obvious change compared to that observed at room temperature. This phenomenon
indicates that for higher temperature, the reaction rate becomes faster according to the Arrhenius
equation, and the diffusion rate is relatively slower and cannot transport sufficient Ni ions to
keep up with the deposition reaction rate at the surface, suggesting that the deposition process
becomes mass transfer controlled at this temperature.

Figure 2. 12 Effect of stirring of deposition or etching solution on current density at two
different solution temperatures (0.9 M nickel sulfate with 0.5 M boric acid as deposition solution
and 3% HF as etchant solution).

Stirring of the etchant solution increases the current density from 102 mA/cm2 to 141
mA/cm2 at room temperature and 160 mA/cm2 to 196 mA/cm2 at 45˚C, and achieves much
greater system current density, than that with stirring of deposition solution. At a particular
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temperature, mechanical stirring enhances the total flux of reactants and increases the availability
of water molecules for silicon oxidation or fluoride species for silicon dioxide etching. Based on
these results, it is clear that oxidation and etching reactions, not the metal diffusion, control the
overall current density for Ni deposition rates.

2.2.3.5 Effect of Etchant Composition
Fluoride based (HF, buffered HF) or alkaline (KOH, NaOH) solutions have widely been
used in the semiconductor industry for etching of SiO2 as they form soluble complexes. The
mechanisms of these chemistries are well explained in literature but there is a lack of
understanding of the effect of salt solutions (eg. NaF, NH4F) on oxide etching. Previously, it has
been shown that HF2- is critical for SiO2 etching at pHs below 7. We investigate the effect of
different fluorine species on oxide etch rate through measurement of maximum achievable
current density in sodium fluoride solution of varying pH at room temperature. When 1 M NaF
solution (natural pH ~ 10) was used as the etchant, a maximum current density of about 90
mA/cm2 was achieved (Figure 2.13). The dissolution of oxide at this alkaline pH occurs mainly
due to the reaction with OH- present at a concentration of ~0.1 mM. All of the fluoride species
are expected to be present in the form of F- at a pH of 10. As the solution was acidified to a pH
of about 6.2 by adding HCl, the current density remained almost constant. It is unclear as to why
the current density does not change with a decrease in pH even though the OH- concentration
decreases to 10-8 M and the concentration of F- is unchanged. Beyond this point, even a slight
decrease in pH (to 6.0) increased the current density from 90 to 130 mA/cm2. This sharp increase
in the current density was attributed to the onset of generation of HF2-, which, although low
(Figure 1 (a)) in concentration, seems to be critical. Further lowering of the pH to about 3.0
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achieved a maximum current density of about 220 mA/cm2. Judge reports that the etch rate of
SiO2 in NH4F solutions varies as a function of HF2- or HF concentration which in turn depends
on the solution pH [84]. Maximum etch rate (0.2 nm/s) of SiO2 was observed at a pH of ~3 and
attributed to the greater concentration of HF2-. It was shown that both etch rate and [HF2-] drop
by about 4 times as the pH increases from 3 to ~4.5. From our equilibrium calculation results
displayed in Figure 2.7, it can be noticed that at solution pH of 3, concentrations of HF2- and
H2F2 were significant higher compared to those at pH 6. This implies that the presence of
difluoride species is critical for achieving higher oxide etch rates, which results in higher
maximum current density and therefore greater metal deposition rates in our process.

Figure 2. 13 Effect of pH of sodium fluoride solution (1 M) on maximum current density.

2.2.4 Conclusions
We have successfully shown that using the contactless technique, a conformal deposition
of nickel at rates as high as 2.3 µm/min can be achieved. Increasing the deposition rates (to 3.1
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µm/min) or addition of Cl- to the NiSO4/H3BO3 deposition bath adversely affected the
topographical characteristics of the Ni surface. Investigation of microstructural properties of Ni
films deposited using chloride-free solutions revealed higher surface roughness (>200 nm),
larger grain size (~100 nm) and crystal orientation favoring the (220) plane. Therefore, solution
variables such as temperature and agitation of electrolyte along with current pulsing will be
examined in the near future to reduce roughness and grain size, while maintaining high
deposition rates.
Comparisons of the effect of concentration of the etchant solution indicated that solutions
with higher total F (49% HF) attained current densities as high as 220 mA/cm2 at room
temperature (20 °C), while a 3% HF solution exhibited only about 115 mA/cm2 implying the
importance of etching of silicon dioxide in regenerating the silicon surface for achieving higher
deposition rates. Further, the temperature effect was more critical for the lower concentration
etchant solutions (3% HF or 1 M NaF) and showed a linear increase in current density with
solution temperature. Currents as high as 50 mA/cm2 were achieved in the presence of 1 M NaF
solution at room temperature. Although the current densities in the presence of 3% HF solution
were about two times higher than that in NaF solution, it still gives a reason to explore the use of
NaF solution, which can serve as an alternative oxide etchant solution for this contactless
process. At room temperature, acidifying the NaF solution by adding HCl revealed that at pH
lower than 6.1 there is a rapid increase in current density and becomes maximum (220 mA/cm2)
at a pH of 3 in the investigated pH range of 3 – 10. Stirring of the etchant solution realized about
30% higher current at a given temperature indicating oxidation of silicon and etching of oxide as
limiting steps in the overall deposition process.
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2.3 Electrodeposition of Cu in Through Silicon Vias on Patterned Wafers
Copper electrodeposition using the contactless process was also carried out on patterned
wafers and the samples were characterized using field emission scanning electron microscope
(FE-SEM) and electron dispersive spectroscopy (EDS). This work aims to demonstrate the
contactless bottom-up deposition technique in the actual process. In this process, the top surfaces
of the wafer (regions outside the via) and the via sidewalls were coated with SiO2, while a
conductive Ni layer was deposited at via bottom. Therefore, Cu2+ ions were reduced and
deposited at via bottom only by accepting electrons resulting from electrochemical oxidation and
etching occurring on the silicon back side. In order to prevent copper poisoning and promote
adhesion, a conductive barrier layer (e.g. Ta or TaN) and a Cu seed layer could be deposited
using PVD before bulk copper deposition. The proposed contactless technique can be used for
both via-middle and via-last processes, while currently via-middle is the most commonly used
method in the industry.

2.3.1 Materials and Methods
2.3.1.1 Experimental Details
De-ionized water with 18 MΩ-cm resistivity was used in all the experiments. Copper
sulfate pentahydrate (99%), acetic acid (99+ vol%) and hydrochloric acid (37.5 wt%) were
purchased from Fisher Scientific Inc. VLSI grade hydrofluoric acid (49 wt%), sulfuric acid (96
wt%) and isopropyl alcohol (IPA) were obtained from Honeywell, Inc. Semiconductor grade
ammonium hydroxide (29 wt%) and hydrogen peroxide (30 wt%) were procured from SigmaAldrich. A copper bar (99.9%, Fisher Scientific, Inc.) was used as the sacrificial working
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electrode. Platinum mesh (99.99%, Alfa Aesar) was used as the counter electrode. A standard
mercury-mercurous sulfate (saturated potassium sulfate) was used as the reference.

2.3.1.2 Deposition on Patterned Wafers
Wafers with TSVs were provided by Applied Materials, Inc. The top surface of the wafer
(regions outside the via) and via sidewalls were coated by SiO2 films of thicknesses ~350 and
300 nm, respectively. The bottom of the vias consisted of post etch residues formed during
removal of bottom oxide using plasma etching. Before each experiment, patterned wafer samples
were treated with HF-peroxide-acetic acid mixture (3HF (49%): 8H2O2 (30%): 69 acetic acid
(99%), by volume, 90 sec) and irradiated in a sound field (~37 kHz) to remove the residues at via
bottom without significantly (<50 nm) affecting oxide thicknesses in other regions. A nickel seed
layer was deposited onto the bottom of the via using a method discussed elsewhere but without
the use of surfactant [66]. The electrodeposition experiments were carried out in the two-chamber
cell system [67, 68], where the front side of the wafer (via side) was in contact with 1 M CuSO4
and 0.2 M H2SO4 deposition solution and the back side of the wafer contacted a SiO2 etchant
solution (e.g. dilute HF). The copper working electrode and Hg/Hg2SO4 reference electrode were
placed in the deposition solution, and Pt mesh counter electrode was immersed in the etchant
solution. Electrodeposition experiments were conducted by means of Hokuto Denko
Potentiostat/Galvanostat HA-151B (maximum output: ±15 V, ±1 A). The high resolution cross
sectional micrographs were captured using FE SEM and characterized by EDS in Milestone
Technology Failure Analysis Lab.
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2.3.2 Results and Discussion

Figure 2. 14 Steps involved in copper electrodeposition using a contactless method.

In order to validate void-free and bottom up filling in the contactless process,
experiments were conducted on patterned wafers. Figure 2.14 indicates the steps involved in
copper electrodeposition using this method. As shown in the first figure, top surface of the wafer
and via sidewalls were coated by SiO2 films of thicknesses about 350 and 300 nm, respectively.
The bottom of the vias was consisted of post etch residues formed during removal of bottom
oxide using plasma etching. Therefore, the first step was to remove the residues at via bottom
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without significantly affecting oxide thicknesses in other regions. Following by that, fresh silicon
was exposed from the via bottom while oxide was still present in the via sides and top surface.
Then a nickel seed layer was deposited onto the bottom of the via using a displacement coating
method. In this process silicon in the substrate lost electrons and was replaced by reduced Ni.
Since Ni can only replace silicon, only the via bottom was coated with a Ni layer while the
sidewall and top surface SiO2 remained unaffected. After all of these steps, the contactless
electrodeposition was carried out to fill the vias.

Figure 2. 15 Ni seed layer formation and copper electrodeposition on patterned wafers.
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As shown in Figure 2.15, SEM images at different stages were captured to verify our
proposed process. The first two images show the dimensions of the via under microscopy, which
is 4 µm in diameter and 50 µm in depth. After the first step, the silicon surface was exposed and
oxide was still remaining on the sidewalls. As mentioned earlier, a nickel seed layer was only
coated on the via bottom surface using the displacement plating method. It can be observed that
the Ni seed layer is pretty uniform and dense. Further, copper deposition was carried out to fill
the vias.

Figure 2. 16 Cross sectional micrographs of electrodeposited copper in the vias using contactless
deposition technique. SEM images showing (a) and (b) view of the full vias and enlarged view of
(c) via opening and (d) via bottom, respectively. Current density: 1350 A/m2.
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Figure 2.16 shows the SEM images of the via cross section after deposition using the
contactless filling approach with applied current density of ~1350 A/m2 (corresponding
deposition rate: ~3 m/min). It is worth noting that even at such a high deposition rate, a uniform
and void-free filling could still be achieved in high aspect ratio vias (via diameter: 4 m, via
depth: 50 m) without the use of additives. As discussed in our earlier publications, the electrons
for copper deposition are provided from the back side of the wafer, where silicon undergoes a 2step dissolution [68]. Since the via sidewalls and regions outside the features have been coated
with SiO2, Cu deposition occurs only at the bottom of the via and no excess metal was deposited
in the regions outside the via (Figures 2.16 (a) and (b)). This dramatically reduces the CMP cost.
No pattern dependency was observed in our experiments. The overfilling at the top of the via
(Figure 2.16 (c)) can be avoided by adjusting the deposition rate and time, while partial filling
due to poor Ni/Si interfacial contact can be improved by suitable thermal treatment. In the
proposed process, there is no risk of potential particle generation and cross-contamination as the
two sides of the wafer are separated. When using dilute HF as the etchant solution, the products
from Si etching are H+ and SiF62-, which are highly soluble in water [102]. It is also worth
mentioning that this process is easier to regulate than the conventional method since there is no
need to monitor the concentration of additives during electrodeposition.
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Figure 2. 17 SEM images showing on enlarged view of (a) via top and (b) via bottom and (c) –
(g) EDS spectra of five different locations inside the via after copper deposition. Atomic
concentration of each element (K-shell) was determined by taking ratio of area under the respective
peak to the total area.
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Table 2. 3 Atomic concentration of different elements presents in Spectrum 1 – 5.
Spot

OK

Ni K

Cu K

Si K

Spectrum 1

11.5%

0.0%

82.2%

6.3%

Spectrum 2

8.7%

45.9%

22.5%

22.9%

Spectrum 3

52.7%

1.9%

17.2%

28.2%

Spectrum 4

7.4%

0.0%

87.6%

5.0%

Spectrum 5

47.3%

0.0%

4.8%

47.9%

Further characterization of the via cross sections was conducted using EDS analysis. As
can be noticed from Figures 2.17 (a) and (b), five different spots in the via were scanned and
analyzed. The obtained spectra are shown in Figure 2.17 (c) through (g) and listed as Spectrum 1
– 5. The peaks were fitted with a Gaussian distribution and the atomic percent for each element
was calculated by applying suitable algorithms and corrections and shown in Table 2.3. In
Spectrum 1, the atomic percent values for oxygen, nickel, copper and silicon were computed to
be 11.5%, 0%, 82.2% and 6.3% respectively. It can be concluded that the overfilled material at
via top mainly consisted of Cu. While in Spectrum 2, the Ni displacement coated layer was
scanned and it is not surprising to see the atomic concentration of Ni to be the highest at 45.9%.
Presence of certain amounts of Cu (22.5%) and Si (22.9%) may be due to the penetration of Xrays as the thickness of the Ni layer is considered to be less than 1 m. Further, as shown in
Figure 2.17 (b), Spectrum 3 was taken from the area between deposited Cu and Ni layer, where
appears to be in a different color compared with Cu and Ni on the SEM image. Oxygen peak
dominates in Spectrum 3 and Table 2.3 shows the ratio between the atomic concentration of Si
and O as ~2 (28.2% vs. 52.7%), suggesting that SiO2 film (from the via sidewall) did not get
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completely removed at the via bottom during preparation of the sample for EDS. EDS analysis of
deposited Cu is shown in Spectrum 4, where an extremely high concentration of Cu was
expected (87.6%), and only a small amount of Si (5.0%) and O (7.4%) were detected in this area.
In addition, Spectrum 5 scanned the cross section of via sidewalls. It can be observed that only
trace amounts of metal (Ni: 0%, Cu: 4.8%) were identified. Not surprisingly, Spectrum 5 was
dominated by Si (47.9%) and O (47.3%), which confirms that the via sidewalls remained
passivated during electrodeposition. All of these results strongly indicate that bottom-up and
void-free filling can be achieved using this contactless technique.

2.3.3 Conclusions
We have conducted experiments on patterned wafers and results from SEM and EDS
analysis show successful void-free filling of high aspect ratio vias (>12) at a high deposition rate
(~3 µm/min) without additives. Based on the studies discussed in the early sections, the
deposition method could be even further optimized by adjusting the solution variables and
operating parameters. This additive-free deposition is preferable from both cost and quality
perspectives since it results in lower production cost and higher reliability of deposited copper.
Inherent bottom-up filling is also financially advantageous because it eliminates a large portion
of copper overburden and associated polishing cost. This technique could be applied for
electrodeposition of metals in high aspect ratio features on wafers that possess reasonable
conductivity (lightly doped) including those used in silicon-on-insulator (SOI) devices such as
flash memories, SRAM/DRAM, RF and high performance logic devices.

92

CHAPTER 3. PROCESS SIMULATION FOR
COMPARISON OF CONTACTLESS AND
CONVENTIONAL ELECTRODEPOSITION METHODS
USING ADDITIVE-FREE ELECTROLYTE SOLUTIONS

3.1 Introduction
While many studies have successfully proven that bottom-up filling can be achieved,
experimental results have limitations in explaining the underlying mechanisms of the deposition
process as a whole [103, 104]. To gain a better understanding of the deposition process, researchers
have transitioned to simulating and modeling the process. By using the Arbitrary LangrangianEulerian (ALE) method, Zhang et al. were able to create a model which illustrated the diffusion
and adsorption of the additives in the via solution and surface, respectively [105]. They created
two models through Multifrontal Massively Parallel Sparse Direct Solver (MUMPS) to compare
different concentrations of suppressors and accelerators and analyzed their respective deposition
profiles. Josell et al., developed a model in which rapid investigation of bottom-up deposition
could be explored using general parameters such as additive concentrations, via geometry, and
experimental data [106]. Specifically, they altered the values for adsorption rate constant (k+) and
consumption rate constant (k-) for two different concentrations of suppressors and accelerators
[107]. In another study by Hang et al., a comparison between a bottom-up filling technique with
and without the use of an accelerator was investigated. Through use of ALE and Finite Element
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Analysis (FEM), their simulation revealed that the deposition rate increased by a factor of 1.85 in
the presence of the accelerator in the plating solution.
Although bottom-up deposition with the use of additives has shown some success in
filling the vias without forming voids, there are certain disadvantages of using additives.
Addition of these chemicals in electrodeposition solutions has significant environment, safety,
and health impacts. During the deposition process, the additives may also get embedded into the
metal film, which can severely affect the deposition quality and device reliability [108].
Moreover, evidence has shown that usage of additives could affect the deposited copper purity
[109]. Therefore, the application of additive-free deposition in 3D ICs has the potential to reduce
chip failure and increase overall performance. This has generated enormous interest in the
development of additive-free deposition processes.
To better understand the proposed additive-free and bottom-up deposition process, two
different models have been created using the COMSOL® Multiphysics Modeling Software
(version 5.2) [110]: the first model depicts the deposition process using a conventional approach
with no additives in the electrolyte solution, illustrating a standard industry technique leading to
void formation, whereas the second model portrays the additive-free bottom-up deposition. The
two models will allow for a comparison of the respective concentration profiles and copper
diffusion. The necessary parameters for both models were obtained using electrochemical
measurements. This part of the dissertation aims to further demonstrate the feasibility of
contactless bottom-up deposition technique in the actual process by combining the simulation
model and the experimental results.
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3.2 Materials and Methods
3.2.1 Experimental Details
De-ionized water with 18 MΩ-cm resistivity was used in all the experiments. Copper
sulfate pentahydrate (99%), acetic acid (99+ vol%) and hydrochloric acid (37.5 wt%) were
purchased from Fisher Scientific Inc. VLSI grade hydrofluoric acid (49 wt%), sulfuric acid (96
wt%) and isopropyl alcohol (IPA) were obtained from Honeywell, Inc. Semiconductor grade
ammonium hydroxide (29 wt%) and hydrogen peroxide (30 wt%) were procured from SigmaAldrich. The samples used for the electrochemical measurements were p-type (100) Si wafers
with a resistivity of 5 Ω-cm. A copper bar (99.9%, Fisher Scientific, Inc.) was used as the
sacrificial working electrode. Platinum mesh (99.99%, Alfa Aesar) was used as the counter
electrode. A standard mercury-mercurous sulfate (saturated potassium sulfate) was used as the
reference.
Prior to each electrochemical measurement, blanket silicon wafer was treated with
piranha (1H2O2 (30%): 4H2SO4 (96%) by volume, 5 min), dilute HF (1HF (49%): 50H2O, by
volume, 1 min), ammonia-peroxide mixture (1NH4OH (29%): 1H2O2 (30%): 5H2O, by volume,
5 min) and dilute HF (1HF (49%): 50H2O, by volume, 1 min). The wafer was then coated with a
Ni seed layer using a displacement coating method (without the use of surfactant) [62]. Cu bar
and Pt mesh were cleaned with dilute HCl (1HCl (37.5%): 100 H2O, by volume, 1 min) before
using them for each experiment.
Potential-Current Measurements. – The measurements were carried out on a twochamber cell system, in which the front side of the sample (Ni side) was in contact with 1.0 M
CuSO4 and 0.2 M H2SO4 solution with Cu anode and Hg/Hg2SO4 reference electrode placed in it
while the back side of the sample (Si side) contacted 3% HF solution with a Pt mesh cathode
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immersed in it. All components of the cell were made of polytetrafluoroethylene (PTFE,
Teflon®). A current source from B&K Precision Corporation with a current limit of 5 A was used
to apply current between the anode and the cathode. The potential between the two electrodes
(anode and the cathode) and on either side of the wafer (versus reference) at different current
densities were measured using a multimeter.
Tafel Polarization Measurements. – In order to calculate the exchange current density
(J0) and charge transfer coefficient (α) in the Butler-Volmer equation, Tafel measurements were
conducted using a 3-electrode system with 1.0 M CuSO4 and 0.2 M H2SO4 as the electrolyte
solution. In the set-up, a p-type silicon wafer coated with Ni as the seed layer (displacement
coating) was used as the working electrode and a Pt mesh was used as the counter electrode with
Hg/Hg2SO4 as the reference electrode. A copper layer (15 µm) was electroplated on silicon prior
to anodic polarization. The Tafel plots were obtained by polarizing the silicon sample about 1500
mV anodically and cathodically from the open circuit potential (Eoc) at a scan rate of 1 mV/sec.
In order to be able to investigate a much larger range of cathodic potential from ((Eoc – 100 mV)
to (Eoc – 1500 mV)) instead of Tafel region ((Eoc – 100 mV) to (Eoc – 200 mV)), the charge
transfer coefficient (α) in the Butler-Volmer equation was assumed to be a linear function of
overpotential:
α = α0 + γη

[1]

where α0 and γ are constants, and η is the overpotential (V), which can be obtained from the
following equation:
η = E - Eoc

[2]

where E is the potential value on the Cu surface with respect to Hg/Hg2SO4 reference electrode
(V). The reason for choosing a large potential range for polarization studies was to ensure that
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our simulation could be applied to experimental work where much larger current densities were
used during electrodeposition. Origin® 2016 was used to fit the Tafel plot and obtain the values
of constants in the modified Butler-Volmer equation.

3.2.2 Process Simulation
A mathematical model was developed to simulate both the conventional as well as the
bottom-up deposition processes using additive-free electrolyte solutions. The model takes into
account the transport of ions towards the via surfaces, the deposition due to charge transfer
reaction at the interfaces, and the movement of wall boundaries resulting in a change in the via
geometry due to the deposition process.
The mass conservation equation for copper ion in the via is given by:
∂C/∂t + ∇∙(-D ∇C)=0

[3]

where C is the concentration of the copper species and D is the diffusivity of Cu2+ in the
electrolyte solution. The boundary conditions are:
Concentration at the mouth of via = Cb
Deposition rate (m/s) on any surface = J × M/(n × F× ρ)
where Cb is the bulk concentration (mol/m3) of copper species, M is the molecular weight
(g/mol), and ρ is the copper density (g/m3). Current density J (A/m2) is given by the modified
Butler-Volmer equation as follows:
J = J0 × exp(-nFα × (E - Eoc)/RT)

[4]

where n is the number of transferred electrons, F is Faraday constant (96485 C/mol), R is the gas
constant (8.314 J/Mole-K) and T is the temperature (K).

97

The deposition rate, as given by the boundary condition, depends on the current density
and the concentration of the copper ion in the electrolyte solution. The value of the rate
coefficient depends on the chemical and physical properties of the copper-silicon interface. The
rate coefficient in this expression was obtained by fitting the rate expression to the experimental
data where copper was deposited on the surface of a flat (at angstrom level) silicon coupon under
known current density and the copper ion concentration.

Figure 3. 1 Trench Geometry Developed in COMSOL® Multiphysics v. 5.2.
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Figure 3.1 shows the geometry of the via that was developed in COMSOL software. In
the additive-free conventional deposition process, the rate equation is used for all surfaces. While
in the contactless bottom-up filling process, that deposition rate applies only to the bottom; no
deposition occurs on the side walls, where a thin layer of dielectric is coated.
The initial condition (at t = 0) is C = Cb, and the parameters used in the model are listed
in Table 3.1. Using the COMSOL Multi-Physics package, the above equations were solved,
taking into account the movement of each boundary at a rate equal to the rate of deposition on
that boundary [110]. This process simulator allowed monitoring of the filling of a via with time
and the potential for choking of the via, partial filling, and void formation. The typical results for
two types of deposition processes (additive-free conventional deposition and the contactless
bottom-up deposition) are shown in Figures 3.3 and 3.4.

Table 3. 1 Simulation Parameters.
Parameter Name

Value

Units

Via Height

5.0 x 10-5

[m]

Via Width

2.0 x 10-6

[m]

Cb (Bulk Cu Concentration)

1.0 x 10-3

[mol/m3]

Cu Diffusivity in Electrolyte

1.1 x 10-9

[m2/s]

Cu Density

140,000

[mol/m3]
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3.3 Results and Discussion

Table 3. 2 Potential measured with respect to the Hg/Hg2SO4 reference and overpotential
calculated on the Cu side and Si side of the wafer at different current densities applied between
the anode and the cathode (overpotential was determined by the difference between actual
potential and the open circuit potential measured at 0 mA/cm2).
Current

Potential

Overpotential η

Potential

Overpotential η

Density

(Cu side, V)

(Cu side, V)

(Si side, V)

(Si side, V)

0

-0.37

0

-0.41

0

40

-0.70

-0.33

-2.83

-2.42

200

-1.75

-1.38

-7.50

-7.09

400

-2.91

-2.54

-11.10

-10.69

(A/m2)

The potential values measured on the two sides of the wafer (with respect to Hg/Hg2SO4
reference) at different applied current densities during potential-current measurements are shown
in Table 3.2. The high value of the potential drop across the wafer (potential difference between
copper and silicon side) is likely due to significant resistance at the nickel (displacement
coating)/silicon interface. The potential on the copper side was used as the boundary condition
on the via bottom and sidewalls during simulation.
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Figure 3. 2 Potential as a function of natural logarithm of current density. Measurements were
conducted by polarizing the silicon sample about 1500 mV anodically and cathodically from Eoc
at a scan rate of 1 mV/sec.

Data from Tafel measurements (which matched very well with the data obtained from
potential-current measurements, as shown in Table 3.2) have been plotted in Figure 3.2. Eoc was
measured as -0.36 V. By fitting the curve of the plot from (Eoc – 100 mV) to (Eoc – 1500 mV),
we obtained the values for exchange current density (J0) as 15.59 A/m2 and R2 (goodness of fit)
was 0.996. The equation for cathodic charge transfer coefficient α was calculated to be as
follows:
α = 0.04 + 1.18×10-2 × η

[5]
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Figure 3. 3 Additive-free conventional deposition process at 40 A/m2 with Cu2+ bulk concentration
of 1000 mol/m3. Maps show the Cu concentration profiles in the via and the progress of the
deposition and filling of the via at different times of 50, 1200 and 1590 sec. Map shows only one
half of the axisymmetric via.

The combined experimental and process-simulation approaches presented in this section
show the underlying mechanism and conditions that cause the partial filling and void formation
in the additive-free conventional electrodeposition of metals, such as copper, in vias and other
patterned structures. The void formation issue is a major bottleneck in the filling of throughsilicon vias for 3D interconnects. The results indicate that in the high aspect-ratio vias and
trenches, the diffusive transport of metal ion in the electrolyte phase inside the vias can easily
become the rate limiting and controlling step in the overall deposition process. Figure 3.3,
generated by the process simulator, shows the 2D profile of the copper concentration at different
times during a typical conventional process when no additives being used in the solution. It also
shows the movement of the via walls and closing of the via due to the metal deposition. The
concentration of metal ions is indicated at different depths and the resulted concentration
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gradient becomes sharper and sharper, as shown in Figure 3.3. The rate of deposition depends
heavily on the metal ion concentration and therefore it changes along the via depth, being the
highest at the mouth of the via and the lowest at the bottom. Current practices employed to
mitigate this problem include using additives or slowing down the deposition rate. However,
these methods have their own shortcomings and complications.

Figure 3. 4 Contactless deposition process at 200 A/m2 with Cu2+ bulk concentration of 1000
mol/m3. Maps show the Cu concentration profiles in the via and the progress of the deposition and
filling of the via at different times of 20, 3600 and 7081 sec. Map shows only one half of the
axisymmetric via.

In contrast, the use of the novel contactless bottom-up deposition is an effective way to
solve this problem. As shown in Figure 3.4, which illustrates the results generated by the process
simulator, the bottom-up process provides uniform filling without any premature closure of the
via and void formation even at high current density of 200 A/cm2. This approach also makes it
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possible to shorten the deposition time by using a higher current density and higher copper
concentration without partial filling and void formation.

3.4 Conclusions
A combination of experimental measurements and process simulation was used to
compare the conventional and contactless electrodeposition processes without the use of any
extraneous additives. Specifically, experimentally derived current and potential values were used
to obtain the values of different parameters in the modified Bulter-Volmer equation and provide
the necessary boundary conditions in the solution. Simulation of the additive-free conventional
method suggested the occurrence of the pinch-off effect, resulting in void formation within the
via even at lower deposition rates. In comparison, simulation of the contactless electrodeposition
technique showed void-free filling of the via and also allowed for faster copper deposition rates.
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CHAPTER 4. OTHER APPLICATIONS OF THE
CONTACTLESS ELECTROCHEMICAL METHOD

4.1 Synthesis of Porous Silicon through Interfacial Reactions and
Measurement of its Electrochemical Response using Cyclic Voltammetry
The formation of porous silicon structures under anodic bias first described by Uhlir and
Turner has been employed for many applications in biomedical treatments, biological sensors,
optoelectronic materials, semiconductor technologies etc [111, 112, 113, 47, 48]. It is believed that the
electrochemical dissolution of silicon occurs at the pore tips where the electric field is enhanced
due to collection of holes in this region while the pore wall remains passivated due to depletion
of holes [50, 51, 114, 115, 116, 117]. The exact mechanism of pore formation is still under debate but it
is known that the porous structure is associated with two electrons per dissolved silicon atom and
occurs at low values of anodic overpotentials [118]. The most commonly used electrolytes for
porous silicon formation include aqueous electrolytes (HF-H2O mixtures), organic electrolytes
(aqueous HF-organic solvent mixtures), oxidizing electrolytes containing an oxidizing agent in
DI water but without any fluoride, and mixed electrolytes (e.g. aqueous HF solution with an
oxidant) [119, 120, 121, 122].
Harraz et al. illustrated the role of the nature of organic solvent, HF concentration, and
doping level on the morphology and depth of random macropores formed in p-type silicon by its
electrochemical anodization in aqueous HF-solvent mixtures [123]. Their results revealed that
solvents such as dimethyl sulfoxide (DMSO) and dimethyl formamide (DMF) favor macropore
formation, acetonitrile (ACN) gives a bilayer of nano/macropores, and aqueous HF or ethanol105

HF solutions form nanopores. Lower doping density or high resistivity increased the pore
diameter and decreased the pore spacing and above a critical resistivity (>0.1 Ω cm) only
macropores were formed. In another study, the number density of random macropores was found
to inversely depend on the resistivity (6-1000 Ω-cm) of p-Si (100) samples etched anodically in
HF-DMF at a current density of 5.5 mA-cm-2 [124]. The pore diameter and depth increased from
0.9 to 4.5 µm and 17.6 to 53 µm with sample resistivity. Interestingly, the pore diameter was
unaffected by the current density while the pore wall thickness decreased with increasing current
density. The authors concluded that none of the existing theoretical models in the literature
satisfactorily described the experimental data of their work. Ponomarev and Levy-Clement
proposed that in organic electrolytes, the adsorption of organic molecules on silicon surface can
locally affect the silicon dissolution during anodization and affect the morphology of the porous
layer [126]. Chao et al. used cationic surfactants in aqueous HF-ethanol mixtures to fabricate 400
µm deep pores by anodization of p-type (100) silicon [60]. In the presence of surfactants, the
pores formed were deeper and more unidirectional. It was hypothesized that the non-polar tail of
the amphiphilic surfactant attaches on to the H-terminated hydrophobic silicon and the polar
head sticks out in to the solution and affects the local electrostatic properties, electrochemical
behavior at the silicon/solution interface and the kinetics of silicon dissolution.
In this work, we are presenting a new contactless electrochemical technique for forming
macropores and mesopores in p- or n-type (100) silicon of different resistivities. One side of
silicon contacts an aqueous HF-DMSO solution containing Pt mesh electrode while the other
side faces an aqueous nickel sulfate/boric acid or potassium ferricyanide solution with Ni or Pt
mesh electrode immersed in it, respectively (Figure 4.1). Application of a current density at a
suitable value between Pt and Ni (or Pt) electrodes generates porosity in silicon (on HF-DMSO
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side) with the size of pores determined by the doping density in silicon. Interestingly, the use of
aqueous hydrochloric acid as the deposition solution under similar conditions does not yield any

Figure 4. 1 Schematic of the dual compartment PTFE cell used for generating porous silicon.
Silicon substrate is free of electrical contacts and reactions are motivated by means of applying a
suitable current between the Ni (or Pt) anode and Pt cathode. The anodic and cathodic reactions
of silicon dissolution and nickel (or ferricyanide) ion reduction occur continuously and
concurrently at the silicon interfaces.
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pores on silicon. The work provides a novel means of generating porous silicon using a
technique where the silicon substrate is not an electrode and does not need to be under an
external anodic bias. The results of this study are intriguing as they are contrary to the general
understanding of the requirement of electrochemical anodization of the Si (by application of a
potential) for pore formation. The main advantage of our technique is that it is scalable since the
only contact of the silicon substrate is that with the solutions on the two sides.

4.1.1 Materials and Methods
4.1.1.1 Formation of porous silicon
The experimental set-up consisted of a two chamber polytetrafluoroethylene cell with a
silicon wafer placed in between and sealed using a Kalrez® perfluoroelastomer square-ring.
Single side polished p- or n-type (100) silicon wafers with different resistivities were used (8-12
Ω-cm and 5 mΩ-cm). Prior to each experiment, the silicon surface was pre-cleaned with
isopropyl alcohol for 1 min, ammonia-peroxide mixture (1NH4OH(29%):1H2O2(30%):5H2O by
volume) for 5 min and 0.5% HF solution (by weight) for 1 min with each step followed by
deionized (DI) water rinsing. The etchant solution contained 8 % HF, 8 % water and 84 %
DMSO (all by weight) or 8 % HF and 92 % water with or without 0.05 mM 4-(1,1,3,3tetramethylbutyl) phenyl-polyethylene glycol (Triton X®-100), a non-ionic surfactant, while the
deposition solution consisted of nickel sulfate (1 M) and boric acid (0.5 M) or potassium
ferricyanide (1 M) or hydrochloric acid (1 or 5 M). Platinum mesh cathode and nickel (or Pt)
anode were immersed in the DMSO-HF-water or aqueous HF (with or without Triton X®-100)
solution and NiSO4 (or potassium ferricyanide or HCl) solution, respectively. A constant current
density of 2-10 mA cm-2 was applied between the anode and the cathode for varying times
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between 0.5 h and 18 h using a suitable current source (B&K Precision Corporation). High
resolution SEM (FEI Inspec-S50) and FESEM (Hitachi S-4800) images of the pores were
captured and analyzed using the ImageJ® software for characterizing the pore dimensions and
surface porosity.

4.1.1.2 Cyclic Voltammetry
The surface of macroporous silicon was coated with nickel using a displacement
technique described in reference 66. Triton X®-100 was used as a wetting agent at 0.05 mM
concentration in the solution. The deposition of nickel was carried out using 1 M NiSO4 at a
solution pH of 8 and temperature of 60 °C for a period of 60 min and the porous layer was
characterized using EDS (Thermo Noran System Six EDS) at an accelerating voltage of 30 kV.
The nominal resolution of EDS is about 2 µm and the detection limits are about 1000 ppm or 0.1
wt% under regular conditions [125]. CV was performed using an Interface-1000 potentiostat
(Gamry Instruments) on nickel coated blanket and macroporous silicon samples in a solution of
0.5 M potassium carbonate (supporting electrolyte) with or without 2 mM potassium ferricyanide
(electroactive species). The solution pH was measured to be ~11.5. Potentials were scanned in
the range of -0.05 to -0.5 V (versus Hg/Hg2SO4 (sat. K2SO4) reference) at a scan rate of 20 mV/s
(cathodic first). The choice of the supporting electrolyte was based on the stable nickel behavior
in K2CO3 solutions compared to the deteriorating performance in commonly used KOH
electrolyte [126]. Cyclic voltammograms were obtained using two different working electrodes
(Pt and Ni) to confirm the positions of the redox peaks (Figure 4.2).
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Figure 4. 2 Cyclic voltammetry using different electrodes. Comparison of cyclic
voltammograms obtained on nickel coated blanket silicon electrode and platinum electrode using
2 mM potassium ferricyanide and 0.5 M potassium carbonate solution. Solution pH = 11.5. Scan
rate = 20 mV-sec-1. Projected area: 1 cm2. Current response (as a function of potential) from two
different metals confirm the peak positions of the ferricyanide/ferrocyanide redox couple.

4.1.1.3 Inductively Coupled Plasma Mass Spectrometry (ICP-MS)
DMSO based solutions could not be used for ICP-MS measurements due to compatibility
issues between the equipment and the organic solvents. However, since the role of DMSO is
mainly to improve silicon wettability, Triton X®-100 surfactant was used in its place in the
etchant solution, which allowed measurement of the silicon concentration at various times.
Aqueous HF (8%) solution w/ and w/o the addition of 0.05 mM Triton X®-100 was used as the
etchant solution, while the deposition solution still consisted of nickel sulfate (1 M) and boric
acid (0.5 M). Pt mesh cathode and Ni plate anode were placed in etchant and deposition solution,
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respectively. A constant current density of 10 mA-cm-2 was applied between the anode and the
cathode for 4 h. Samples were drawn from etchant solution every hour and silicon (+4)
concentration was analyzed by ICP-MS (Elan DRC-II ICP-MS). SEM images of porous silicon
formed in the presence of surfactant in aqueous etchant solution show closer and larger pores and
shallower pore depth (Figure 4.3 (a) and (b)). In the absence of surfactant, porous silicon
formation was not observed (Figure 4.3 (c) and (d)).

Figure 4. 3 SEM images of macroporous silicon formed using aqueous HF etchant solution. (a)
Top view and (b) cross sectional view of the silicon formed using 8% aqueous HF solution with
0.05 mM Triton X-100 as the etchant solution. (c) Top view and (d) cross sectional of the
silicon using 8% aqueous HF (without any surfactant) as the etchant solution. Deposition
solution: 1 M NiSO4 and 0.5 M H3BO3. Current density: 10 mA cm-2. Etching time: 4 hours.
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4.1.2 Results and Discussion
Figure 4.4 (a) through (i) show SEM images of macropores formed on p-type silicon of
resistivity 8-12 Ω-cm (doping ~ 1.5 * 1015 B atoms-cm-3) for reaction times of 0.5, 2, and 18 h at
fixed current density of 10 mA-cm-2 with deposition solution containing NiSO4 and H3BO3. The
images corresponding to these times are denoted as (a-c), (d-f), and (g-i), respectively. The first
two images in each column are top views of the macropores and the last image is the cross
section of the macroporous layer. The samples with 0.5 h of reaction time had the unpolished
silicon surface (root mean square (RMS) roughness 200-500 nm determined using atomic force
microscopy) in contact with the etchant solution while the samples with 2 and 18 h of reaction
times had the polished silicon surface (RMS roughness <0.5 nm) facing the etchant solution. The
macropores on the polished silicon surface appear more homogeneous than those on the
unpolished silicon surface indicating the significance of the initial surface morphology in
generating uniform porous silicon. Although, some level of surface irregularity is essential to
initiate pore formation, any roughness higher than that adversely affects the uniformity of the
surface. It may be noted that during pore formation, Ni is electroplated on the backside Si but the
film easily peels off when washed with DI water due to its poor adhesion to Si.
SEM of the cross section of the macroporous layer shows that the length of the pores
increases from ~15 µm to 80 µm as the silicon reaction time increases from 0.5 to 2 h. The
macropores formed on polished silicon (Figure 4.4 (f)) are relatively straight and perpendicular
to the surface with the diameter of the pore almost constant along the entire pore length. On the
contrary, the macropores on the unpolished silicon are not as straight and exhibit variation in size
along the length. A statistical analysis was performed to calculate the average diameter (davg) of
the top of the pores, average wall thickness (tavg), and porosity (p). The values of davg, tavg, and p
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Figure 4. 4 SEM images of silicon with macropores of different treatment time and conditions.
(a-c) 0.5 h of reaction time with unpolished silicon surface in contact with HF-H2O-DMSO
etchant solution, (d-f) 2 h of reaction time with polished silicon surface in contact with the HFH2O-DMSO etchant solution, (g-i) 18 h of reaction time with polished silicon surface in contact
with the HF-H2O-DMSO etchant solution, and (j-l) 1 h of reaction time with polished silicon
surface in contact with the HF-H2O-DMSO etchant solution. Resistivity of p-type (100) silicon =
8-12 Ω-cm. Deposition solution: (a-i) aqueous solution of 1 M NiSO4 and 0.5 M H3BO3, (j-l)
aqueous solution of 1.0 M K3Fe(CN)6. Anode: (a-i) Nickel and (j-l) Platinum. Cathode:
Platinum. Pore diameter, wall thickness and porosity were characterized using the top view
micrograph while pore depth was determined using the cross-section view.
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were computed to be 1.99±0.47 µm, 0.43±0.12 µm, 68 % and 2.29±0.37 µm, 0.38±0.13 µm, 63
% respectively for samples with reaction times of 0.5 h and 2 h. With further increase of reaction
time to 18 h, the depth of the pores increased to about 250 µm. The pore walls were vertical and
straight (Figure 4.4 (i)) except at the top where they have been etched non-uniformly and a weblike or branched structure is formed. The average growth rate of pores decreases from ~ 30 to 15
µm-h-1 as the pore depth increases from 15 to 250 µm. At higher pore depths, the mass transport
of species inside the pores (which occurs by diffusion) becomes important and may explain the
observed reduction in the growth rate [123].
When the deposition solution contained K3Fe(CN)6, the maximum current density that
could be applied was ~ 3 mA-cm-2 for the voltage limit of ~ 40 V of the power supply. At this
current density and reaction time of 1 h, the average size of the pores and the pore growth rate
were 1.40±0.16 µm and ~10 µm-h-1, respectively (Figure 4.4 (j) through (l)). Although, use of
ferricyanide lowers the growth rate of pores due to smaller current density, it may still offer
benefits compared to nickel sulfate since it does not leave any film on the backside silicon at the
end of the process. The use of hydrochloric acid solution (1 M and 5 M) as the deposition
solution for porous silicon formation was also investigated. The maximum current density that
could be applied with HCl solution was 2 mA-cm-2 and no porous silicon was formed under this
condition.
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Figure 4. 5 FESEM images for different silicon types with mesopores. Micrographs of n-type (a
and b) and p-type (c and d) silicon; Resistivity = 5 mΩ-cm. Top view (a and c) and cross-section
view (b and d). Polished silicon surface in contact with HF-H2O-DMSO etchant solution.
Deposition solution – aqueous solution of 1 M NiSO4 and 0.5 M H3BO3. Reaction time = 2 h.
Type of doping in silicon wafer has a significant effect on topography of porous silicon.

Similar experiments were conducted using n- or p-type (100) silicon of resistivity 5 mΩcm (doping ~ 1.2 * 1019 As atoms-cm-3 and 2.2 * 1019 B atoms-cm-3), which is about 1000 times
lower than that of silicon used in earlier experiments. The polished silicon side was exposed to
the aqueous HF-DMSO solution as pore morphology was previously observed to be more
uniform with this configuration. The deposition solution contained NiSO4 and H3BO3. The field
emission (FE)-SEM images of the top surface and the cross section for n-type silicon at the end
of 2 h of reaction time are shown in Figure 4.5 (a) and (b), respectively. The pore dimension
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analysis (top-view) of the surface indicated that diameter of the pores was in the range of 5-20
nm, which puts them into the category of mesopores. The pores were randomly distributed and
roughly spaced 10 to 25 nm from each other. The cross-sectional view shows that the depth of
the mesopores was about 500 nm. On the other hand, when p-type silicon was used under
similar processing conditions, pores develop into squares with pyramidal bottoms as opposed to
cylinders (Figure 4.5 (c) and (d)). Although such pore shapes are commonly observed during
anisotropic wet etching of silicon in KOH solution, it is unclear as to why these structures are
formed with our process.
Further characterization of the macropores was conducted using a CV technique to
understand the topographical characteristics. In order to ensure good electrical response of the
silicon surface, it was coated with nickel using a displacement technique prior to the CV
measurements. SEM and EDS analysis of the nickel coated silicon were performed to evaluate
the efficiency of the deposition process. Figure 4.6 (a) shows cross sectional SEM image of 80
µm deep porous silicon layer with deposited nickel (See Figure 4.7 for SEM image of nickel
coated 15 µm deep porous silicon layer). The micrographs reveal a uniform layer of nickel even
at the bottom of the pores as indicated by the bright spots (Ni being a heavier element appears
brighter than Si) suggesting complete coverage of the porous layer with nickel in 1 h of the
deposition time. In order to confirm this, mapping of silicon and nickel distribution was
performed using EDS. Figure 4.6 (b) and (c) show distribution of Ni and Si respectively on
porous and non-porous regions of the cross-section of the sample (Figure 4.8 presents
distribution map of Ni, Si, and O for 15 µm deep porous layer). It can be observed that the nickel
appears everywhere on the inside and the top of the pores but is absent in the region below the
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pores. The area below the pores is that of the silicon exposed after dicing of the samples and
therefore no nickel is expected in this region. The silicon distribution map shows presence of

Figure 4. 6 SEM image and EDS distribution mapping for different elements. (a) Cross-section
micrograph; (b) Nickel, (c) Silicon and (d) Oxygen distribution maps at cross-section of
macroporous Si coated with Ni (80 µm pore depth). Distinguishing feature in the distribution
intensity was observed for Ni and Si. Nickel was present only in the porous region while silicon
intensity was higher in the non-porous region.
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Figure 4. 7 Cross-sectional SEM images of macroporous silicon coated with nickel. (a) 15 µm
(b) 80 µm pore depth.

Si exclusively in the region below the pores and also in the porous region and on the top of the
pores but to a much smaller extent than in the non-porous region. This is not surprising as the
pore walls do not have any nickel and consist of only silicon, which should appear when the
porous layer and top surface of pores are mapped. The oxygen distribution map (Figure 4.6 (d))
shows that top of the pores is oxidized more than the inside of the pores with non-porous silicon
region showing the least amount of oxidation. The oxidation (of Ni or Si) is likely induced by air
during the storage of the samples for 1 day prior to imaging. The EDS spectrum (Figure 4.9),
obtained by scanning the entire SEM image region and averaging the signal for each element,
shows the presence of nickel, silicon, oxygen, aluminium, and carbon peaks. The peaks
(excluding the one for aluminium which arises since the SEM stage is made of this material)
were fitted with a Gaussian distribution and atomic percent for each element was calculated by
applying suitable algorithms and corrections. The atomic percent values for nickel, silicon,
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oxygen and carbon were computed to be 69.3, 23.3, 3.9, and 3.6 respectively. Nickel content is
observed to be the highest and significant indicating that the surface of pores is likely completely
covered by nickel. The oxygen and carbon (due to organic contaminants from atmosphere)
contents were considerably lower than Ni and Si.

Figure 4. 8 Cross-section SEM micrograph (a) and EDS distribution mapping for different
elements (b-d). (b) Nickel, (c) Silicon and (d) Oxygen distribution maps of the cross-sectional
area of macroporous Si coated with Ni (15 µm pore depth).
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Figure 4. 9 EDS spectrum of the cross-sectional area of macroporous silicon (80 µm pore depth)
coated with Ni. The atomic concentration of each element (K-shell) was determined by taking ratio
of area under the respective peak to the total area.

Figure 4.10 (a) shows the electrochemical response of potassium ferricyanide (with 0.5M
K2CO3 as the supporting electrolyte, pH = ~11.5) at nickel coated blanket and porous (80 µm
pore depth) silicon samples with projected area of 1 cm2. The current signal for the
voltammogram obtained on the blanket electrode is lower than that on the porous silicon
electrode. The pair of peaks corresponding to the redox reaction of ferricyanide were observed
for the blanket sample with a standard redox potential of -0.17 V (vs. Hg/Hg2SO4) and peak-topeak potential separation of 84 mV. However, due to the large background current in the case of
porous silicon (Figure 4.10 (b)) in comparison to the blanket electrode (up to 15 times higher),
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the redox peaks were not discernable. Primarily, the significant background current may be
attributed to the double layer charging (rearrangement of charged species around the electrode),
or redox processes at the large electrode area. Since porous silicon electrode exhibited stable
background current, it can be digitally subtracted to reveal changes in current due to ferricyanide
redox reaction. The resulting background-subtracted cyclic voltammogram (Figure 4.10 (c))
indicates that the voltammetric response is improved at the porous electrode as reflected by the
enlargement of the oxidation and reduction current peaks. Further, peak-to-peak potential
separation is reduced to 52 mV, which may be explained based on the thin layer effects where
the solution in the pores becomes depleted of the electroactive species in the time scale of the
experiments and results in narrowing of the peak separations [127]. The depletion is also reflected
by the fact that the increase in current for porous silicon electrode compared to the blanket
silicon electrode is not in proportion to the difference in the surface area between the two.

Figure 4. 10 CV on nickel coated blanket and macroporous silicon samples. Cyclic
Voltammograms obtained using 0.5 M potassium carbonate solutions in the (a) presence and (b)
absence of 2 mM potassium ferricyanide for nickel coated blanket and porous (80 µm pore
depth) silicon surface, and (c) background-subtracted cyclic voltammograms. Solution pH =
11.5. Scan rate = 20 mV-sec-1, projected area: 1 cm2. Better electrochemical response was
observed for porous silicon owing to its larger effective surface area.
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In order to ensure that the improvement in the electrochemical response and the decline
of the potential difference between the anodic and cathodic peaks was not due to trace level of
Triton X-100 remaining in the pores after nickel coating [128], CV was performed on blanket
samples in ferricyanide solutions with and without the surfactant and no measureable difference
was observed in the peak positions for the two voltammograms (Figure 4.11).

Figure 4. 11 Cyclic voltammetry in the presence/absence of surfactant. Comparison between
cyclic voltammograms obtained on nickel coated blanket silicon samples (vs. Hg/Hg2SO4) in 2
mM ferricyanide and 0.5 M potassium carbonate solution with and without 0.05 mM Triton X100. Solution pH = 11.5. Scan rate = 20 mV-sec-1. Projected area: 1 cm2. The effect of surfactant
was minimal on the potential difference between redox current peaks.
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Silicon in contact with HF-H2O-DMSO solution undergoes a two-step dissolution, the first
one being electrochemical oxidation to SiO2 according to reaction (R1) and the second one
involves chemical etching of SiO2 as per reaction (R2). The role of DMSO is to improve the
wettability of silicon surface and prevent any hydrogen bubbles sticking on the surface that are
formed in reaction R1.

𝑆𝑖 + 2𝐻2 𝑂 = 𝑆𝑖𝑂2 + 𝐻2 + 2𝐻 + + 2𝑒 −

(R1)

𝑆𝑖𝑂2 + 6𝐻𝐹 = 2𝐻 + + 𝑆𝑖𝐹62− + 2𝐻2 𝑂

(R2)

These reactions indicate that only two of the four silicon electrons participate in the
interfacial charge transfer while the other two are accepted by protons to form hydrogen gas. To
maintain charge neutrality in the etchant solution, H+ reduction to hydrogen gas occurs on a Pt
mesh cathode immersed in this solution. Gas evolution was visually observed on the Pt mesh as
well as on the silicon surface exposed to the etchant solution. The electrons at the silicon/etchant
solution interface resulting from first reaction diffuse through the bulk of silicon wafer to be
consumed at the interface of silicon/deposition solution. At this later interface, nickel or
ferricyanide ions are reduced to zero-valent nickel or ferrocyanide ions, respectively and the
deposition solution is depleted of positive charges. The cations are replenished through nickel
dissolution or water/ferrocyanide oxidation from/at the anode. Both hydrogen ion reduction and
nickel or water/ferrocyanide oxidation are enabled by the applied current between the two
electrodes. Using aqueous HCl solution as the deposition solution did not yield any pores on
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silicon. The possible reason for this could be the poor kinetics of hydrogen evolution reaction on
silicon surface [129].
Further, ICP-MS measurements were conducted to determine the silicon concentration in
the etchant solution as a function of time and verify the proposed mechanism. Table 4.1 shows
the comparison between the actual and theoretical concentrations of silicon and the Faradaic
efficiency at different times. The theoretical concentration of silicon was calculated using
Faraday’s law assuming two out of four electrons from a silicon atom contribute to current (per
reaction R1) while the remaining two participate in hydrogen gas evolution. A high Faradaic
efficiency (in the range of 86% to 104%) for different times validates our proposed reaction
mechanism.
The selective dissolution at the pore tip (initially the tip of a surface irregularity) occurs
since the field strength and the current flow are higher at the curved surfaces than those at the flat
surfaces [130]. Additionally, pore tips are associated with surface defects and weakened bonds,
which can increase the silicon dissolution rate due to the sensitivity of electrochemical reactions
to the surface curvature. The side walls of the pores remain passivated with hydrogen and are
inert to attack by fluoride ions in the absence of any available electronic holes due to similar
electronegativity of H and Si and low induced polarization [40].
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Table 4. 1 Faradaic efficiency of porous silicon formation process at different etching times.
Current density: 10 mA-cm-2. Resistivity of p-type (100) silicon = 8-12 Ω-cm.
Etching Time (Hour)

Theoretical

Actual

Faradaic Efficiency

Concentration of

Concentration of

(%)

Silicon (ppm)

Silicon (ppm)

0

0

10

N/A

1

683

658

95

2

1389

1450

104

3

2116

1950

92

4

2868

2470

86

4.1.3 Conclusions
In conclusion, we show evidence of macro- and mesoporous silicon formation using a
contactless and scalable approach, which provides a new method for generating porosity without
the need for anodizing silicon. We believe that our work will spur more research to further our
understanding of the mechanism of forming porous silicon and enable development of realistic
models that will allow accurate prediction of the morphological characteristics of the porous
layer based on the processing parameters.
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4.2 Fabrication of Radially Symmetric Graded Porous Silicon using a Novel
Cell Design
As mentioned in the earlier session of this chapter, porous silicon with uniform size
distribution of pores can be fabricated by using various methods, employing new designs of the
experimental set-ups and using chemical formulations with different additives [131]. More
recently, porous silicon with a gradient in porosity, pore size and depth was developed with the
purpose of fulfilling special needs in applications related to biomaterials, biosensors and
bioadhesion research, where gradient/graded surfaces are considered as valuable tools [62, 63]. As
an example, by utilizing gradient/graded porous silicon, characterization of cell-surface
interactions as systematic screening and optimization of surface parameters can be processed in a
single sample, which will reduce the sample numbers and variation between experiments [132].
Methods illustrating fabrication of porous silicon films with pore size gradient in an
asymmetrical arrangement have been discussed recently [133, 134, 135]. In the setup demonstrated
by Collins, et al. and Khung et al., a Pt electrode was placed perpendicular to the silicon surface
at one end of the sample, thus causing the potential at silicon-electrolyte interface to be a
function of the distance between working and counter electrodes, resulting in a current density
gradient on the sample surface from one end to the other [146, 147]. In another study, Karlsson et
al. proposed a back-side etching method by using two silicon wafers as electrodes. Porous silicon
with varying gradient of morphology was fabricated due to inhomogeneous current density on
the back side of the anode, where the current density was lower further away from the edges of
the wafers [148].
Herein, we are proposing a new design that is a modification of the geometry we have
reported before for fabrication of porous silicon with morphological gradient [66]. This
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innovative and scalable method for porous silicon formation relies on redox reactions occurring
at silicon-solution interfaces. The most commonly used method to prepare porous silicon is by
anodic (electrochemical) etching in HF-based solutions [37]. Alternatively, it can be prepared
without any electrochemical bias by stain etching, where oxidative dissolution takes place in the
presence of strong oxidizing agent like HNO3 [136, 137]. In comparison, our technique does not
require the silicon wafer to be an electrode and Porous silicon is formed under no external anodic
bias (to silicon) and without employing oxidizing agents in the etchant solution. Modifications of
the previous experimental setup and use of suitable additives in the HF etchant solution allowed
the formation of Porous silicon with a wide distribution of porosity, pore size and pore depth and
in a radially symmetrical arrangement, which can be expected to meet the increasing demands
for special applications in biosensors, filters and optoelectronic materials. Since, in our process,
the only contact of the silicon is with the etchant and deposition solutions (NiSO4/H3BO3), the
process is completely scalable.

4.2.1 Materials and Methods
De-ionized (DI) water of 18 MΩ-cm resistivity was used in the preparation of solutions
and for rinsing of the samples. VLSI grade isopropyl alcohol (99 vol%) and hydrofluoric acid
(49 wt%) were obtained from Honeywell Inc. Dimethyl sulfoxide (DMSO, >99 vol%) and boric
acid (>99%) were purchased from Fisher Scientific Inc. Nickel sulfate hexahydrate (99%) and 4(1,1,3,3-Tetramethylbutyl)phenyl-polyethylene glycol (Triton X-100, labortary grade, 98%)
were procured from Sigma Aldrich. The critical micelle concentration of this non-ionic
surfactant is 0.2 to 0.9 mM, corresponding to 12E-3 to 15E-3% (by weight) at 20 – 25 C. P-type
Si (100) samples with different resistivity (2, 8 and 14 Ω-cm) were used for porous silicon
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formation.. A nickel plate (99.5%) with dimensions of 50 mm x 50 mm x 6.35 mm was used as
the anode, while platinum mesh (99.9%) of size 50 x 50 mm was used as the cathode. A power
source from B&K Precision Corporation (current and potential limit of 5 A and 41 V) was used
to apply current to the system.

4.2.1.1 Fabrication of porous silicon
A schematic illustrating the proposed process is shown in Figure 4.12 (a). The
experimental setup includes a two chamber polytetrafluoroethylene (PTFE, Teflon®) cell, target
silicon wafer and two Teflon plates of different sizes. The larger Teflon plate with a circular
opening is placed and fixed between the two chambers. The silicon wafer is placed and sealed
between the two Teflon plates using two Kalrez perfluoroelastomer circular-rings. Before each
experiment, a silicon wafer was pretreated with piranha (1H2O2 (30%): 4H2SO4 (96%) by
volume, 5 min), diluted HF (1HF (49%): 50H2O, 1 min), ammonia-peroxide mixture (1NH4OH
(29%): 1H2O2 (30%) :5H2O, 5 min) and diluted HF (1HF (49%): 50H2O, 1 min). The wafer was
then coated with a Ni seed layer using the displacement coating method [62]. The Ni coated side
contacted the deposition solution, which contained 1.0 M nickel sulfate and 0.5 M boric acid.
The etchant solution consisted of 8% HF and 92% H2O (by weight) with varying concentrations
of Triton X-100 and varying pH or 8% HF, 8% water and 84% DMSO (by weight). A Ni anode
and Pt mesh cathode were immersed in deposition solution and etchant solution, respectively. A
constant current density of 3 or 10 mA/cm2 was applied between the cathode and anode for a
period of 2 h. Such a configuration allows a decreasing current density radially inward in the
circular region exposed to the etchant solution. Further, the decrease in current density can be
expected to be constant due to uniform contact with the solutions. A non-ionic surfactant,
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Figure 4. 12 Schematic and working mechanism of the new cell design. (a) Schematic of
modified dual compartment PTFE cell used for generating graded porous silicon. Silicon wafer
placed and sealed between the two Teflon® plates. The anodic and cathodic reactions of silicon
dissolution and nickel deposition occur continuously and concurrently at the silicon-solution
interfaces. (b,c) Flow of current in the wafer results in a current density gradient radially along
the reacting surface.
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Triton X-100 was added at different concentrations (above and below critical micelle
concentration (CMC = 12E-3 – 15E-3 weight% at 25C)) to the etchant solution to develop the
porous films. The flow of current from different directions, illustrated in Figure 4.12
(b) and (c), allows a current density gradient to be developed radially along the surface, thereby
creating a symmetrical distribution of graded porous films along the radius in the circular area
exposed to the HF solution.

4.2.1.2 Surface parameter analysis
The pore diameter, porosity and pore depth were obtained from the analysis of the top
view and cross sectional SEM images, repectively. In the measurements of pore diameter and
pore depth using ImageJ, a calibration was set by using the scale bar of known length appearing
on the right bottom corner of the SEM image. Average pore diameter (davg) and pore depth (havg)
with standard derivations were computed by analyzing more than 40 different pores (indicated
with white lines shown in Figure 4.13 (a) and (c) on each image and using more than 3 images
collected from different regions but at same radial distance from the center of the circular region.
For porosity (p) calculations, the porous area was selected by adjusting the slider bar on the
“Threshold” menu Figure 4.13 (b). “Analyze Particles” tool was then used to calculate and
display the area fraction value, which represents percent porosity. The average porosity was
determined by repeating this analysis 3 times for each image and using 3 different images at
locations equidistant from the center of the circular region.
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Figure 4. 13 Analysis of pore deminsions using ImageJ® software. Characterization and
calculation of (a) pore diameter, (b) porosity and (c) pore depth of porous silicon films.
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4.2.2 Results and Discussion
To characterize the morphology of porous films, samples were inspected using SEM.
Figure 4.14 (a) through (f) show the morphological gradient feature of fabricated porous silicon
using 1E-1 wt% (value above CMC) Triton X-100 in aqueous HF solution. SEM images for the
top and cross-sectional view were taken at three different locations (marked as Zone 1, 2 and 3)
along the radius of the circular region. Comparing the surface properties of films at Zone 1 and
2, the values of davg, havg, and p increased from 1.8±0.2 m, 23±1 m and 19.3% to 3.1±0.4 m,
58±5 m and 52.4%, respectively (Table 4.2). When moving further to the edge of the sample at
Zone 3, larger values of davg, havg, and p were observed and calculated to be 3.4±0.5 m, 127±7
m and 63.2% respectively. It can be concluded that porosity, pore size and depth of films
dramatically increased when moving from Zone 1 to 3 due to increase of current density.

Table 4. 2 Results of pore dimension analysis. Morphological characteristics for porous films
obtained using different concentrations of Triton X-100 in the etchant solution.
Triton X-100
Concentration
3E-3%

9E-3%

1E-1%

Zone

Average pore
depth (havg, m)
20±1

Porosity (p)

1

Average pore
size (davg, m)
2.1±0.3

2

3.3±0.7

32±2

58.5%

3

4.7±0.8

53±2

75.2%

1

2.1±0.4

19±1

25.6%

2

2.9±0.4

41±4

48.9%

3

3.5±0.4

97±4

61.0%

1

1.8±0.2

23±1

19.3%

2

3.1±0.4

58±5

52.4%

3

3.4±0.5

127±7

63.2%

21.1%
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Figure 4. 14 Surface morphology of porous silicon structures formed using etchant solution
containing 1E-1% Triton X-100. SEM images showing (a)-(c) top view and (d)-(f) cross
sectional view of porous films at Zone 1, 2 and 3.
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4.2.2.1 Effect of Surfactant Concentration
In order to understand and establish the relationship between processing parameters and
surface properties of porous films, similar experiments were conducted by adding varying
amounts of Triton X-100 to investigate the effect of surfactant concentration on pore formation
using this method. SEM micrographs of samples prepared using aqueous HF solutions
containing 3E-3% and 9E-3% (values below CMC) Triton X-100 show analogous
morphological characteristics with increasing pore size and depth and porosity of films from the
center to the edge (Figure 4.15 and 4.16). Calculated values of davg, havg, and p for porous films
of these samples are also provided in Table 4.2. Figure 4.17 (a) through (c) show pore depth as a
function of distance along the diameter (from one end to the other) of the circular region of the
sample prepared using different concentrations of Triton X-100 in the etchant solution, where
the center was set as zero point. The plots show some symmetry along the center with continuous
pore depth gradients (increasing depths from center to the edge) on both sides. SEM images
captured at lower magnification and illustrating the gradients for a smaller section of the sample
are shown in Figure 4.17 (d) though (e). These results further indicate that lowering the Triton
X-100 concentration from 1E-1 to 3E-3 weight% significantly reduces the maximum pore depth
that can be achieved and lowers the gradient. It may be noted that the pore depth at the center
was unaffected by Triton X-100 concentration.
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Figure 4. 15 Surface morphology of porous silicon samples prepared using etchant solution
containing 3E-3% Triton X-100. SEM images showing (a)-(c) top and (d)-(f) cross sectional
view of porous films at Zone 1, 2 and 3.
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Figure 4. 16 Surface morphology of porous silicon samples prepared using etchant solution
containing 9E-3% Triton X-100. SEM images showing (a)-(c) top and (d)-(f) cross sectional
view of porous films at Zone 1, 2 and 3.
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Figure 4. 17 Comparison of symmetric morphological gradient for porous films obtained using
different conditions. Plots and SEM images showing pore depth as a function of distance along
the diameter of the circular region of the samples prepared using different concentration of
Triton X-100 in etchant solution. (a) and (d): 3E-3%; (b) and (e): 9E-3%; (c) and (f): 1E-1%.
The center of the sample was set as the zero point.

The effect of Triton X-100 concentration on pore diameter, pore depth and porosity
distribution of gradient Porous silicon samples was examined and plotted in Figure 4.18 (a), (b)
and (c). The largest distribution of pore diameter ranged from 1.8 to 6 m and was obtained
using 3E-3 weight% Triton X-100 in the etchant solution. Increase in Triton X-100
concentration to 9E-3 weight% shrunk the range of pore diameter distribution but further
increasing in concentration did not have any significant effect. By contrast, the distribution of
pore depth followed the reverse trend. Samples prepared using 1E-1 weight% Triton X-100
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exhibited the sharpest gradient with the pore depth ranging from 20 to 142 m and the gradient
reduced with a decrease in Triton X-100 concentration. There was no clear effect of surfactant
concentration on porosity as the distribution was similar and roughly in the range of 20 to 70 %
for all three concentrations of Triton X-100.

Figure 4. 18 Comparison of surface parameters for porous films obtained using different
conditions. Plots for (a) pore diameter, (b) pore depth and (c) porosity distribution of porous
films prepared using different concentrations of Triton X-100 in HF based etchant solutions.
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Adsorption of the surfactant onto the silicon-liquid interface is expected to modify the
Helmholtz layer and space charge layer [138]. At this interface, surfactant molecules tend to
attach their hydrophobic tails to hydrogen-terminated silicon surface and stick the polar heads
into water, thereby affecting both the silicon dissolution kinetics and local electrostatic properties
and electrochemical behaviour [60]. A higher concentration of surfactant leads to lower the
surface tension, which improves the wettability and allows penetration of HF based etchant
solution into the bottom of porous films to form deeper pores. Since constant current density was
applied for the same period of time in all cases, equal amounts of silicon should be removed
from each sample. In our experiments, penetration issues might happen due to low wettability in
solutions containing less amounts of surfactant, leading to the formation of shallower pore depths
but larger diameters. Thus, for higher surfactant concentrations, an increase in wettability allows
formation of deeper pores but causes a decrease in pore size as equal amounts of silicon being
etched from each sample.

4.2.2.2 Effect of HF Concentration
Further, Figure 4.19 shows SEM images of the surface morphology of porous films at the
center (Figure 4.19 (a) through (f)) and edge (Figure 4.19 (g) through (l)) of the samples obtained
using etchant solutions containing different HF concentrations (3, 5 and 8%) and 3E-3% Triton
X-100. By comparing the images in the first and third column, a significant increase in porosity
and pore diameter, and a decrease in pore wall thickness can be observed from the center to the
edge for both 5% and 8% HF samples. Similarly, comparing the images in the second and fourth
column, an increase in pore depth was also observed for those samples. These changes in surface
characteristics indicate development of a morphological gradient from the center to the edge of
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the samples. Interestingly, at lower HF concentration (3%), only the center area of the sample
shows porous film formation while the edge undergoes electropolishing (Figure 4.19 (a), (d), (g)
and (j)).

Figure 4. 19 Surface morphology of porous silicon samples prepared using etchant solution
containing different amounts of HF. SEM images showing (a)-(c), (g)-(i) top and (d)-(f), (j)-(l)
cross sectional view of porous films at center and edge of the samples, respectively. 3E-3%
Triton X-100 and (a), (d), (g), (j) 3% HF, (b), (e), (h), (k) 5% HF and (c), (f), (i), (l) 8% HF
aqueous solution were used as etchant solution, while deposition solution contained 1 M NiSO4
and 0.5 M H3BO3, respectively. Wafer resistivity: 14 Ω-cm, current density: 10 mA/cm2.
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To better characterize the surface properties of the porous films, a statistical analysis of
the SEM images was also performed using ImageJ software to calculate the davg, p, havg and
distribution of these parameters across the sample surface. For the center area, an increase in HF
concentration from 3% to 5% caused a decrease in the values of davg, havg, and p from 4.0±0.8
m, 24±3 m and 54.7% to 2.2±0.4 m, 15±2 m and 27.9%, respectively. Further increases in
the HF concentration did not cause any significant change in the porous film characteristics with
values of davg, havg, and p calculated to be 2.1±0.3 m, 20±1 m and 21.1%,. At the edge of the
sample, the use of 3% HF solution did not result in any pore formation and both 5% and 8% HF
solutions exhibited roughly similar pore diameter and depth and porosity, where the values of
davg, havg, and p were computed as 4.6±1.0 m, 50±2 m and 68.5% for 5% HF, and 4.7±0.9 m,
53±2 m and 75.2% for 8% HF, respectively. The distributions of porosity, pore diameter and
depth along the diameter of the sample for different HF concentrations are plotted and shown in
Figure 4.20. As can be seen from Figure 4.20 (a) and (b), an increase in both pore diameter and
depth distribution was observed with increasing HF concentration from 3% to 5%. Also, 5% and
8% HF samples exhibit a similar distribution range for pore dimensions, about 1.8 to 6 m for
pore diameter and 15 to 60 m for pore depth. The porosity values shown in Figure 4.20 (c)
indicates that both highest (76%) and lowest porosity (21%) were observed for 8% HF solution
and the porosity range reduced with decreasing HF concentration, suggesting that a sharper slope
of porosity gradient was developed with higher concentrations of HF.
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Figure 4. 20 Comparison of surface parameters for porous films obtained using etchant solution
containing 3%, 5% and 8% HF. Plots for (a) pore diameter, (b) pore depth and (c) porosity
distribution of porous films prepared using different concentrations of HF in the etchant solution.

Figure 4. 21 Surface morphology of porous silicon samples prepared using etchant solution of
different pH. SEM images showing (a)-(b) top view and (c)-(d) cross sectional view of porous
films. pH for etchant solution: (a) and (c): 4.2, (b) and (d): 6.5. Etchant solution: 5% HF and 3E3% Triton X-100 aqueous solution. Deposition solution: 1 M NiSO4 and 0.5 M H3BO3. Wafer
resistivity: 14 Ω -cm, current density: 10 mA/cm2.
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The occurrence of electropolishing on samples prepared using 3% HF solutions could be
explained based on the design of our geometry. In our system, a radially symmetric current
density gradient develops across the sample area, where the current density increases from the
center to the edge of the sample. Porous silicon formation will occur only at lower current
densities and the surface will get electropolished above a critical value of the current density
[130]. It has been verified that a lower concentration of HF allows electropolishing to happen at
smaller current density values, which means compared to 5% and 8% HF treated samples, the
outer area of 3% HF treated sample is easier to get electropolished [130].

4.2.2.3 Effect of Solution pH
In our process, silicon undergoes a two-step dissolution: the first one being
electrochemical oxidation to silicon dioxide and the second one involves chemical etching of the
oxide [64]. The oxidation rate of silicon is determined by availability of oxidizing agents and
current density applied, while the etch rate depends on the concentration and type of fluorine
based species in the etchant solution. To understand the etching mechanism, the effect of etchant
solution, pH and different fluorine species on the oxide etch rate and porous silicon formation
was investigated using 5% HF solution containing 3E-3% Triton X-100 at pH 3.2 (original pH),
4.2 and 6.5. Solution pH was adjusted by adding a small amount of KOH. As shown in Figure
4.21 (a) through (d), no pore formation was observed for samples prepared using etchant
solutions at pH 4.2 and 6.5, although there is some indication of pore initiation for the case of
lower pH (4.2). By contrast, pores were fully developed when the HF solution pH was 3.2
(Figure 19 (b), (e), (h) and (k)). Interestingly, the sample surfaces at these two higher pHs did not
appear to be electropolished either. Therefore, equilibrium concentrations of various fluorine
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species in HF solution were established to investigate this pH effect [87]. The possible reactions
of fluorine species occurring in HF based etchant solution along with the mass balance equation
are given in R1 through R4 [68]. The concentrations of different forms of fluorine based species
(HF, H2F2, HF2- and F-) have been plotted as a function of etchant solution pH at room
temperature and shown in Figure 4.22. It can be observed that with increase in solution pH from
3.2 to 4.2, the relative concentration of H2F2 decreased from about 20% to 2%, while the HF2concentration remained unchanged (about 30%); further increase in pH value from 4.2 to 6.5
decreased both the concentration of H2F2 and HF2- to almost zero and the solution was
dominated by F-.

𝐻𝐹 = 𝐻 + + 𝐹 − ; 𝐾1 = 6.85 × 10−4 𝑚𝑜𝑙/𝑙

(𝑅1)

𝐻𝐹 + 𝐹 − = 𝐻𝐹2− ; 𝐾2 = 3.963 𝑙/𝑚𝑜𝑙

(𝑅2)

2 𝐻𝐹 = 𝐻2 𝐹2 ; 𝐾3 = 2.7 𝑙/𝑚𝑜𝑙

(𝑅3)

[𝐻𝐹] + [𝐹 − ] + 2[𝐻𝐹2− ] + 2[𝐻2 𝐹2 ] = 2.5 𝑚𝑜𝑙/𝑙

(𝑅4)
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Figure 4. 22 Equilibrium concentrations of various fluorine species as a function of solution pH
for total F of 2.5 M at room temperature.
The pore formation is initiated by the valence band holes which are driven to the silicon
surface due to the applied electric field and diffusion [139]. At this initiation stage, the charge
carriers are collected by the pore tips with an enhanced electric field. Electrochemical oxidation
of silicon preferably originates at the pore tips and surface irregularities and then dissolution of
silicon occurs in those regions due to chemical etching. For samples prepared at lower etch rates
(lower HF concentration or higher pH), fresh silicon surface cannot be regenerated in time at
pore tips by chemical etching and therefore, in order to ensure the electron transfer rate
corresponding to the applied current density, more area on the silicon surface gets oxidized,
which leads to etching of the pore sidewalls and widening of pores. Consequently, when 3% HF
is used, pore size is larger and pores are shallower due to sidewall etching; at the edge of the
sample, due to higher current density, all the silicon surface in that area gets oxidized, thereby
causing uniform etching of the surface. For samples prepared using 5% and 8% HF solutions, the
etch rate is high enough at the given oxidation rate (predetermined by the current density), and
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therefore the porous films show similar distribution of morphology characteristics with the
sample prepared using 8% HF (higher etch rate compared to that at 5 % HF) presenting a slightly
sharper gradient from the center to the edge. In the case of etchant solutions with higher pH (4.2
and 6.5), the etch rate of silicon dioxide experiences a significant reduction perhaps due to
decrease in H2F2 concentration, suggesting H2F2 is a critical species in promoting oxide etch
rates. As a result, most of the silicon surface is covered with the oxide film at higher pH, and
pores cannot be developed due to non-selective etching.

4.2.2.4 Effect of Current Density
In addition, the effect of current density (3 and 10 mA/cm2) on porous silicon formation
was examined to verify the proposed mechanism using 8% HF and 3E-3% Triton X-100 in the
etchant solution. As shown in Figure 4.23 (a) through (d), a morphological gradient was
successfully developed for the samples obtained at lower current density. In comparison, a slight
increase in porosity, pore diameter and depth was measured at the center for samples prepared at
higher current density (Figure 4.23 (e) and (f) versus (a) and (b)). Values of davg, havg, and p at
the center increased from 1.9±0.3 m, 11±2 m and 18.6% to 2.1±0.3 m, 20±1 m and 21.1%,
respectively, with an increase in current density from 3 to 10 mA/cm2. When moving from center
to the edge, a notable difference in surface morphology can be observed between samples
prepared at lower and higher current density. Values of davg, havg, and p were computed to be
3.1±0.9 m, 34±2 m and 61.3% for 3 mA/cm2, and 4.7±0.9 m, 53±2 m and 75.2% for 10
mA/cm2, respectively. These results indicate a sharp increase in pore dimensions with increasing
current density. It may be important to point out that at lower current density, the actual porous
film at the edge of the sample was formed beneath a thin porous layer consisting of larger pores.
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The distributions of porosity, pore diameter and depth along the entire sample surface are plotted
in Figure 4.24 to further demonstrate our observations. As shown in Figure 4.24 (a) through (c),
samples prepared using 10 mA/cm2 exhibit much larger distribution range for all surface
parameters compared to that at 3 mA/cm2. Since the applied current density determines the
electron transfer rate, which corresponds to the number of silicon atoms dissolved per unit time,
applying higher current density can be expected to remove more silicon from the substrate and
thereby causes higher porosity and forms larger and deeper pores.

Figure 4. 23 Surface morphology of porous silicon samples prepared with current density of (a)(d) 3 mA/cm2 and (e)-(h) 10 mA/cm2. SEM images showing (a), (c), (e), (g) top view and (b),
(d), (f), (h) cross sectional view of porous films. Etchant solution: 8% HF and 3E-3% Triton X100 aqueous solution. Deposition solution: 1 M NiSO4 and 0.5 M H3BO3. Wafer resistivity: 14
Ω-cm.
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Figure 4. 24 Comparison of surface parameters for porous films obtained using current density of
3 and 10 mA/cm2. Plots for (a) pore diameter, (b) pore depth and (c) porosity distribution of porous
films as a function of different current densities.

Studies were also carried out using 84% dimethyl sulfoxide (DMSO)/8%H2O/8%HF (all
by weight) solution as the etchant solution. Interestingly, a morphological gradient was not
observed for porous films formed in this case. A homogenous porous layer was formed in the
circular area instead, as observed by visual inspection of the samples and confirmed using SEM
analysis. Figure 4.25 (a), (d), (g) and (j) show the morphology of sample prepared at 3 mA/cm2
using DMSO solution. It is evident that the center and edge of the sample exhibit similar surface
properties. This behavior could be explained based on the availability of oxidizing species at
silicon-etchant solution interface. During porous silicon formation, the initial step is to
selectively oxidize the pore tips and achieve etching of the oxide to form pores. In the case of
samples prepared using DMSO solution, although the etch rate is no longer a problem, the
concentration of oxidizing species (which is water here) is too low at silicon-etchant solution
interface to afford the oxidation rate especially at the edge of the sample, where a much greater
current density exists than that at the center. Therefore, to maintain the electron transfer rate
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commensurate to the applied correct density, the pore growth rate at the center increases while it
decreases at the edge of the sample, as the pores at the center are shallower and easier to get
oxidized at the bottom. In this way, a uniform porous layer is developed due to limitation in the
oxidation rate at the edge of the sample.

Figure 4. 25 Surface morphology of porous silicon samples prepared using (a), (d), (g), (j) 14 Ω
cm, (b), (e), (h), (k) 8 Ω cm and (c), (f), (i), (l) 2 Ω cm wafers. SEM images showing (a)-(c), (g)(i) top and (d)-(f), (j)-(l) cross sectional view of porous films at center and edge of the samples.
Etchant solution: 8% HF, 8% water and 84% DMSO (by weight) solution. Deposition solution: 1
M NiSO4 and 0.5 M H3BO3. Current density: 3 mA/cm2.
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Figure 4. 26 Effect of wafer resistivity on pore diameter and pore depth with applied current
density of 3 mA/cm2. 8% HF/8% H2O/84% DMSO as etchant solution and 1 M NiSO4 with 0.5
M H3BO3 as deposition solution.

4.2.2.5 Effect of Si Wafer Resistivity
To further confirm this observation, we conducted experiments using 84%
DMSO/8%H2O/8%HF as the etchant solution on silicon wafers with varying resistivity (2 and 8
Ω-cm) at 3 mA/cm2. The resulting SEM images are shown in Figure 4.25. Comparing images in
different columns of Figure 4.25, one may notice that silicon samples with fixed resistivity
exhibit similar surface morphology at the center and edge of the surface. Pore diameter and depth
as a function of wafer resistivity are plotted in Figure 4.26. As can be seen from this Figure, a
decrease in pore diameter and an increase in pore depth were observed with increasing wafer
resistivity. In porous silicon formation, the depletion region in the semiconductor also known as
space charge layer, prevents the pore sidewalls from being etched. The thickness of the space
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charge layer is determined by the doping density, where an increase in doping density decreases
both the wafer resistivity and thickness of space charge layer [56]. Thinner space charge layer
will reduce the focusing effect of charge carriers towards the pore tips, resulting in larger pore
formation. Since a constant current density was applied for the same period of time in all cases,
an equal amount of silicon should be removed from each sample. Therefore, porous films with
lower resistivity and larger pores lead to shallower pore formation.

4.2.3 Conclusions
In the current work, we have successfully developed a novel cell design for fabrication of
graded Porous silicon using a contactless process employing HF based etchant solution
containing Triton X-100. The design allows decreasing current density radially inward along
the sample surface, which results in morphological variation in the structure of the porous films.
Various process parameters such as surfactant concentration, HF concentration, solution pH,
current density and wafer resistivity have been examined to understand the formation mechanism
of radially symmetrical gradient porous silicon fabricated using a contactless method. Formation
of gradient porous silicon was observed when Triton X-100 was used as the wetting agent in
the etchant solution. Comparisons of the effect of HF concentration indicated that a larger
distribution range of porosity, pore diameter and depth can be obtained at higher HF
concentration (8%), while 3% HF concentration showed narrower distribution with the outer area
being electropolished. Increase in the solution pH from 3.2 to 6.5 eliminated the formation of
pores on the wafer surface. Subsequent equilibrium calculations indicated a sharp decrease in
H2F2 concentration with increase in etchant solution pH, suggesting that lower etch rates of SiO2
at higher pH and lower HF concentration limit the formulation of pores. The effect of current
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density was also evaluated and gradient porous silicon was successfully fabricated at both low
and high current densities in the presence of Triton X-100. An increase in porosity, pore
diameter and depth was observed both at the center and edge of samples as current density
increased from 3 to 10 mA/cm2. When using DMSO in the etchant solution, the morphological
gradient was not developed along the sample surface. Instead, a uniform porous layer was
formed due to limitation of oxidation rate, which was caused by the restriction in the diffusion of
the oxidizing species.

4.3 Gradient Filling of Copper in Porous Silicon using a Non-Contact
Electrochemical Method
In recent years, filling of microscale vias with high aspect ratio by electroplating of Cu
has been attracting considerable attention and arousing extensive interests as it becomes the key
technology to realize 3D integration in IC fabrication [140, 141, 27]. Successful filing of high aspect
ratio though silicon vias (TSVs) can offer the shortest interconnections for stacked chips and
therefore reduce parasitic losses and RC delay, which results in faster response time [142, 143].
Currently, copper is the most commonly used metal for making device electrical connections. It
is highly conductive, readily available, relatively inexpensive and has large resistance to
electromigration which ensures higher stability. Although filling of trenches using Cu
electroplating (e.g. damascene process) has been investigated for years [144, 145, 146], the uniform
and void-free deposition in structures with higher aspect ratios remains a challenge. Thus,
bottom-up electroplating is highly preferred for TSVs.
Generally, additives are used in the copper sulfate based electrolytes to achieve a bottomup growth of the metal by electrodeposition [147, 148, 149]. In such systems, accelerators such as
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bis(3-sulfopropyl disulfide) (SPS) act as super catalysts and enhance electron transfer in the ratedetermining step [150], while suppressors such as polyethylene glycol (PEG) tend to increase the
overpotential at via openings and inhibit current crowding [151], and chloride ions (Cl-) modify
the adsorption properties of suppressors and influence film thickness distribution [152, 153].
However, it has been reported that adding large amount of additives could lead to impurity
problems and cause high electric resistance issue in the electrodeposited Cu, which may further
affect the device reliability [154]. Additionally, the dense grain boundary formed by accelerated
nucleation and inhibited nuclei growth due to additives can increase the resistivity of the
polycrystalline Cu interconnects as well [155].
In order to address these problems, an additive-free contactless technique for bottom-up
deposition of metal in high aspect ratio vias has been successfully demonstrated on blanket and
patterned wafers in our previous studies [68, 156]. One of the drawbacks of this work was that a
dielectric coating was used on the sidewalls of the vias and the regions outside them to achieve a
bottom-up and overburden-free filling. In the current study, we have shown the viability of our
process without the use of this dielectric coating. Furthermore, by modifying the electrochemical
cell setup [157], we were able to apply a radially symmetric current gradually changing from
center to the edge of the sample, which resulted in a gradient filling of the vias. The focus of this
paper is to further investigate the underlying mechanism and understand the effect of different
conditions for this specific process. The experiments were carried out using porous silicon
templates as the substrate, as they are easily available and filling of macropores with different
materials such as metals is an area of increasing interest [124, 158, 159]. Other than bringing
possible solutions for TSV filling, the metal filled silicon samples with graded features obtained
from our process will be of interest in applications related to thermal barrier materials, sensors
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and nano-composite materials [160, 63, 64]. Moreover, the ability to deposit metal in porous
substrate with a controlled gradient from center to edge of the sample would also be valuable in
applications such as gradient-index optics, highly efficient solar cells and related optoelectronic
materials [62, 161, 162].

4.3.2 Materials and Methods

4.3.2.1 Porous Silicon Formation
p-type Si (100) samples with resistivity of 5 Ω-cm were used for porous Si preparation.
Prior to electrochemical etching, samples were treated using different chemicals in the sequence
of piranha (1H2O2 (30%) : 4H2SO4 (96%) by volume, 5 min), diluted HF (1HF (49%) : 50H2O
by volume, 1 min), ammonia–peroxide mixtures (1NH4OH (29%) : 1H2O2 (30%) : 5H2O by
volume, 5 min) and diluted HF (1HF (49%) : 50H2O, 1 min) for surface cleaning. Back sides of
the samples were coated with a Ni layer using a method described elsewhere [66]. Samples were
rinsed by DI water after each step. Porous silicon was then formed using the contactless
technique which has been discussed in details in our previous studies [157]. The etchant solution
consisted of 8% HF, 8% H2O and 84% dimethyl sulfoxide (DMSO) while the deposition solution
contained 1 M NiSO4 and 0.5 M H3BO3. A constant current density of 6 mA/cm2 was applied
between the Ni anode and Pt cathode for 40 min using a current source (B&K Precision
Corporation). As depicted in Figure 4.27 (a) and (b), the fabricated porous silicon has the pore
diameter of 1-2 µm and pore depth of 15-20 µm.
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Figure 4. 27 SEM images showing (a) top-down and (b) cross-sectional view of the formed
porous silicon.

4.3.2.2 Electrodeposition of Cu in Porous Silicon
The deposited Ni during porous silicon formation process was first removed by
immersing the Ni side of the sample in an aqueous solution containing 1% H2O2 and 7% HCl for
30 min. The porous area remained unaffected as the sample was placed in the two-chamber cell
set-up where only the deposited metal was exposed to the chemicals. A Pt seed layer with a
thickness of 10-15 nm was coated on the porous silicon side by sputtering using a Hummer® 6.2
Sputter System for 60 sec. The Pt coated porous surface contacted the deposition solution
containing 0.1-1 M CuSO4 and 0.2 M H2SO4 while the remaining surface contacted the etchant
solution, which consisted of 3% HF and 97% H2O. The Cu anode and the Pt mesh cathode were
immersed in the deposition solution and etchant solution, respectively. A constant current density
of 5 mA/cm2 was applied for the initial 5 min, then ramped up to 10 or 15 mA/cm2 for another 7
min using the current source. The projected area of the deposition side exposed to the solution
was fixed at 3.1 cm2 for all the experiments, while the projected area of the side in contact with
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the etchant solution was varied from 5.1 to 11.8 cm2 by either covering some of the sample
surface using Kapton® tape or increasing the total sample size. High resolution SEM (FEI
Inspec-S50) images of the porous films were captured and analyzed using ImageJ® software for
characterization of Cu deposition inside the porous structure.

4.3.3 Results and Discussion
4.3.3.1 Bottom-up and Gradient Filling Process
All the samples were inspected using SEM to characterize the deposition of copper in the
porous structures. As shown in Figure 4.28, a bottom-up deposition was accomplished and a
gradient in Cu fill heights was also observed along the radius of the sample as indicated by SEM
images of deposited copper in pores at Zone 1 (center of the sample), 2 (5 mm away from the
center) and 3 (8 mm away from the center). The average depths (havg) of deposited Cu pillars
were calculated using ImageJ® software through a statistical analysis for the micro-features. As
shown in Table 4.3, the havg of deposited Cu in Zone 1 and 2 for the sample obtained by applying
10 mA/cm2 current density increased from 3.8±0.8 µm to 4.1±0.8 µm, respectively. When
moving further towards the edge of the sample at Zone 3, more Cu deposition was observed
inside the pores and havg was calculated to be 5.4±0.8 µm. These results suggested that the
amount of deposited Cu gradually increased from Zone 1 (center) to 3 (near edge) due to radial
increase in the current density.
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Figure 4. 28 Bottom-up gradient filling of copper in the porous structure. SEM images showing
(a- c) cross sectional view of copper deposition in pores located at Zone 1 (center), 2 (5 mm
away from the center) and 3 (8 mm away from the center). Applied current density: 5 mA/cm2
followed by 10 mA/cm2. Deposition solution: 1 M CuSO4 and 0.2 M H2SO4. Etching area to
deposition area ratio: 2.7.

Table 4. 3 Results of deposited Cu pillar heights inside the pores (havg) at different locations
when applying different current densities.

Zone 1

Zone 2

Zone 3

10 mA/cm2

3.8±0.8 µm

4.1±0.8 µm

5.4±0.8 µm

15 mA/cm2

6.2±1.2 µm

6.9±1.3 µm

7.3±1.0 µm
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Figure 4.29 shows the depth of deposited Cu as a function of distance along the diameter
for the circular region of the sample. The plot indicates the symmetric feature along the center
with continuous Cu deposition gradient (increasing Cu filling depth from center towards the
edge) on both sides. In this process, the deposition relies on the reaction on the backside (noncopper side) of the sample (etchant side), where electrochemical oxidation of silicon to silicon
dioxide using water provides the necessary electrons for reduction of copper ions to metal copper
on the front side of the sample (deposition side). The chemical etching of silicon dioxide using
HF regenerates fresh silicon surface. The copper deposition preferentially occurs at/near the
bottom of the pores (as opposed to the top non-patterned surface or pore side wall) because of
the shortest distance between wafer backside and pore bottom, which offers lowest resistance to
the current flow. The gradient filling of pores utilizes a similar mechanism as forming the porous
silicon with a morphological gradient [157]. The modified cell design allows decreasing current
density radially inward along the sample surface, which results in varying deposition rates in the
porous films.

Figure 4. 29 Plot showing depth of deposited Cu as a function of distance along the diameter of
the sample cross-section. Center of the sample was set as zero point.
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4.3.3.2 Effect of Applied Current Density
In order to understand and establish the relationship between processing parameters and
the copper deposition gradient, experiments were conducted by applying different current
densities. As shown in Figure 4.30 (a) through (f), the gradient in depth of deposited copper was
successfully developed for samples processed both at lower and higher current densities with
thickness of deposited copper increasing from center to edge, indicating more current flux at the
outer area of the circular region. Visually, more deposition occurred at Zones 1, 2 and 3 for
samples prepared at higher current density (Figure 4.30 (b), (d) and (f) versus (a), (c) and (e)).
These observations were further verified by the calculated results. As shown in Table 4.3, by
increasing the current density, the havg of deposited Cu increased from 3.8±0.8 µm, 4.1±0.8 µm
and 5.4±0.8 µm to 6.2±1.2 µm, 6.9±1.3 µm and 7.3±1.0 µm at Zone 1, 2 and 3, respectively.
These results are expected as the applied current density determines the electron transfer rate
assuming there are no mass transfer limitations and silicon oxidation is the rate determining step
and therefore larger current density would provide higher deposition rates. The difference in havg
between these two samples are not exactly 1.5 times, which might be due to different Faraday
efficiency under different conditions.
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Figure 4. 30 Deposition of copper in the porous structure by applying different current densities
(10and 15 mA/cm2) in the system. SEM images showing cross sectional view of deposited
copper at Zone 1, 2 and 3, respectively. Deposition solution: 1 M CuSO4 and 0.2 M H2SO4.
Etching area to deposition area ratio: 2.7.

4.3.3.3 Effect of CuSO4 concentration
To understand the underlying mechanism of gradient filling process, the effect of Cu2+
concentration was investigated using 0.1 M, 0.25 M and 1 M CuSO4 deposition solution. It can
be observed from Figure 4.31 (a), (d) and (g) that neither bottom-up deposition nor gradient
filling of the pores was achieved at lower Cu2+ concentration of 0.1 M. This could be due to
severe depletion of Cu2+ near the pore bottom caused by mass transport limitation and thus most
of the electrons would reach the top non-patterned surface, where availability of Cu2+ ions is
much higher. By increasing the concentration of CuSO4 from 0.1 to 0.25 M, a bottom-up
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deposition was achieved (Figure 4.30 (b), (e) and (h)). As shown in Table 4.4, the havg of the
sample prepared using 0.25 M CuSO4 solution increased from 5.6±0.8 to 6.9±0.6 µm when
moving from Zone 1 to 3, suggesting that a gradient filling occurred during the deposition
process. Further increase of the CuSO4 concentration to 1 M caused formation of a much sharper
gradient of deposited copper (Figure 4.31 (c), (f), (i) and (l)), as can be observed from the data
shown in Table 4.4 where larger differences in the depth of deposited copper between Zone 1
and 3 (3.8±0.8 µm vs. 5.4±0.8 µm) was measured. Interestingly, the sample obtained using 0.25
M CuSO4 showed larger havg in all 3 areas compared to the sample prepared using 1.0 M CuSO4,
indicating more deposition occurred when a lower concentration of Cu2+ was used. In order to
explain this observation, the extreme edge areas (~9.5-10 mm away from the center) of the two
samples were inspected using SEM and shown in Figure 4.32. In this region, sample obtained
using 1 M CuSO4 showed much more deposition (11.9±1.1 µm) and pores were even overfilled
by Cu. In comparison, much smaller havg (7.4±0.5 µm) was observed in the case of 0.25 M
CuSO4 condition.
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Figure 4. 31 Deposition of copper in the porous structure using 0.1 M, 0.25 M and 1 M CuSO4
solution. SEM images showing cross sectional view of deposited copper for samples at Zone 1, 2
and 3, respectively. Applied current density: 10 mA/cm2. Etching area to deposition area ratio:
2.7.
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Table 4. 4 Results of deposited Cu pillar heights inside the pores (havg) at different locations
when using different concentration of CuSO4 in deposition solution.
Zone 1

Zone 2

Zone 3

Edge

0.1 M CuSO4

N/A

N/A

N/A

N/A

0.25 M CuSO4

5.6±0.8 µm

5.7±0.9 µm

6.9±0.6 µm

7.4±0.5 µm

1 M CuSO4

3.8±0.8 µm

4.1±0.8 µm

5.4±0.8 µm

11.9±1.1 µm

It is worth mentioning that availability of both Cu2+ ions and electrons is critical for
achieving higher deposition rates. In the case of lower CuSO4 concentration (e.g. 0.1 M), the
Cu2+ ions would be easily depleted in the deep and narrow pores. Increase in the concentration of
CuSO4 could alleviate this problem to some extent, as indicated from the results for 0.25 and 1.0
M CuSO4 concentration conditions. Since the current density at the edge of the sample is much
larger compared to that at the center of the sample, more deposition occurs at the edge. For cases
where the current density is identical, the total amount of deposited Cu would also be the same,
and therefore if more deposition occurs at the edge, less deposition would occur in other regions
thereby forming a sharper gradient of deposited Cu inside the pores.
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Figure 4. 32 SEM images showing cross sectional view of deposited copper at the extreme edge
ofthe samples (~9.5-10 mm away from the center) obtained using (a) 0.25 M and (b) 1 M CuSO4
in the deposition solution.

4.3.3.4 Effect of Etching/Deposition Area Ratio
In addition, the effect of etching area to deposition area ratio on Cu deposition gradient
was also examined. The etching to deposition area ratio for all the above work was set to 2.7
(deposition area: 3.1 cm2, etching area: 8.4 cm2). This ratio was decreased to 1.6 by using
Kapton® tape to cover certain areas of the sample exposed to the etchant side or increased to 3.8
by increasing the total sample size for the following work. The SEM images as well as the
analysis for Cu filling depths at different locations are shown in Figure 4.33 and Table 4.5,
respectively. Gradient filling of Cu has been observed with an etching to deposition area ratio of
2.7, where the havg increased from 4.1±0.8 µm to 5.4±0.8 µm and 11.9±1.1 µm when moving
from Zone 1 to Zone 3 and further to the extreme edge (Figure 4.33 (b), (e) and (h)). Also, as
shown in Figure 7 (a), (d) and (g), deposition gradient of Cu was successfully developed for the
samples obtained with a lower etching to deposition area ratio of 1.6. The havg increased from
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4.3±1.3 µm (Zone 1) to 4.8±1.1 µm (Zone 3), and further reached 12.5±1.1 µm (edge). However,
a further increase in the etching to deposition area ratio from 2.7 to 3.8, the expected deposition
gradient was not observed (Figure 4.33 (c), (f) and (i)). The havg at Zone 1, Zone 3 and the edge
showed similar values: 7.9±2.2 µm, 8.6±4.0 µm, and 7.3±0.8 µm, respectively. Comparing
images and data in different columns of Figure 4.33 and Table 4.5 respectively, it is worth
mentioning that the condition with larger etching to deposition area ratio resulted in more
deposition at the center but less deposition at the edge of the sample, indicating a more uniform
current flux across the porous area. In contrast, the conditions with smaller etching to deposition
area ratio showed similar deposition gradients, which may indicate that the graded/gradient
filling is only developed in certain range of etching to deposition area ratio.
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Figure 4. 33 Deposition of copper in the porous structure with different etching area to
deposition area ratio (1.6, 2.7 and 3.8). SEM images showing cross sectional view of deposited
copper at Zone 1 and 3, and the extreme edge area, respectively. Applied current density: 10
mA/cm2. Deposition solution: 1 M CuSO4 and 0.2 M H2SO4.
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Table 4. 5 Results for deposited Cu depth inside the pores (havg) at different locations for three
different etching area to deposition area ratio.

Etching Area = 5.1 cm2

Zone 1

Zone 3

Edge

4.3±1.3 µm

4.8±1.1 µm

12.5±1.1 µm

4.1±0.8 µm

5.4±0.8 µm

11.9±1.1 µm

7.9±2.2 µm

8.6±4.0 µm

7.3±0.8 µm

Deposition Area = 3.1 cm2
Ratio = 1.6
Etching Area = 8.4 cm2
Deposition Area = 3.1 cm2
Ratio = 2.7
Etching Area = 11.8 cm2
Deposition Area = 3.1 cm2
Ratio = 3.8

4.3.3 Conclusions
In the current work, various process parameters such as applied current density, copper
sulfate concentration, and etching to deposition area ratio were investigated to understand the
formation mechanism of a Cu deposition gradient in porous silicon substrates using the
contactless method. A bottom-up deposition was accomplished and a gradient in fill depths was
observed along the radius of the sample both at lower and higher current densities (10 and 15
mA/cm2). The study on the effect of CuSO4 concentration emphasized the importance of mass
transfer limitation in the process, as indicated from the results obtained at lower CuSO4
concentration (0.1 M) where bottom-up deposition was not achieved. An increase in CuSO4
concentration from 0.1 to 0.25 M realized bottom-up filling but gradient deposition was not
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developed due to mass transport limitation at the edge of the sample area. The effect of etching
area to deposition area ratio was also evaluated and gradient filling was successfully obtained
with ratio of 1.6 and 2.7. Further increase of the etching to deposition area ratio to 3.8 caused
more uniform deposition, suggesting gradient filling may only be achieved within a certain range
of the etching to deposition area ratios.
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