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ABSTRACT

Semiconductor nanotechnology is  today a  very well  studied subject,  and demonstrations of 
possible applications and concepts are abundant. However, well-controlled mass-fabrication on 
the nanoscale is still a great challenge, and the lack of nanofabrication methods that provide the 
combination of required fabrication precision and high throughput, limits the large-scale use of 
nanodevices.  This  work  aims  in  resolving  some  of  the  issues  related  to  nanostructure 
fabrication, and deals with development of nanofabrication processes, the use of size-reduction 
for reaching true nanoscale dimensions (20 nm or below), and finally the optical and electrical 
characterization to understand the physics of the more successful structures and devices in this 
work.  Due  to  its  widespread  use  in  microelectronics,  silicon  was  the  material  of  choice 
throughout this work. 

Initially, a fabrication process based on electron beam lithography (EBL) was designed, allowing 
controlled fabrication of  devices  of  dimensions down to 30 nm, although,  generally,  initial 
device dimensions were above 70 nm, allowing the flexible but low-throughput EBL, to be 
replaced by state-of-the-art optical lithography in the case of industrialization of the process. A 
few main processes were developed throughout the course of this work, which were capable of 
defining silicon nanopillar and nano-wall arrays from bulk silicon, and silicon nanowire devices 
from silicon-on-insulator (SOI) material.

Secondly,  size-reduction,  as a  means of  providing access to few-nanometer  dimensions not 
available by current lithography techniques was investigated. An additional goal of the size-
reduction studies  was to find self-limiting mechanisms in the process,  that  would limit  the 
impact  of  variations  in  the  size  and  other  imperfections  of  the  initial  structures.  Thermal 
oxidation was investigated mainly for self-limited size-reduction of silicon nanopillars, resulting 
in  well-defined  quantum  dot  arrays  of  few-nm  dimensions.  Electrochemical  etching  was 
employed to size-reduce both silicon nanopillars and silicon nanowires down into the 10-nm 
regime. This being a novel application, a more thorough study of electrochemical etching of 
low-dimensional and thin-layer structures was performed as well as development of a micro-
electrochemical  cell,  enabling  electrochemical  etching  of  fabricated  nanowire  devices  with 
improved control.

Finally, the combination of nanofabrication and size-reduction resulted in two successful device 
structures: Sparse and spatially well-controlled single silicon quantum dot arrays, and electrically 
connected size-reduced silicon nanowires. The quantum dot arrays were investigated through 
photoluminescence spectroscopy demonstrating for the first  time atomic-like  photoemission 
from single silicon quantum dots. The silicon nanowire devices were electrically characterized. 
The  current  transport  through  the  device  was  determined  to  be  through  inversion  layer 
electrons with surface states of the nanowire surfaces greatly affecting the conductance of the 
nanowire. A model was also proposed, capable of relating physical and electrical properties of 
the nanowires, as well as demonstrating the considerable influence of charged surface states on 
the nanowire conductance. 





Table of Contents
 Appended Papers...................................................................................................................... iii
 Other Papers/Publications...................................................................................................... iv
 Symbols and Acronyms............................................................................................................. v
 Acknowledgements................................................................................................................... ix
 
 1. Introduction............................................................................................................................ 1
 2. Silicon Nanowires  Nanopillars and  Quantum Dots.......................................................3

2.1 Physical Properties of Nanostructured Silicon ........................................................... 3
2.1.1 Band gap, Confinement and Luminescence........................................................ 3
2.1.2 Coulomb Blockade and Single Electronics.......................................................... 5
2.1.3 Debye Screening...................................................................................................... 6

2.2 Applications ..................................................................................................................... 6
2.2.1 Information Technology......................................................................................... 6
2.2.2 Biology and Biophysics........................................................................................... 8
2.2.3 Nanoelectromechanical systems............................................................................ 8
2.2.4 Not Only Silicon...................................................................................................... 8

2.3 Current Challenges and Goals of this Thesis.............................................................. 9
 3. Nanofabrication................................................................................................................... 11

3.1 Electron Beam Lithography......................................................................................... 11
3.1.1 Principle.................................................................................................................. 11
3.1.2 Single Pixel Exposure........................................................................................... 13
3.1.3 Experimental results.............................................................................................. 14

3.2 Semiconductor Processing........................................................................................... 17
3.2.1 Nanopillar Process................................................................................................ 17
3.2.2 Nanowire Process.................................................................................................. 20

3.3 Alternative Methods...................................................................................................... 23
3.3.1 Lithography............................................................................................................ 23

Nanoimprint Lithography......................................................................................... 23
Scanning Probe Lithography.................................................................................... 24

3.3.2 Self-Assembly......................................................................................................... 24
Electrochemical Etching........................................................................................... 24
CVD............................................................................................................................. 24
Localized Growth....................................................................................................... 24
Implantation................................................................................................................ 25

 4. Size Reduction...................................................................................................................... 27
4.1 General Issues................................................................................................................ 27
4.2 Size Reduction by Oxidation....................................................................................... 29

4.2.1 Thermal Oxidation of Structured Silicon...........................................................29
Planar Oxidation........................................................................................................ 30
Oxidation of a Curved Surface ............................................................................... 30

4.2.2 Experimental Results............................................................................................ 31
4.3 Electrochemical Size Reduction.................................................................................. 33

4.3.1 Principles of Electrochemical Etching of Silicon............................................. 33



Porous Etching (Divalent reaction)......................................................................... 34
Electropolishing (Tetravalent reaction)...................................................................36
Macropores................................................................................................................. 36

4.3.2 Electrochemical Etching Setup........................................................................... 37
4.3.3 Electrochemical Etching of Bulk Silicon........................................................... 39

Immersed Samples (setup 1 in appendix A.1)........................................................39
Exposed Front Side (setup 2,3 in appendix A.1)...................................................40

4.3.4 Electrochemical Size Reduction of Silicon Nanopillars.................................. 44
Immersed Sample (setup 1 in appendix A.1)......................................................... 44
Exposed Sample Surface (setup 2,3 in appendix A.1).......................................... 45

4.3.5 Electrochemical Size Reduction of Silicon Nanowires....................................47
Etching Conditions.................................................................................................... 47
IV-Characteristics....................................................................................................... 49
Interactivity................................................................................................................. 50
Etching results............................................................................................................ 51

 5. Characterization................................................................................................................... 55
5.1 Electrical Properties of Silicon Nanowires................................................................ 55

Device Layout............................................................................................................. 55
Measurements............................................................................................................. 56
Simulations.................................................................................................................. 60
Conclusions................................................................................................................. 63

5.2 Luminescence from Silicon Quantum Dots.............................................................. 64
Room-temperature Characterization ...................................................................... 64
Low-temperature Measurements............................................................................. 66
Size Dependence and Blinking................................................................................. 67

 6. Conclusions and Outlook................................................................................................... 69
6.1 Conclusions.................................................................................................................... 69
6.2 Outlook........................................................................................................................... 72

 7. Summary of Papers............................................................................................................. 73
Paper I ........................................................................................................................ 73
Paper II ....................................................................................................................... 74
Paper III ..................................................................................................................... 75
Paper IV ..................................................................................................................... 76
Paper V ....................................................................................................................... 77
Paper VI ..................................................................................................................... 78
Paper VII .................................................................................................................... 79
Paper VIII .................................................................................................................. 80
Paper IX...................................................................................................................... 81

 A. Appendix.............................................................................................................................. 83
A.1 Etching Setups of This Work .................................................................................... 83
A.2 Modelling of Etching Crater Profiles.........................................................................86
A.3 Pillar Volume Extraction from SEM Images........................................................... 89

References.................................................................................................................................. 91

ii



 Appended Papers

I R. Juhasz, J. Linnros, P. Kleimann:  “Laser Assisted Electrochemical Etching of Silicon – 
Simulations and Experiment”, Presented at 198th meeting of the ECS, in “Pits and Pores  
II:  Formation,  Properties  and Significance  for  Advanced  Materials”,  The Electrochemical 
Society Inc., Pennington, New Jersey, USA, 2001

II R. Juhasz, J. Linnros and P. Kleimann: “Size Reduction of Silicon Nanopillars by Photo-
Electrochemical  Etching”,  Presented  at  the  MRS  fall  meeting  2000,  proceedings  in 
“Microcrystalline and Nanocrystalline Semiconductors – 2000”,  eds. P. M. Fauchet, J. M. 
Buriak, L. T. Canham, N. Koshida and B. E. White, Jr., Proceedings of the Materials 
Research Society 638, Warrendale PA, USA, 2001

III R. Juhasz, J. Linnros: “Three-Dimensionally Controlled Size-Reduction of Silicon Nanopillars  
by Photo Electrochemical Etching”, Appl. Phys. Lett. 78(20), 3118-20 (2001)

IV J. Valenta, R. Juhasz, J. Linnros: "Photoluminescence Spectroscopy of Single Silicon Quantum 
Dots", Appl. Phys. Lett. 80(6), 1070-1072 (2002)
(featured in ”Nature Physics Portal”)

V R. Juhasz, J. Linnros:  "Silicon Nanofabrication by Electron Beam Lithography and Laser-
Assisted  Electrochemical  Size-Reduction",  presented  at  Micro  and  Nano  Engineering 
2001, Grenoble, France, Microelectronic Engineering  61-62, p 563-568 (2002)

VI R.  Juhasz,  J.  Linnros:  "Size-Reduced  Silicon  Nanowires:  Fabrication  and  Electrical  
Characterization",  presented  at  EMRS  spring  meeting  2004  (Strasbourg),  to  be 
published in Materials Science and Engineering C

VII I.  Sychugov, R. Juhasz,  J.  Valenta,  J.  Linnros:  "Narrow Luminescence Linewidth of a 
Single Silicon Quantum Dot",  Phys. Rev. Lett 94(8), 087405 (2005)

VIII R. Juhasz, N. Elfström and J. Linnros:  ”Controlled Fabrication of Silicon Nanowires by  
Electron Beam Lithography and Electrochemical  Size Reduction”,  Nano Letters,  5(2) 275 
(2005)
(featured on issue cover graphics)

IX R. Juhasz, J. Linnros: “Electrical Properties of Silicon Nanowire Devices”
In manuscript

iii



 Other Papers/Publications

P. Kleimann, R. Juhasz, J. Linnros: "A New Way to Form Three-Dimensional Microstructures by  
Electrochemical Etching of Silicon", Presented at the MRS fall meeting 2000, proccedings in 
“Microcrystalline and Nanocrystalline Semiconductors – 2000”, eds. P. M. Fauchet, J. M. Buriak, 
L. T. Canham, N. Koshida and B. E. White, Jr., Proceedings of the Materials Research 
Society 638, Warrendale PA, USA, 2001

P.  Kleimann,  J.  Linnros,  R.  Juhasz:  "Formation  of  Three-Dimensional  Microstructures  by  
Electrochemical Etching of Silicon", Appl. Phys. Lett. 79(11), 1727-9 (2001)

J. Valenta, R. Juhasz, J. Linnros: "Photoluminescence from Single Silicon Quantum Dots at Room 
Temperature", J. Luminescence 98, 15-22 (2002)

J. Valenta, J. Linnros, R. Juhasz, J.-L. Rehspringer, F. Huber, C. Hirlimann, S. Cheylan, R. 
G. Elliman: “Photonic Band-Gap Effects on Photoluminescence of Silicon Nanocrystals Embedded in  
Artificial Opals”, J. Appl. Phys. 93(8) 4471 (2003)

I. Sychugov, R. Juhasz, A. Galeckas, J. Valenta, J. Linnros: ”Single Dot Spectroscopy of Silicon  
Nanocrystals: Low Temperature Measurements”, Optical Materials 27(5), 973-976 (2005)

J. Valenta, J. Linnros, R. Juhasz, “Optical Spectroscopy of Single Quantum Dots”, in L. Pavesi et 
al (eds.),  “Towards the First Silicon Laser”, Kluwer Academic Publishers, The Netherlands 
2003,  pp 89-108

iv

http://scitation.aip.org/vsearch/servlet/VerityServlet?KEY=ALL&possible1=Valenta%2C+J.&possible1zone=author&maxdisp=25&smode=strresults&aqs=true
http://scitation.aip.org/vsearch/servlet/VerityServlet?KEY=ALL&possible1=Elliman%2C+R.+G.&possible1zone=author&maxdisp=25&smode=strresults&aqs=true
http://scitation.aip.org/vsearch/servlet/VerityServlet?KEY=ALL&possible1=Elliman%2C+R.+G.&possible1zone=author&maxdisp=25&smode=strresults&aqs=true
http://scitation.aip.org/vsearch/servlet/VerityServlet?KEY=ALL&possible1=Hirlimann%2C+C.&possible1zone=author&maxdisp=25&smode=strresults&aqs=true
http://scitation.aip.org/vsearch/servlet/VerityServlet?KEY=ALL&possible1=Huber%2C+F.&possible1zone=author&maxdisp=25&smode=strresults&aqs=true
http://scitation.aip.org/vsearch/servlet/VerityServlet?KEY=ALL&possible1=Rehspringer%2C+J.-L.&possible1zone=author&maxdisp=25&smode=strresults&aqs=true
http://scitation.aip.org/vsearch/servlet/VerityServlet?KEY=ALL&possible1=Juhasz%2C+R.&possible1zone=author&maxdisp=25&smode=strresults&aqs=true
http://scitation.aip.org/vsearch/servlet/VerityServlet?KEY=ALL&possible1=Linnros%2C+J.&possible1zone=author&maxdisp=25&smode=strresults&aqs=true


 Symbols and Acronyms

 absorption coefficient
 electron affinity (silicon)
 px momentum uncertainty
 x spatial uncertainty
S silicon permittivity
n electron mobility
M metal work-function
1D one-dimensional
2D two-dimensional
3D three-dimensional
A area
AFM atomic force microscope
Au gold
C nanodot capacitance

CAD computer aided design
CCD charge-coupled device
CdS cadmium selenide
CV capacitance-voltage (measurement)
CVD chemical vapor deposition
D drain (FET)
D diffusion constant
EC nanodot charging energy
EG band-gap energy

EBL electron beam lithography

F- fluoride ion 
FET field effect transistor
FWHM full width half maximum
G  conductance
G gate
GaAs gallium arsenide

v



H hydrogen
h0 initial height
h height
ℏ Planck's constant divided by 2 

H+ hydrogen ion 
H2 hydrogen molecule
H 2O water
H 2O2 hydrogen peroxide
H 2SO4 sulphuric acid
HeCd Helium-Cadmium (laser type)
HF hydrofluoric acid

HF2
- difluoride ion 

I current
I DS drain-source current

ITRS International Technology Roadmap for Semiconductors
IV current-voltage
J  etching current density
J d lateral diffusion current
J lim limiting etching current density
J max maximum etching current density
J ps porous-electropolishing transition etching current density
J br current density relating to bulk recombination
J g current density relating photogeneration
J sr current density relating to surface recombination
J  p etching current density as function of hole concentration
k B Boltzmann's constant
k BT thermal energy
L length
LD Debye length
Lx , L y , L z confinement length (x, y, z - direction)

me
* electron effective mass

mh
* hole effective mass

MEMS microelectromechanical systems

vi



MOS metal-oxide-semiconductor (transistor type)
n   electron concentration 
N A acceptor doping concentration
N D donator doping concentration 
n , n  J , x   dissolution valence 

(as function of etching current and position)
NEMS nanoelectromechanical systems
NiCr nickel-chromium alloy
NW-Si silicon with scaled mobility (to model nanowire in 2D sim.)

OH- hydroxyl ion 
p hole concentration
Qn channel electron density (MOS-transistor)
∣Q surf∣ surface charge density (absolute value)
q elementary charge
R.T. room temperature 
RIE reactive ion etching
S source (FET)
SBMOS schottky barrier metal oxide semiconductor (FET type)
SEM scanning electron microscope
Si silicon
SiF4 silicon tetrafluoride

SiF6
- silicon hexafluoride ion 

SiO2 silicon dioxide
SOI silicon-on-insulator
SPM scanning probe microscope
SRH Shockley-Read-Hall (recombination type)
T temperature
TEM transmission electron microscope
Ti titanium
TiW titanium-tungsten alloy
TO transverse-optical (phonon type)
ULSI ultra large-scale integration
UV ultraviolet
W tungsten

vii



w width
w0 initial width
v etching speed
V B etching cell potential
V D drain potential
V DS drain-source voltage
V G gate potential
V GS gate-source voltage
V S source potential
V T voltage
VLSI very large-scale integration
wt. weight

viii



 Acknowledgements

This thesis and the work behind it could never have been accomplished without the 
support and enthusiasm of the following persons:

Prof. Jan Linnros, my supervisor, who initially appointed me as a diploma work student 
and later as PhD student, and who has invested a lot of time in my work, and provided 
endless support, both on the scientific and personal level. Especially in times of failing 
experiments  and  inconclusive  results  you  have  always  provided  a  clear  mind,  a  great 
knowledge of scientific method, and a broad knowledge of the field.

Prof. Ulf Karlsson, head of our lab, who always has been very supporting, bringing the 
groups together. Now at the end of my studies I have also greatly appreciated your help 
and interest in my future career.

Bengt Nilsson,  head  of the Swedish Nanometer Laboratory at Chalmers,  and  Prof. 
David Haviland and Ass. Prof. Anders Liljeborg at the Nanostructure Physics department 
at KTH. Bengt helped me with the first steps in the art of electron beam lithography. 
Prof. David Haviland initiated the EBL work at KTH with the purchase of the Raith 150 
system, which under the management of Anders Liljeborg has become a versatile research 
instrument, and a very valuable tool for this work. Their open attitude to external users 
has also contributed to a very good research atmosphere.

Nenad Lalic, Jan Valenta and Pascal Kleimann, that unfortunately are no longer at our 
department, even though Jan and Pascal seems to be coming back from time to time! 
Thanks Pascal for sharing with me your great knowledge about the electrochemistry of 
silicon, Jan, for bringing life into my nanostructures, and Nenad for your support during 
the first years of my studies here in Kista. 

Numerous guys and girls, both at our department and the neighbouring ones, and in 
the semiconductor lab. You are to many to be all mentioned, but you all contribute to our 
stimulating research atmosphere here in Kista. Dr. Augustinas Galeckas keeps a firm hand 
on the  optical  lab  and always  has  some help  to  offer  regardless  if  the  issue  is  large 
computers or small lenses. I also enjoyed the company of Xavier, whom with I shared the 
fume hood for some years, Ilya and Niklas who continue to explore the nanodots and 
nanowires, and the other guys and girls at the department: Jens, Hanne, John, Martin, 
Uwe and many more. Thanks also to Marianne, who have always been a great help in 
battling the elements of bureaucracy. 

On the more personal level, I would first of all like to thank my parents, Andras and 
Kerstin, for supporting and encouraging me throughout my whole life. I am glad to know 
that you stand behind me, whatever my endeavors. Thanks also to my dear Anna, for your 
love, continuous encouragement and support, for putting up with my late nights at the 
lab, and for just being around, making my days several shades brighter. During the time 
here in Stockholm, many nice evenings were also spent with  Anna's family, Misha, Maija 
and Viktor. Misha's advice and insight into the academic world has also been very helpful 
and appreciated.    

ix





1

 Introduction

In retrospect, the early 21st century might well be referred to as the “Nano Age”, in 
the same way as the first and second half of the 20th  century were referred to as 
the “Industrial Age” and the “Atomic Age”, respectively. Driven by the inevitable 
size-reduction [1] of microelectronics, semiconductor manufacturing technology is 
quickly  driving  the  development  towards  true  nanoscale dimensions  [2]. 
Microelectronics  is  thus  the  most  obvious  nanotechnology application.  But 
nanotechnology  is  more  than  just  faster  computers.  Applications  are  quickly 
emerging  in  a  vast  number  of  fields,  from  protein  detectors,  where  the 
manufactured detecting elements are of the same size as individual proteins, via 
medical applications where nanoparticles can be injected into cells to trace diseases 
or  cell  growth,  to  more  industrial  applications,  where  bulk  amounts  of 
nanostructures can be used to reinforce materials, in the same way as glass-fiber in 
plastic [3]. It is also interesting to note that nanostructures are also found both on 
earth [4] and in space [5]. Recently, numerous researchers have addressed the issue 
of the “killer application” that will bring nanotechnology to a wider audience and 
make commercial  applications viable.  Perhaps in the end there will  be no such 
single application,  but instead a more widespread impact of nanotechnology on 
many different fields. At least, renowned analysts at Deloitte predicts [6] that 2005 
will be the year that nanotechnology make its first larger impact on society.

The subject of this thesis is nanofabrication, and more specifically, nanofabrication 
in silicon. Since our roots are the microelectronics research, we will use associated 
methods in our efforts to produce nanoscale objects and devices in a controlled 
fashion. Throughout this work, the compatibility with standard microelectronics 
processes  has  been  kept  in  mind,  to  enable  a  developed  technique  to  be 
incorporated into a commercial manufacturing process. The controllability of the 
process  has  also  been  prioritized  over  producing a  massive  amount  or  a  high 
density  of  nanoscale  objects,  and  therefore,  size-reduction  has  been  a  well-
investigated concept  in this  work.  A successful  size-reduction technique can be 
incorporated  into  a  standard  manufacturing  process  otherwise  not  capable  of 
producing  nanostructures.  The  necessary  changes  of  the  processes  and 
technological investment will thus be much smaller than when employing full-scale 
high-density nanostructure formation for the use in microelectronics. An example 
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would be a nanowire detector array, where all the amplification and addressing of 
individual  detector  elements  would  be  manufactured  by  available  optical 
lithography techniques. The detector elements will also be defined in this process, 
but at a larger scale. Selective size-reduction could then be employed to reduce and 
fine-tune these device elements into their final size. Thus a complete device can be 
manufactured with only a single additional process step. Size-reduction does have 
some inherent limitations in structure density and reduction ratio, and this issue 
will be addressed in this work.
This thesis also treats characterization, in the sense of immediate characterization 
to tune and understand the nanofabrication process, but also in the sense of more 
elaborate characterization of the physical  properties  of produced structures and 
devices. Two successful device or structure types were produced during the work 
of this thesis. First, silicon nanopillars that could be size-reduced by oxidation to 
achieve  single  isolated  quantum dots  (silicon  nanoparticles)  at  the  top  of  each 
pillar.  This  has  enabled  us  to study  luminescent  properties  with  unprecedented 
control  of  spatial  quantum  dot  distribution.  Other  methods  for  quantum  dot 
formation often result in inseparable agglomerates of randomly distributed dots on 
the  sample  surface.  With  the  present  method,  a  well-organized  array  of  well-
separated single quantum dots could be produced. Since individual dots could be 
identified, each dot could be individually characterized using various techniques. 
Secondly,  silicon  nanowires were  successfully contacted  to  form  a  working 
nanodevice. To  successfully  explain  their  behavior,  an  MOS-transistor-like 
framework was required. Furthermore, the large surface to volume ratio has a large 
impact  on  device  characteristics,  making  the  device  very  sensitive  to  charged 
surface states.  This is of course a drawback in the case of a standard transistor 
device, but it enables the device to be utilized as a sensitive detector of charged 
particles, possibly allowing single charge detection.
The  thesis  is  organized  as  follows:  Chapter  two  will  introduce  some  of  the 
concepts  and  state-of-the-art  applications  of  silicon  nanowires,  nanopillars  and 
quantum dots, and further describe the goals of this thesis. Chapter three will give 
an overview of the nanofabrication methods used in this work, and chapter four 
focuses on size-reduction of nanostructures. Chapter five focuses on electrical and 
optical  characterization  of  fabricated  quantum dots  and  nanowire  devices,  and 
chapter six concludes the thesis and the current state of the research behind it, 
giving some future directions. Chapter seven, finally gives a short summary of each 
of the appended nine papers.  
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2

 Silicon Nanowires
 Nanopillars and
 Quantum Dots

The physical properties of nanostructured silicon may be very different from those 
of  bulk  silicon,  and  certain  physical  phenomena  may  only  be  manifested  in  a 
nanosized device. This section aims to explain a few of these phenomena.  This 
section  will  also  give  a  background  to  some applications  of  silicon  nanowires, 
nanopillars and quantum dots. In relation to this, the approaches of the work in 
this thesis will be discussed and justified, and the ultimate goals of the thesis will be 
specified. Many of the introduced concepts and applications may also be realized 
using semiconductor materials other than silicon.

2.1 Physical Properties of Nanostructured Silicon 
2.1.1 Band gap, Confinement and Luminescence

Silicon is known to have an indirect band gap [7], as  shown schematically in figure 
2-1. 

Figure 2-1 The indirect band structure of silicon
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An electron present  in  the conduction band can recombine  with a  hole  in  the 
valence band, and thereby transfer its energy to a photon. However, in silicon this 
is very unlikely as the difference in momentum (k), must be compensated. Instead, 
recombination  occurs  through  an  intermediate  trap  state.  Shockley-Read-Hall 
recombination  (SRH)  (see  [8]  p  145)  is  the  most  common  in  semiconductor 
materials, which is a “dark” recombination path emitting no photon. Nevertheless, 
if  a  matching  phonon  is  available  (as  depicted  in  figure  2-1),  the  momentum 
conservation  condition  is  fulfilled,  and  recombination  may  occur  between  the 
conduction and valence band, thereby emitting a photon with the energy of the 
band gap,  EG=1.12  eV .  This  recombination is  very  unlikely  to occur in  silicon 
because of the large number of traps present and the fast diffusion of carriers to 
these  traps.  However  in  nanostructured  silicon,  like  in  a  quantum  dot  the 
nanocrystal  may  be  entirely  free  of  defects  and  traps,  thereby  increasing  the 
probability  for  a  luminescent  transition.  This  is  one  (rather  dramatic)  effect  of 
quantum confinement.
Another  effect  which  further  increases  the  probability  of  luminescent 
recombination is  associated  with  the  Heisenberg uncertainty  relation [9],  which 
states that

 x px≥
1 
2 
ℏ  (eq 2-1)

where   x ,   p x  and ℏ is the uncertainty in position, uncertainty in momentum 
and the Planck constant divided by 2  , respectively. Thus, if the uncertainty in 
position is  low,  as  is  the  case  for  an  electron confined  in  a  quantum dot,  the 
uncertainty in momentum is high. Thereby, there is a much greater probability of 
fulfilling  the  momentum  conservation  condition,  and  thus  luminescent 
recombination is much more likely to occur. Hybertsen [10] has calculated that this 
effect  dominates  for  sizes  <1  nm and  the  bandgap  is  said  to  become  “quasi-
direct”.
The energy of the emitted photon may also be changed since there is a band gap-
widening present for structures of low dimension [11,12] such that: 

 (eq. 2-2)
Here Eg , Eg

bulk , Lx , Ly , Lz , me
* and mh

* is the effective band gap energy, the bulk band 
gap energy, the confinement length in the x, y and z directions and the effective 
masses of electron and holes,  respectively.  As can be seen from figure 2-2, the 
effect becomes prominent at about 5 nm size. The shift also increases with the 
number of dimensions in which the confinement occurs (1, 2 or 3 for a nanolayer, 
nanowire  and  quantum dot,  respectively).  The  effect  has  also  been  confirmed 
experimentally [13].
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Figure 2-2 Band gap modification of silicon due to quantum confinement in 1, 2 and 3 
dimensions (solid, dotted and dashed lines, respectively), according to equation 2-2. A 
notable band gap shift occurs around 4-5 nm size for 3D confinement.

Thus, silicon in its nanostructured form will not only have increased luminescence 
efficiency, but it is also possible to modify the wavelength of the emitted photons. 
Since the luminescence spectrum thus provides important information concerning 
the physics of the nanostructured silicon, it was studied experimentally in this work 
(section 5.2) for single silicon quantum dots.

2.1.2 Coulomb blockade and Single Electronics
Consider a small sphere. The energy of N electrons stored on this sphere is [14]

EC=N q2 

C
(eq 2-3)

Here,  C  is  the  capacitance  of  the  sphere,  and  q  is  the  elementary  charge  (
1.6022×10−19  C).  The  energy  EC  has  to  be  sufficiently  large  so  that  thermal 
fluctuations of the order  k BT  do not change the amount of stored electrons. If 
for example, EC=10 k B T  this device may be used as a memory, where the voltage 
V=EC /e reflects the number of electrons stored on the sphere..
Flash  memories  work by  this  principle  [15].  Here,  N is  in  the  range  of  10000 
charges, and the sphere is a silicon island embedded in silicon dioxide over the 
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channel of a MOSFET transistor. Through a gate, electrons may be tunneled in 
and out of the island. Thus, the stored electrons influence the current through the 
transistor, and the state of the memory cell can be read.
However, if the size of the island is reduced into few-nanometer dimensions, the 
capacitance will decrease to small enough values so that even the energy of a single 
electron  stored  on  the  island  will  be  greater  than  the  energy  of  thermal 
fluctuations.  This  effect,  called  Coulomb blockade,  can  be  used  to  construct  a 
single-electron memory [16]. Such a device is schematically illustrated in figure 2-3.. 
Summarizing, the changes in physics observed at nanoscale as compared to bulk 
properties enter as a natural consequence of quantum mechanics. It can therefore 
be concluded that the Coulomb blockade stems from charge quantization.

2.1.3 Debye Screening
The Debye length LD  of a semiconductor can be expressed (see [8] p 77) as: 

LD=  sV t

q n
(eq 2-4)

with  n  denoting  the  carrier  density,  s  denoting  the  permeittivity of  the 
semiconductor,   V t=k B T /q  denoting  the  thermal  voltage  (0.026  V  at  room 
temperature),  q  denoting the unit  charge.  The Debye length sets a limit to the 
electrostatic  interaction  between  two  charged  particles  present  in  an  ionized 
medium such as a semiconductor crystal. On a larger distance, the presence of the 
free carriers (electrons or holes) will screen the two charges from each other so 
that no electrostatic interaction is present. In nanostructured silicon of sufficiently 
small dimensions, this effect has to be taken into account. For example, using eq. 
2-4  and  setting  a  carrier  density  of  n=1016 cm−3  (typical  channel  density  in  a 
nanowire device investigated in this work) gives  LD=41 nm . Thus, a charge on 
the surface of a nanowire of radius less than LD  can interact electrostatically with 
the charges conducting the current inside the center of the nanowire. The Debye 
length may also be modified in nanostructured device,  since the permittivity  of 
silicon ( s ) is altered from its bulk value close to the surface. A reduced silicon 
permittivity  closer  to  the  vacuum permittivity  may  decrease  the  Debye  length, 
while still keeping it in the same order of magnitude.

2.2 Applications 
2.2.1 Information Technology
The  most  obvious  application  of  nanostructures  is  the  size-reduction  of 
electronic  components such  as  memories  and  microprocessors.  The  ITRS 
(International Technical Road map for Semiconductors) [2] specifies the half-pitch 
width of dynamic memories to be 90 nm, 50 nm and 28 nm in the years 2004, 2009 
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and 2014, respectively. Thus, current memory circuits are already true nanodevices, 
when it comes to their dimensions (however not so much in their function). The 
road  map also  specifies  that  optical  lithography  soon  has  to  be  replaced  by 
“innovative technologies” in the near future, to keep up with the yearly reduction 
in size. 
A  memory  device  based  on  Coulomb  blockade  may  also  be  constructed with 
embedded  quantum dots,  to  form a  single-electron or  few-electron memory 
cell.  A device operating at room temperature was fabricated by  Guo [16] and is 
shown schematically in figure 2-3

Figure 2-3 Principle  of  a single electron device operating at room temperature. After 
Guo[16]. a) shows a 3D view of the device and b) shows a cross-section of the nanodot 
structure.

The  working  principle  has  already  been  explained  in  section  2.1.2.  The  use  of 
single  electrons  for  data  storage  at  room  temperature  is  indeed  challenging, 
necissitating capacitances of C~10 ×10−18 F  corresponding to floating gate sizes 
of a few nanometers[16]. However, problems with background charges exist  [14], 
indicating that a few-electron device is maybe more feasible [17,18]
Entirely new device concepts may also be envisaged. Qubits [19,20] utilize arrays 
of interconnected quantum dots to produce logic gates. However this research is 
still in its infancy.
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Making  a  silicon  laser has  long  been  a  goal  of  the  silicon  community,  since 
optoelectronic  components  and  conventional  electronic  circuits  could  then  be 
produced on a single chip, facilitating optical communication within or between 
chips.  Optical  gain required for  laser  operation has been demonstrated  [21] for 
nanocrystal structure. A working silicon laser, has indeed also been reported this 
year, although it is not dependent on silicon nanostructures for its operation [22]. 
Silicon LED:s are another goal.  Some initial results have been obtained in our 
group, using porous silicon [23]. But stability and efficiency are still great issues.

2.2.2 Biology and Biophysics
Antibodies may be attached to silicon nanowire devices to produce sensitive and 
selective protein detectors [24,25]. The concept works by letting the charges of a 
protein  control  the  conductance  of  a  nanowire  transistor.  Since  only  a  specific 
antigen will bind to the antibody, a sensitive and very selective protein detector 
may be built.
Biodegradable components may also be built from nanostructured silicon [26]. 
Silicon is etched porously  with techniques  similar to the ones employed in this 
thesis  (electrochemical  etching).  The  porous  structure  is  then  inserted  into  the 
body to act as a scaffold for nerve and bone reconstruction. It may also contain 
drugs to be delivered at a specific and slow rate [27]. Silicon, in contrast to many 
other semiconductors, is abundant in nature, and is considered not to produce any 
toxic waste products when dissolved in bodily fluids [28].

2.2.3 Nanoelectromechanical systems
Mechanically  coupled  nanostructures  may  also  be  produced  in  silicon  to  form 
Nanoelectromechanical (NEMS) systems  [29].  For example,  ultrasound emitters, 
capable of emitting sound waves in the megahertz regime, have been implemented 
using porous silicon nanostructures [30]. Nanostructured (porous) silicon has also 
been found to be explosive [31], due to its large surface area, and could thus have 
use as a propulsion device in MEMS/NEMS systems. 

2.2.4 Not Only Silicon
Of  course,  nanocomponents are  successfully built  using  other  semiconductor 
materials than Silicon. Lasers may for example be realized by CdS nanowires [32] 
or by III-V or II-VI quantum dots[33],  magnetic nanoparticles  may be injected 
(instead of radioactive markers)  in the human body as markers to trace  tumors 
[34], and carbon  nanotubes show promising applications in areas as different as 
field  emission  tips  for  display  applications  [35]  and  supermaterials built  as 
composites of carbon nanotubes and ceramics [3]. These are just a few examples, 
and a complete coverage is outside the scope of this thesis. 
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2.3 Current Challenges and Goals of this Thesis
As has been shown earlier in this section,  a wealth of physical  phenomena and 
applications can be envisaged with silicon nanostructures. However, the required 
smallest  definition  size  is  often  beyond  the  limits  of  both  standard  optical 
lithography  techniques  and  more  advanced  techniques  such  as  electron  beam 
lithography.  Indeed,  techniques  using scanning probes  or  chemical  growth may 
produce nanostructures in small numbers or with low control of placement, but 
the failure to present nanofabrication methods that provide the combination of 
mass-fabrication and precision in placement holds back the development of the 
field. Since nanofabrication is one of the great challenges today, it has been one of 
the main topics of this work, and through the use of well-controlled size-reduction 
techniques, we intend to advance the technological front-line.
Apart from the purely technological aspect of nanostructure mass-fabrication, the 
goal  of  this  thesis  work  has  been  to  achieve  well-controlled  fabrication  of 
nanowires,  nanopillars  and  quantum  dots  of  sizes  such  that  quantum-induced 
phenomena  and  other  phenomena  arising  from  the  low  dimensions  of  the 
structures (such as seen in table 2-1) begin to manifest. 
Table 2-1 Critical sizes associated with different physical phenomena.

Phenomenon Critical size Comment
Debye screening 41 nm n≃1016  (eq. 2-4)
Coulomb blockade 10 nm EC≃k B T  (at R.T.) [14]
Bandgap widening 5 nm EG=16 % [12]
Exciton Bohr radius 4.3 nm [36]

A fair share of the work has thus been spent on developing nanoscale fabrication 
methods. In doing so, a point of focus has also been to maintain compatibility with 
standard semiconductor processing techniques [37]. Another focus has been mass-
fabrication,  however  without  resorting  to  techniques  (self-organization)  that 
sacrifice  the possibility  to controllably  define  device  structures.  The method of 
choice  was  to  use  electron  beam  lithography  (presented  in  section  3)  in 
combination with size-reduction techniques (oxidation and electrochemical etching 
– section 4). Some previously unresolved issues in the field of silicon nanowires 
and quantum dots that will be addressed in this work are: 
i)  generation of spatially well-separated arrays of single silicon quantum dots,
ii)  electrochemical etching of low-dimensional silicon structures and thin films
iii) realization of nanowire devices whose electrical characteristics are not limited 
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by the contacts of the nanowire ends. 
Since the successful fabrication can only be demonstrated by proof of principles, 
another goal was to characterize the produced structures and devices. Here, we use 
characterization  in  a  more  elevated  sense,  to  understand  the  physics  of  the 
structures (rather than just study e.g. the effects of certain nanofabrication step by 
electron  microscopy).  In  section  5,  the  results  of  electrical  and  optical 
characterization of silicon nanowires and silicon quantum dots,  respectively,  are 
presented.
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3

 Nanofabrication

Silicon nanofabrication techniques and processes are overviewed, with a focus on 
the techniques employed throughout the thesis work. This section also presents a 
few examples of some alternative techniques such as nanoimprint lithography and 
self-assembly techniques.

3.1 Electron Beam Lithography
All  nanofabrication  was  performed  with  electron  beam lithography  (EBL)  as  a 
starting  point.  Standard  semiconductor  techniques  (reactive  ion  etching,  optical 
lithography and metal lift-off) were further combined with EBL to form two main 
processes; one for creating nanopillars from bulk silicon and another for creating 
silicon  nanowire  devices  with  metal  pad  connections  using  silicon-on-insulator 
(SOI) material. 

3.1.1 Principle

The  principle  of  electron  beam  lithography  is  to  apply  an  electron  sensitive 
polymer film to a sample surface and then expose certain parts of the sample to 
electrons by scanning the electron beam. After development, the pattern defined 
by the electron beam has been transferred to a polymer pattern, which can further 
be transferred into silicon or metal.  Figure 3-1a shows a schematic of a typical 
EBL system.
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a) b)
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Figure 3-1 The anatomy (a) of an electron beam lithography system. Only a small area, 
the write field (b), in  the range of 100  µm x 100 µm to about 1 mm  x 1mm can be 
exposed by the beam between each movement of the stage.

Electrons are generated at the cathode (bold terms refer to figure 3-1), which can 
either be a filament or a field emission tip, and then accelerated toward the sample 
surface by a large voltage (up to 50  kV). On its way to the sample, the beam is 
shaped by several  electron lenses (coils). Electrostatic  deflectors provide means 
for scanning the beam on the sample surface, and another plate provides blanking 
(on/off switching) of the beam. The final quality of the beam spot reaching the 
sample is controlled by an aperture which selects only a small part of the center of 
the beam.  The beam can only be scanned a small distance by the deflection coils 
(typically  between  100  and  1000  µm).  Therefore,  a  laser-interferometer  stage 
provides precise movement of the sample. The arrangement forces the exposure to 
be divided into small parts, write-fields (see figure 3-1b), which have to be aligned 
(stitched) together. The misalignment between each writefield (stitching error) is 
around 40 nm for the system used in this work  [38],  which in effect forces all 
nanodevices to remain within the borders of each write field. If a conductor wire is 
to cross a write-field boundary, special care (overexposure) has to be taken, so that 
a stitching error does not result in a broken conductor wire. The stage movement, 
beam deflection and blanking are  all  under computer  control,  and thus a CAD 
drawing may be directly used as a template for fabricating structures. In reality, the 
CAD drawing is always converted into basic shapes such as squares and triangles 
in  figure  3-1b by  special  processing  hardware,  before  being  sent  as  a  series  of 
numbers to the digital/analog converters  that set  the voltages of the deflection 
plates. 
The resolution of electron beam lithography is dependent on a number of factors. 
The DeBroglie wavelength of an electron accelerated by 25 kV is ~0.008 nm [39], 
but aberration and other imperfections in the electron lenses and electron source 
limit  the resolution.  Another  limiting factor  is  the  performance  of  the electron 
resist. The resist consists of polymer chains that becomes either divided (positive 
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resist)  or  cross-linked  (negative  resist).  The  development  process  removes  the 
shortest polymer chains, producing either a hole in the resist (positive resist) or a 
dot (negative resist) on the position that was exposed by the electron beam. The 
resolution of positive resists is thus inherently higher than for negative resists [39] 
and is typically below 10 nm for a typical positive resist (ZEP520A) [40] and sub-
100  nm  for  a  typical  negative  resist  (SAL601),  although  these  numbers  are 
constantly improving. Another limiting factor is the process-dependent transfer of 
the resist structure to the metal or silicon layer. As will be seen later in this chapter, 
that resolution is about 30 nm for the process used in this thesis. 
Scanning the beam over the surface is time consuming if the structure density is 
high, and electron beam lithography is not considered as a production technology, 
except for  photomask generation. However, its flexibility makes EBL a versatile 
research tool. To reduce exposure time, a structure consisting of less critical and 
more critical structures in terms of resolution, can be written using a combination 
of large writefields/coarse beam and small writefields/fine beam respectively. This 
technique has been employed in this thesis, and will be further detailed in section 
3.1.3.

3.1.2 Single Pixel Exposure
The time required to expose a pattern by electron beam lithography can be divided 
into several parts:
– Stage movement time. The time it takes for the stage to reach a certain position.
– Settling time. The time it takes for the beam to stabilize at a specific pixel.
– Beam time. The time it takes to expose one pixel. 
Often,  for structures with many small  features,  such as arrays of  nanodots,  the 
total settling time of the beam may dominate the exposure time. 
To reduce the  exposure time of an array of nanodots, a technique called “single 
pixel exposure” can be employed, in which each nanodot is written using a single 
pixel that is overexposed. The concept is shown schematically in figure 3-2. 
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Figure 3-2 The principle of single pixel exposure. The solid curves “A” and “B” indicate 
dose profiles of single and multiple pixel exposure required to produce a dot of the same 
width.

In the normal  case,  the dot  would  be  exposed  by a  number  of  pixels  (dashed 
Gaussians with the total  dose  “B” in figure  3-2).  However,  this  requires  many 
movements of the beam. If instead the beam is set stationary at the center position 
and the resist is overexposed, a total dose “A” is achieved. Diffusion will widen the 
dot with increasing dose. The dot width will be a function of the dose (the amount 
of the dose profile that exceeds the 100% clearing dose of the resist). Furthermore, 
there is a possibility to expose with a coarser beam than in the multiple pixel case. 
Altogether, the time spent in settling the beam is reduced radically, and the total 
exposure time can be reduced tenfold.

3.1.3 Experimental results
Although it is possible to study the resist structures obtained by the electron beam 
lithography,  this  has  not  been  done  extensively,  since  the  critical  step  is  the 
following lift-off or etching process, where the resist structure is transferred to a 
metal or silicon pattern, respectively.  Also, scanning electron microscopy (SEM) 
analysis on a soft material as electron beam resist is both destructive and difficult. 
Anyway, figures 3-3 and 3-4 show examples of resist structures (dots) in positive 
and negative resist, respectively.
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Figure 3-3 Highly tilted view of cleaved Zep520A resists structures. The scale bar is 200 nm 
long. Note the undercut profile of the resist.

In the positive resist structure (fig. 3-3) where the sample was cleaved, the cross-
section of ~200 nm diameter dots are shown. As can be seen from the figure, the 
profile of the resist is slightly undercut. This is believed to be due to backscattering 
from the underlying silicon dioxide material, exposing the resist from beneath. The 
undercut  structure  is  actually  advantageous  for  the  following  lift-off  process. 
Single-pixel exposure was used for the structure, which may further amplify the 
undercut, since a larger portion of the dose profile with a dose under the 100% 
clearing dose is present along the dot perimeter.  

Figure 3-4 Tilted top view of SAL601 negative resist structures. The oval shape is due to the 
size of the exposed structures approaching the resolution of the resist. The scale bar is 100 
nm long.

In the negative resist structure (fig 3-4) it can be observed that the exposed dots 
have a rounded top profile. This is probably due to the limitation in resolution of 
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the negative SAL601-resist (around 100 nm). Thus for smaller structures than 100 
nm, the positive resist should be used.
To expose the larger structures required by the nanowire devices, a scheme using 
double exposure with two writefield sizes and aperture sizes was devised. Figure 3-
5 shows a schematic

:
Figure  3-5 Example  of  nanowires  (black)  and  microwires (hatched)  double  exposed 
using two different writefields and aperture/beam sizes.

A small (300 µm) writefield and a small aperture (fine beam) is used to expose the 
center nanowire structures (black) while the large microwires (hatched) connecting 
to  the  nanowires  are  exposed  with  a  large  writefield  (1000  µm)  and  a  larger 
aperture. (coarse beam) The switch is made without movement of the stage, and 
thus,  the  stitching  error  between the  two writefields  should  be  minimal.  For  a 
wafer  of  many  samples,  the  switching  of  the  writefields  and  apertures  can  be 
performed automatically during the exposure.
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3.2 Semiconductor Processing
Designing a semiconductor process sequence requires significant consideration to 
combine  several  process  steps  into  a  sequence  that  matches  requirements  on 
resolution,  compatibility  between different  process  steps,  and other  parameters. 
This  section  will  present  the  different  semiconductor  processes  used  for  the 
fabrication of nanopillars and nanowires during this work. It is however out of the 
scope of this thesis to discuss the principles behind the individual process steps. 
Good references are Chang, McCord and Moreau [37,39,41].

3.2.1 Nanopillar Process
The  basis  for  both  the  nanopillar and  nanowire  processes  is  electron  beam 
lithography (EBL) as described in section 3.1. The initial structures are required to 
be as small as 50 nm (or smaller if possible). Thus, the positive ZEP520A resist 
was  employed. However, for a positive resist, the exposed parts become holes in 
the resist after development. To instead produce a sparse array of dots, all the area 
between  the  dots  have  to  be  exposed,  which  would  require  impossibly  long 
exposure times. Thus, a pattern inversion scheme is used by a lift-off process. A 
thin layer of metal is deposited onto the exposed resist (e.g. an array of dots). The 
metal will thus cover the exposed semiconductor the holes as well as the resist. 
The  resist  is  then  dissolved  in  ultrasound,  leaving  only  the  metal  in  the  holes 
remaining on the surface. Figure 3-6 shows such patterns.

Figure 3-6 Dots with diameters ranging down to 30 nm (left) can be fabricated after the 
first lift-off  step. However, as can be seen in the figure, the lift-off  becomes difficult  if 
structure separation is too small. Dots of 100 nm diameter are however well-separated 
(right). The scale bar is 100 nm long in both cases.

As can be seen from figure 3-6, structures down to 30 nm can be produced by the 
combination of EBL and lift-off. However, for very dense structures, bridging can 
be observed between the dots.  The lift-off process is generally the most crucial 
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part  of  the whole process,  and is  dependent  on the edge profile  quality  of  the 
resist. As can be seen in picture 3-6 (right), some metal fringes are present on the 
dot edges,  which likely  originate from metal  sticking to the edges of the resist. 
Possibly,  single  pixel  exposure  as  described  in  section  3.1.2  results  in  a  more 
undercut resist profile and thus less fringe metal.
Once the pattern has been transferred to a metal structure, the rest of the process 
is straightforward. A simplified process scheme can be seen in figure 3-7.

Figure 3-7 Simplified process schematic. Note the inclusion of the intermediate SiO2 layer, 
which enhances the edge profile of the etched structures

After  the  definition  of  the  metal  pattern,  the  pattern  is  transferred  to  an 
intermediate SiO2 layer before being etched into the silicon by reactive ion etching 
(RIE). This process sequence has been chosen for two reasons: i) Contamination 
issues:  Metal  is  not  allowed  in  some  of  the  etching  equipment  used  for  later 
processing. ii) Edge profile enhancement. The selectivity of SiO2 to silicon is much 
higher than for metals in the chlorine etching chemistry [42], and a SiO2 mask thus 
gives  an  enhanced  edge  profile.  Though  the  RIE process  was  optimized  with 
respect to the structure edge profile, a certain undercut occurred during etching. 
An example can be seen in figure 3-8.
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b)a)

Figure 3-8 Si pillars with 30 nm (a) and 100 nm (b) smalles width. Undercut due to the 
reactive  ion  etching  process  not  being  completely  anisotropic  increases  the  lowest 
usable initial diameter. 

As can be seen in figure 3-8, a significant undercut is  still  present after etching 
optimization.  In figure 3-8a smaller design width was used than in figure 3-8b, 
resulting in large  relative  size variations (the edge curvature similar for the two 
structures).  Thus,  if a more uniform starting material  is desired in a subsequent 
size-reduction process, the smallest usable diameter is limited to around  100 nm as 
in figure 3-8b. The height of the pillars is ~250 nm.
Finally, the detailed process scheme was as follows
– Application of EBL resist (60-150 nm layer thickness) on the sample surface
– Pre-bake 180 °C, 10 minutes.
– Patterning using EBL 10-30 kV, 100 µm writefield size
– Development in p-Xylol, 1 minute.
– Metal (Ti or NiCr) evaporation (~15 nm layer thickness)
– Lift-off in acetone and ultrasound
– If an additional SiO2 masking layer was used, the metal pattern is transferred to 

the SiO2 layer by etching in 1:20 HF:NH4F (buffered) HF solution until  the 
sample was hydrophobic.

– Optional metal removal using Cr etch (Ammonium cerium nitride-based) and 
1:2.5 H2SO4/H2O2-solution

– RIE in a Chlorine etching chemistry
– SiO2 removal by buffered HF (1:12.5)
– Optional cleaning in 1:2.5 H2SO4/H2O2-solution.
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3.2.2 Nanowire Process
The nanowire process is similar to the process used for nanopillar fabrication. The 
starting point is also electron beam lithography, but the starting material is silicon-
on-insulator (SOI) material, where a top single-crystalline silicon layer of 100-400 
nm thickness is isolated from the bulk silicon by a silicon dioxide layer of 400 nm 
thickness. 
Since the nanowires are intended to be characterized electrically,  definition of a 
metal  pad  structure  by  optical  lithography  was  added  as  a  second  step  in  the 
process. An outline of the process is found in figure 3-9.

Figure 3-9  Fabrication of the silicon nanowire structures. (a) shows the electron beam 
lithography  process  with  steps  1-7  showing  the  sample  cross-section  after  resist 
application  (1),  exposure  and  development  (2),  metal  deposition  (3),  lift-off  (4,5), 
reactive  ion  etching  (6),  and  finally  metal  etching  and  cleaning  (7).  (b)  shows  the 
optical pad lithography step with steps 1-5 showing the sample cross-section after resist 
application (1), exposure and development (2), metal  deposition (3) and finally lift-off 
(4,5)
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As can  be  seen  from figure  3-9,  the  optical  lithography  process  is  basically  a 
repetition of the first steps of the EBL process, though the pad structure is defined 
by  the  pattern  of  an  optical  mask.  The  EBL and  optical  structures  had  to  be 
aligned with respect to one another, though the pad mask is very coarse, not even 
requiring proper alignment marks. An example of the final structure is shown in 
figure 3-10. Throughout the experiments, the pad mask was unchanged, but the 
center EBL pattern was altered to investigate different structures.

Figure 3-10 Completed nanodevice (a) with a magnification of the silicon area (b). In 
this particular design, a nanowire is present at position A, B and C. The scalebars are 
1mm (a) and 200 µm (b) long, respectively.

The definition quality  of  the EBL process  is  identical  to that  of  the nanopillar 
process  described  earlier.  Generally,  the  smallest  width  of  the  nanowires  were 
~100 nm. Figure 3-11 shows examples of such structures.
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Figure 3-11 Example of EBL structures transferred to silicon. The left image shows a well 
defined nanowire  of  100  nm  width,  while  the right  image shows  the effect  of  metal 
fringes from the lift-off  process  distorting the final  nanowire structure (the width of the 
right nanowire is ~200 nm). The scalebar is 1 µm in both cases.

Thus,  a suitable fabrication process for the initial  nanowire structures had been 
established. Finally, a detailed process scheme follows:
Electron beam lithography process, to define silicon structures:
– Application of EBL resist (60-150 nm layer thickness) on the sample surface
– Pre-bake 180 deg. C, 10 minutes.
– Patterning using EBL 10-30 kV, 100 µm writefield size
– Development in p-Xylol, 1 minute.
– Metal (Ti or NiCr) evaporation (~15 nm layer thickness).
– Lift-off in acetone and ultrasound. 
– If an additional SiO2 masking layer was used, the metal pattern is transferred to 

the SiO2 layer by etching in 1:20 HF:NH4F (buffered) HF solution until  the 
sample was hydrophobic.

– Optional metal removal using Cr etch (Ammonium cerium nitride-based) and 
1:2.5 H2SO4/H2O2-solution.

– RIE in a Chlorine etching chemistry.
– SiO2 removal by buffered HF (1:12.5).
– Optional cleaning in 1:2.5 H2SO4/H2O2-solution.

Optical lithography process, to define contact pads:
– Application of Shipley S1813/S1805 resist, 1000-4000 rpm spin speed.
– Pre-bake 92 °C, 1 minute.
– Exposure using optical mask.
– Development in 1:5 351 developer:H2O solution.
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– Metal deposition of 20 nm TiW followed by 200 nm Au.
– Lift-off in acetone and ultrasound (10 min).

3.3 Alternative Methods
A main drawback of EBL is the long exposure time needed. In principle, the finer 
the detail  of patterns that must be generated,  the more electrons per area must 
impinge on the resist. This increases the exposure time. Also, finer detail requires 
better  focusing  of  the  beam,  which  results  in  a  lower  intensity.  A  method 
addressing this problem is nano imprint lithography. Scanning probe lithography, 
on the other hand, is exceedingly slow but achieves almost atomical resolution

3.3.1 Lithography

Nanoimprint lithography
Another  technique  that  has  recently  gained  a  lot  of  attention  is  nanoimprint 
lithography. As can be seen in figure 3-12 a mask containing the original pattern is 
pressed into a resist layer. The resist and semiconductor material is subsequently 
etched resulting in a mirror image of the original  pattern to be transferred into the 
semiconductor.

Figure 3-12 The working principle of nanoimprint lithography.

Although seemingly crude, this method has recently been demonstrated to be able 
to produce structures with smallest  feature sizes down to 20 nm or lower  [43]. 
Several  technical  problems  such  as  overcoming  resist  adhesion  to  the  mask, 
controlling resist  reflow, and reducing mask deterioration etc.  still  remain to be 
solved, but nevertheless this technique presents a novel and promising approach of 
nanostructure fabrication. Since the transfer is purely physical, this method has in 
principle no limitation on the smallest  size that  can be fabricated.  Nanoimprint 
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lithography is also a parallel process, allowing for complex arrays of nanostructures 
to be fabricated simultaneously. 

Scanning Probe Lithography
The  piezo-electrically  controlled  scanning  probes  used  for  scanning  probe 
microscopy (SPM)  [44] may also be used for surface modification, and is thus a 
form of lithography technique. Direct modification of the surface is possible [45], 
but  a  more  conventional  scheme  can  be  envisaged  with  the  scanning  probe 
mechanically patterning a resist layer, whose pattern is later etched into the silicon. 
[46]. An important limitation is the inherent slowness of the system (even more 
severe than for EBL), since the probe (a macroscopic object) has to be scanned 
across the surface.

3.3.2 Self-Assembly

Electrochemical etching
Electrochemical etching of silicon in an HF solution is used in this thesis as a size-
reduction technique (see section 4-3) may produce nanoporous silicon for certain 
etching  parameters,  and  may  thus  be  used  as  a  means  of  nanofabrication. 
However, since control of structure size and placement is weak, this technique is 
mainly  applicable  for  large-area  nanostructuring where  random  nanostructure 
material can be accepted. 

CVD

By  chemical vapor deposition (CVD) at medium temperatures (~300  °C), a thin 
layer of amorphous silicon can be deposited onto a surface. By thermal annealing 
at  700 °C  the  film  can  be  converted  to  polysilicon. However,  Yano et.  al 
demonstrated [17], that if the film is thin enough (4 nm), isolated silicon grains will 
form.  A way to directly  form silicon grains  is  to use a  plasma enhanced CVD 
process,  which in addition to the common Si precursor gas (silane) contains an 
abundance of hydrogen  [47]. At 300  °C this may result in an amorphous film of 
hydrogen-terminated silicon grains.

Localized growth
There  are  also  ways  to  induce  localized  nanostructure  growth on  a  substrate 
present in a vacuum chamber held at an elevated temperature and with addition of 
the appropriate precursor gases, and with catalytic metal nanograins present on the 
substrate surface to induce the growth. Silicon nanowires may be grown in this way 
[48] but also carbon nanotubes [49], and GaAs nano-whiskers [50] among others. 
Indeed,  localized  growth is  interesting,  since  the nanostructure  position can be 
somewhat controlled by patterning the initial catalytic metal grains, but achieving 
spatial uniformity is still a problem. Also, several nanostructures might grow off 
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the same catalytic grain.

Implantation
Finally (including previous work of our group), nanoparticles might be created by 
high-dose implantation of 28Si+ ions into SiO2 [51]. At doses around 1017  cm-2, the 
implanted silicon starts to cluster when the material  is subsequently annealed at 
high  temperature.  A  great  advantage  of  this  technique  is  the  stability  of  the 
material,  since  the  nanoparticles  are  totally  embedded  in  the  SiO2 layer. 
Furthermore, they also exhibit a very well-terminated Si:SiO2 interface.
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4

 Size Reduction

Size-reduction, as presented in this section, was a major focus in this thesis work, 
and is  treated  in  papers  II-VIII.  Two main  size-reduction  methods  were  used: 
Electrochemical etching of silicon (papers I-III, V-VI, VIII), and thermal oxidation 
(papers  IV,  VII).  Here,  a  particular  focus  was  set  on  size-reduction  by 
electrochemical etching since it offers both superior means of control and a higher 
degree of interactivity during the size-reduction process. It is also less investigated. 
Another theme in this work was to look for self-limitation effects, which means 
that the size-reduction process will halt or decrease in speed, when a certain feature 
size (possibly in the few-nanometer range) is reached. The presence of such a self-
limitation effect would greatly increase the controllability of the nanofabrication 
process,  since  initial  differences  in  structure  size  or  other  imperfections  would 
possibly be canceled out.

4.1 General Issues
Figure  4-1 demonstrates  the concept  of  size-reduction,  starting  from the  initial 
lithography process.

Figure 4-1 The principle of size-reduction. Structures can be made smaller than possible 
with the initial lithography technique, but the areal density cannot exceed that of the 
initial process.
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From figure 4-1, a few observations can be made:
– There is a possibility of defining structures with a size that is smaller than the 

smallest definition size of the lithography process.
– Although the size can be reduced, the largest areal density of the structures may 

not be greater than that of the initial lithography process.
– The aspect  ratio  (height/width-relationship)  may  change  during the process. 

This  may both  be  a  desired  and undesired  effect,  enabling  the size-reduced 
structures to be thin and sharp, but eventually leading to mechanical instability, 
if the reduction is too extensive.

Points  1  and  2  are  trivial  enough,  but  point  3  deserve  some  further  analysis. 
Suppose that a structure, either part of bulk material (as in figure 4-1) or present on 
a material that is unaffected by the size-reduction process, has the initial height h0  
and width  w0 . If the size-reduction process is uniform, the  horizontal reduction 
rate  is  twice  the vertical  reduction rate,  so that  dh /dt=C  and  dw/ dt=2C .  The 
height, h , and width, w , of the structure is then given by: 

h=h0−
dh
dt

t=h0−Ct (eq 4-1a)

w=w0−
dw
dt

t=w0−2Ct (eq. 4-1b)

The aspect ratio h /w , may be calculated as:

     h
w
=

h0 −Ct
w0 −2Ct (eq. 4-2)

From eq. 4-2, it may be observed that if the initial aspect ratio h0/w0  is different 
from the relation between the horizontal  and vertical  reduction rate,  the aspect 
ratio will change during the reduction process. Plotting the expression h /w  versus 
the reduction ratio w /w0  for a few initial values of h0/w0  illustrates this effect:
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Figure 4-2 For certain initial height and width values (h0, w0 ), uniform size-reduction may 
cause a significant increase of aspect ratio, h/w, when the initial structure is reduced to 
small dimensions w/w0.

From figure 4-2 it may be observed that the aspect ratio of e.g a nanowall of 200 
nm height and 100 nm width will increase from 2 to 8 if the structure is reduced to 
20 nm width. For further reduction, the effect is even stronger,  and (as will  be 
shown  in  the  following  experimental  sections),  this  might  cause  mechanical 
instability in the size-reduced structure. 

4.2 Size Reduction by Oxidation
During thermal oxidation of silicon, a self-limitation effect may be present which 
depends on the local geometry. This enables some control of the size-reduction 
process.  The work in this  section was initiated during the work of the authors' 
Masters  thesis  [42],  and was utilized for fabrication of few-nanometer  quantum 
dots  from  which  luminescence  could  be  observed  (papers  IV,  VII).  The 
characterization of the luminescence will be treated in section 5.2. 

4.2.1 Thermal Oxidation of Structured Silicon
Thermal oxidation of silicon is a very well-investigated process, because of its use 
in  microelectronic  processing.  In  1968,  Deal  and  Grove  [52]  published  an 
extensive  paper  on  the  subject,  laying  the  foundation  of  thermal  oxidation  of 
silicon layers. Either oxygen (dry oxidation) or water vapor (wet oxidation) can be 
used  [37],  but  in  this  work,  only  the dry  oxidation  method was  used  for  size-
reduction.
To understand the oxidation process, the figure 4-3 is illustrative:
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Figure 4-3 Thermal oxidation of a flat (a) and curved (b) silicon surface. Oxide forms at 
the Si/SiO2 interface, and the newly formed oxide layer (dark gray) has to push out the 
existing oxide layer (light gray).

Planar Oxidation
Consider first the oxidation of a planar surface (figure 4-3a). It can be seen that the 
oxide grows from inside, so that each new oxide layer (of thickness   x ) has to 
push out the existing oxide (of thickness x).  Furthermore,  oxygen must diffuse 
through the existing oxide layer. This will have the effect that the oxide growth will 
consist of two regimes: In the first regime, the rate-controlled regime, the oxide 
layer is thin or nonexistent. Oxygen is therefore abundant at the Si/SiO2 interface, 
and the oxidation rate will  only be limited by the reaction rate of the chemical 
process converting silicon and oxygen to silicon dioxide.  The oxide growth will 
then be a linear function of time. For an oxide layer of larger thickness (~10 nm 
[52]) the limiting factor will instead be the diffusion of oxygen through the silicon 
dioxide layer. According to the Deal-Grove model, this leads to an oxide growth 
which is a square root function of oxidation time.

Oxidation of a Curved Surface 
Consider now the curved surface in figure 4-3b. As in the planar case, the newly 
formed  oxide  pushes  out  the  existing  layer.  However,  the  layer  also  needs  to 
expand laterally, because of the curvature. It has been shown that for temperatures 
below 950 ºC [53] the viscous flow rate of silicon dioxide is negligible, leading to a 
stress build-up in the curved oxide layer, and a compressive stress on the silicon 
core. The oxide stress makes oxidation energetically less favorable, and should thus 
lead to a decreased oxidation rate. Experimentally, this effect was first noted for 
the oxidation of structures featuring sharp corners  [54],  and also in the “bird's 
beak”  effect  [55].  For  modeling purposes,  the  Deal-Grove  model  has  been 
extended to two dimensions [56-58]. However, to fully explain experimental data, 
it seems that stress-induced modification of the diffusion coefficient and/or the 
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reaction rate  [59,60] need to be included in the models. Furthermore, molecular 
dynamics simulations show [61] that for small particles (~5 nm), a limitation effect 
may still  exists even if there is a tensile stress on the core, which opens up for 
other hypotheses. 
Although  it  seems  difficult  to  pinpoint  the  exact  mechanism  of  self-limiting 
oxidation, it has been used successfully to produce a number of structures, such as 
nanodots, both for luminescence applications  [62] and electronic devices  [16,17], 
as well as nanopillars [63-65] and nanowires [25].

4.2.2 Experimental results
The  purpose  of  the  experiments  was  to  generate  quantum  dots  for 
photoluminescence  experiments.  As  was  shown  in  the  previous  section,  the 
physics behind the self-limitation is rather complicated. Certain initial studies were 
performed to compare growth rates between planar and curved surfaces (author's 
master thesis  [42]), but a more detailed study was out of the scope of this thesis. 
Still, the presence of the self-limitation is readily observed in figure 4-4.

 

a) b)

c) d)

Figure 4-4 Oxidized nanopillars (dry oxidation, 900ºC, 7h) exhibiting the self-limiting effect. 
The images shows overviews (a,c) and details (b,d) of  oxidized nanopillars of different 
initial  diameter (120 nm and 160 nm, respectively) where the oxide was subsequently 
removed by HF solution. The diameter of the neck region of the pillar in (b) is ~20 nm, 
and (d) is of the same scale.  The left  and right scalebars  are 1 µm and 50 nm long, 
respectively.
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The top of the pillars in figure 4-4a and 4-4b is larger than the neck region and 
therefore seems to exhibit a stronger limitation effect than the neck region. This is 
reasonable, since a curvature in two dimensions should lead to larger stress than a 
curvature in one dimension. It may also be observed (figure 4-4 c, d), that pillars 
may be totally consumed. Thus the self-limitation may not be strong enough in 
certain cases. Note that for a fully oxidized neck region, the etching in HF solution 
results in a fall off of the top silicon core (figure 4-4d). It may also be seen in figure 
4-4c that indeed the aspect ratio is too large for some of the smallest pillars. They 
have  been  destroyed  by  surface  tension  forces,  possibly  during  drying  of  the 
sample.
The  focus  of  the  oxidation  experiments  was  to  generate  quantum  dots  for 
photoluminescence characterization. The required size-range for luminescence is 
3-5  nm,  where  effects  like  bandgap widening  and  quantum  confinement,  as 
described in section 2, become prominent. Thus a significant reduction is required, 
which may be difficult to control, even if a very good oxidation model is available. 
To cope with this problem, large arrays of pillars of slightly varying (1-2 nm step) 
diameter were produced, and  oxidized in steps. After each step, the luminescent 
properties were observed. Figure 4-5 shows a successful two-step size-reduction of 
a nanopillar starting from ~100 nm diameter. The first oxidation reduces the size 
to ~10 nm diameter, while the second is responsible for generating the quantum 
dot. This is described in papers IV and VII. From luminescence experiments, it 
could be inferred that indeed a single quantum dot must be present in each pillar 
that  exhibited  luminescence  (see  section  5.3).  However,  the  fraction  of  pillars 
exhibiting luminescence after size-reduction was only in the range of a few percent 
(see paper IV). This may be related either to the small fraction of active quantum 
dots or the uncertainties in the fabrication process. 

Figure 4-5 Successful size-reduction of a silicon nanopillar (paper IV), from 100 nm initial 
diameter (a) to ~10 nm diameter (b). A further oxidation generated pillars that exhibited 
photoluminescence, indication quantum dot formation.
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Although luminescent properties may prove the existence of single quantum dots, 
the pillars should be investigated by transmission electron microscopy (TEM) to 
establish the  exact  size  and  shape  of  the  produced  structures.  TEM 
characterization  was  unfortunately  not  available  during  the  thesis  work,  but  is 
under way at the time of writing. A TEM study will also enable a more thorough 
study of the oxidation process, like the one performed by Single and Heidemeyer 
[66,67].  Ultimately,  a  correlation between optical  and physical  properties  of  the 
silicon quantum dots may be obtained.

4.3 Electrochemical Size Reduction
The study of electrochemical etching of silicon, and electrochemical size reduction 
of silicon structures occupied a major part of this work, and is treated in papers I-
III, V-VI and VIII. Although an investigation of the etching of planar surfaces was 
performed in  paper  I,  the  main  focus  has  been  to  study  the  effects  of  the  of 
electrochemical  etching on pre-fabricated Si structures  (pillars,  wires  and walls), 
and  to  employ  electrochemical  etching  for  size-reduction  into  few-nanometer 
dimensions. In all cases, etching by a hydrofluoric electrolyte has been studied. As 
will  be shown in this section, the interplay between the  electrochemistry of the 
etching solution and the physics of the semiconductor can create both interesting 
and useful effects.

4.3.1 Principles of Electrochemical Etching of Silicon
Electrochemical etching of silicon is usually performed in a hydrofluoric acid (HF) 
solution, and was first described by  Uhlir and Turner in the 1950:s  [68,69]. The 
first  studies  of  this  technique  aimed  at  electropolishing silicon  for  use  in 
semiconductor  processing.  However  for  certain  parameters,  a  black  film  was 
produced,  which  later  was  observed  to  be  a  silicon  mesh  with  highly 
interconnected pores: Porous silicon. Beale and coworkers studied the formation 
properties of this new kind of silicon in the 1980s [70]. However, it was not until 
1990  that  the  true  potential  of  electrochemical  etching  of  silicon  was  realized. 
Then,  Canham  [71]  demonstrated  photoluminescence  from  electrochemically 
produced  nanoporous silicon that  could  be attributed to quantum confinement 
effects in the nanostructured material  [72]. Furthermore, this year Lehmann and 
Föll [85] demonstrated controlled electrochemical trench etching in silicon.  
There are two observations that simplify the understanding of the electrochemical 
dissolution process  [73]:  i)  The etching reaction is  dependent on the supply  of 
electronic carriers (holes) from the semiconductor. ii) The etching reaction has two 
modes:  A  pore  formation  mode,  and  an  electropolishing  mode.  In  the  pore 
formation mode, the silicon is directly dissolved by the fluoride ions, while in the 
electropolishing mode, the silicon dissolution begins with formation of an anodic 
oxide, which is then dissolved by the fluoride ions. The two reaction modes may 

33



Silicon Nanowires, Nanopillars and Quantum Dots – Fabrication and Characterization

be present simultaneously on a surface. Figure 4-6 shows such a scenario.

Figure  4-6 A  gradient  of  the  hole  concentration  in  the  semiconductor  may  lead  to 
electropolishing (at higher hole concentration, to the left) and pore formation (at lower 
hole concentration, to the right) on the same surface. The scalebar is 1 µm long.

Since the carriers in a semiconductor can be directed to different areas of a silicon 
structure, this offers a range of possibilities of shape control, and this was also the 
objective of papers III and VI. The experimental aspects of this phenomenon will 
be  studied  in  the  next  sections,  for  planar  surfaces,  nanopillars  and  nanowires 
(sections 4.3.3-4.3.5). But first the two modes of silicon etching reactions deserve a 
more detailed examination:

Porous Etching (divalent reaction)
There has been some controversy about the etching mechanisms involved in the 
etching  of  silicon  in  a  hydrofluoric  acid.  The  following  text  will  be  based  on 
Lehmann's proposed  mechanism,  which  is  backed  by  several  experimental 
observations [73]. A schematic of the dissolution reaction in the pore formation 
mode is shown in figure 4-7.
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Figure 4-7 The five  step divalent  dissolution reaction of  silicon in an hydrofluoric acid 
solution (after Lehmann [73]).

In  a  hydrofluoric  acid  solution,  the  silicon  surface  is  normally  passivated  by 
hydrogen bonds. First, the reaction begins with a hole (supplied from the silicon) 
breaking the Si-H bond (step 1 in figure 4-7). This is the rate limiting step of the 
reaction. It then gradually continues by emitting an electron into the bulk silicon in 
step 2. In all steps, difluoride ions (HF2

-) is converted at the surface to a fluoride 
ion (F-) and HF. The fluoride ion is active in the reaction, while the HF molecule is 
emitted back into the solution. In step 3 and 4, the ionic nature of the Si-F bond 
polarized the Si atom so that the two backbonds can also be broken by the fluoride 
ions. Finally in step 5, the Si atom is dissolved. The SiF4 molecule is gaseous, but 
reacts  with  two  HF  molecules  to  form  SiF6

-,  which  stays  in  the  solution. 
Furthermore, during the reaction, the excess hydrogen is emitted as H2 gas, or as 
H+ ions. The absorption of an electron into silicon in step 2 has previously been 
thought of as supply of a second hole from the bulk silicon  [74]. Therefore, the 
reaction would consume two holes, and has been named the divalent reaction.
The previous discussion does not answer the question why the porous reaction 
indeed creates a porous surface of highly branched silicon. One argument is that 
quantum confinement  [72], leading to a bandgap widening, will act as a barrier 
for holes to enter a sufficiently small structure, thereby disabling the etching of the 
branched  structure.  The  etching  is  instead  proceeding  further  down  into  the 
silicon,  leaving  a  porous  structure.  Another  model  is  the  current-burst  model 
proposed by  Carstensen and Föll  [75,76]. Here, the etching is  modeled not as a 
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continuous process,  but  consisting  of  a  serial  process  of  passivation steps  and 
current-bursts, at the site of dissolution. The probability of a new burst to occur 
may  be  modified  by  earlier  etching/passivation  events  and/or  defects  in  the 
exposed silicon surface, thus creating a branched structure.

Electropolishing (tetravalent reaction)
As stated before,  the  electropolishing  reaction begins  with  an anodic  oxidation 
step. The active species is assumed to be the hydroxyl ion (OH-) with the reaction 
occurring at high hole concentrations in the silicon and/or if a large electric field is 
present between the silicon and the electrolyte. By the resulting electric field, the 
hydroxyl  ions  are  enabled  to  diffuse  into  the  silicon  structure  where  they  may 
break  Si-Si  bonds  and  form  an  oxide.  This  reaction  requires  four  holes  per 
dissolved Si atom, and it is therefore named the tetravalent reaction. The oxide is 
then dissolved chemically, and this is the rate-limiting step in this case.

Macropores
An example  how the physics  of  the semiconductor  can be  combined with  the 
electrochemistry of silicon dissolution is the formation of  macropores. This has 
been studied in our research group [77]. Figure 4-8 illustrates the concept.

Figure 4-8 The concept of electrochemical macropore formation in n-type silicon. Holes 
are generated at the back side of the sample by illumination, and diffuse towards the 
surface (arrows). The field in the space charge region (hatched area) around the pore 
tips,  deflect  the  holes,  thus  directing  the  etching  to  the  bottom  of  the  pores,  while 
leaving the walls unetched.

As can be seen from figure 4-8 (left), holes that are generated at the back side of 
the sample diffuse toward the surface. At the silicon/electrolyte interface, there is a 
space charge region with an electric field concentrating the holes to the pore tips. 
If carefully adjusted, electropolishing may be achieved at the pore tips while no 
holes enter the walls, thus creating smooth and straight pores.
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To conclude this section, it has been shown that electrochemical etching of silicon 
is indeed not a trivial phenomenon, with two possible etching modes. It is not the 
subject of this thesis to treat this in detail, but the consequences of applying the 
electrochemical  etching  reaction  to  planar  and  nanostructured  silicon  will  be 
analyzed in the following experimental sections.

4.3.2 Electrochemical Etching Setup
In the previous section, it was shown that the amount of available electronic holes 
at the silicon surface would govern the electrochemical etching reaction and cause 
it to be in either the pore-formation or the electropolishing mode. The surface hole 
concentration can be controlled by applying a voltage between the etching solution 
and the silicon, thus creating an electric field that can attract or repel carriers from 
the surface. In p-doped silicon, holes are generally available through the impurity 
ions, but if the silicon is n-doped or depleted, holes are in minority, and may need 
to be generated externally. This is usually done by photogeneration [78], although 
injection from a pn-junction [79] or electrical breakdown [80] also may be used as a 
source. Altogether, this poses some requirements on the etching setup and sample 
holder:

– Forming a field between the etching solution and the sample, requires that only 
a part of the sample surface is exposed to the etching solution, while the rest of 
the sample is isolated.

– An electrical contact to the back side of the sample is required.
– For photogeneration, either or both of the front and back side of the sample 

must be optically accessible.

A general setup that fulfills these requirements is shown in figure 4-9. It is widely 
used [81], and with some variations, it has also been used in this work.
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Figure 4-9 General setup for photo-assisted electrochemical etching of silicon.

As can be seen from figure 4-9, the holder isolates the sample from the etching 
solution,  only  exposing  part  of  the  surface.  A  voltage  source  provides  the 
generation of an electric field in the sample. The current,  I , passing through the 
circuit is measured, as well as the potential, U ref , of a separate reference electrode 
present in the etching solution.  The back side and/or front side of the holder are 
open to enable photogeneration of carriers. The electrical contact at the back side 
is made either at the sample edges, or if required, by a metal grid deposited on the 
back side of the sample [82]
In the choice of illumination direction,  front-side illumination should provide a 
more uniform distribution of generated carriers at the sample surface, and this is 
desirable if uniform size-reduction is the objective (as in this work). In the back-
side illumination case, the generated carriers have to diffuse through the sample, 
and may be collected at  inhomogeneities in the surface.  This phenomenon may 
however be useful e.g in the fabrication of high-aspect ratio macropores [77, 83], 
as described in the previous section.
In  this  work,  a  number  of  illumination  sources  were  used.  To  achieve  a  high 
photogeneration  rate,  focused  laser  beams  were  used  in  the  nanopillar  size-
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reduction experiments. By using a lens, the laser beam spot could be focused to a 
diameter of 150 µm on the sample surface. This was used for the etching of bulk 
material  and  size-reduction  of  silicon  nanopillars  (section  4.3.3-4).  The 
photogeneration  rate  is  thus  non-uniform  over  the  surface,  and  for  the  size-
reduction  of  silicon  nanowire  structures,  a  halogen  lamp  coupled  to  a  plastic 
optical fiber immersed in the etching solution was used (although it provides an 
order of magnitude lower photogeneration rate).
Concerning  the  etching  liquid,  water-based  hydrofluoric  acid  (HF)  solutions  of 
different concentrations were used. To increase the wetting against the sample, an 
equal amount of ethanol was added to the water before diluting the concentrated 
(50% wt.) HF solution. In the following text (and papers I-IX where applicable), 
the concentration is given either as weight percent HF in relation to total solution 
weight (HF + water + ethanol) or as a dilution ratio x:y where x is the volume of 
50% HF-solution and y is the volume of 50% ethanol: 50 % water solution.
The etching setups used for the different experiments also evolved though several 
versions. This work is described in Appendix A.1. 

4.3.3 Electrochemical Etching of Bulk Silicon

Immersed samples (setup 1 in appendix A.1)
The first  investigation was performed using samples that were immersed in the 
etching solution with no electrical contacts. This means that photogenerated holes 
either  participate  in the etching reaction or recombine inside the sample.  Since 
there  is  no  external  connection,  holes  participating  in  the  etching  have  to  be 
matched by a charge injection in the opposite direction (hole injection into the 
sample or electron injection into the solution). From the experiments, this seems 
to  be  a  much  slower  process.  Thus  most  holes  instead  recombine  inside  the 
semiconductor, and the etching is generally found be in the pore formation regime. 
However,  other  authors  have  reported  a  transition  to  electropolishing  using 
significantly stronger illumination intensities  [84]. The etching speed was verified 
to be proportional to the (measured) Gaussian intensity profile of the laser beam, 
creating a crater with a profile similar to that of the beam. This indicates that there 
is little lateral diffusion of holes at the surface, and that the photogenerated holes 
cause etching only in the close vicinity of their origin.
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Figure 4-10 Typical crater profile (a) for an etching time of 20 minutes and 1:20 (1.6% wt.) 
HF:H2O dilution ratio (note the difference in scaling for horizontal and vertical axes) and 
maximum crater depth (b) as a function of time for a few different HF concentrations (b) 
indicated by the dilution ratio HF:H2O.

The etching reaction also quickly reaches a steady state, conserving the etch profile 
as the reaction proceeds. As can be seen in figure 4-10b, the crater depth shows a 
linear dependence of etching time.

Exposed front side (setup 2,3 in appendix A.1)
As mentioned before, etching in a setup which allows only part of the front side of 
the sample to be exposed to the etching solution allows for better control of the 
etching reaction. Here, four parameters can be used to control the resulting etching 
crater profile: etching time, voltage bias, HF concentration and light intensity. In 
these experiments, a parameter space of etching times between 0 min. and 30 min., 
bias voltages between -1 V and 15 V, HF concentrations between 1:20 and 1:200 
(1.6% and 0.16% weight, respectively) and light intensities between 1 and 0.00001 
times the maximum intensity of 16 W/cm2 were investigated. A common way to 
characterize an electrochemical cell [85,86] is by studying its IV-curve. Figure 4-11 
shows  such  a  curve  (from paper  II)  for  different  light  intensities  at  fixed  HF 
concentration.
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Figure  4-11 IV-curve  of  the  system  at  a  HF  concentration  of  1:50  (1.3%  wt.)  with  a 
transmission factor of 1, 0.1 and 0.01 times the incoming intensity of 16 W/cm2.

The  curve  corresponding  to  the  maximum light  intensity  shows  all  significant 
characteristics of electrochemical etching of n-type silicon:  a gradual increase in 
current  for  low  voltages  (pore  formation)  is  followed  by  a  plateau  with  the 
transition to electropolishing somewhere in between. As the voltage is increased, 
the  current  will  also  eventually  increase.  However,  for  lower  photogeneration 
intensities  (0.16  and  1.6  W/cm2)  the  maximum  current  is  limited.  Still,  SEM 
investigations shows a transition to electropolishing (as expected [87]). Finally, we 
should note that since we are using a laterally  inhomogeneous light source,  the 
total  current  represents  contributions  from  several  different  etching  reactions 
across the illuminated area, thus modifying the shape of the IV-curve.
Once the general properties of the cell had been established, the influence on the 
crater  profile  of  different  parameters  was  studied.  Typical  crater  profiles  for 
different voltage biases can be found in Fig. 4-12a.
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Figure 4-12 Crater profiles for a number of different voltage bias values in the range of 
-0.6 V - 15 V.(a), and a SEM image of the crater etched at 0 V (b). In (b) the transition 
between electropolishing and pore formation is evident. The image refers to a region 
indicated with “A” in a). The solid Gaussian profile in a) (“B”) corresponds to etching at 
-0.6 V bias and reflects the intensity profile of the laser beam.

As can be seen from figure 4-12a both the crater width and depth increase when 
the bias voltage is increased. At -0.6 V the voltage bias is slightly more negative 
than  is  required  to  overcome  the  internal  cell  potential  of  the  electrochemical 
system, which was measured to 0.55 V (open-circuit).  This should lead to holes 
being subjected only to a small force driving them into the sample, much like the 
case of etching of an immersed sample, thus leading to a Gaussian crater profile 
reflecting  the  laser  intensity  profile.  When  the  bias  voltage  increases  to  0  V a 
transition to electropolishing is observed in the middle of the crater.  As can be 
seen for the 0 V profile in figure 4-12a),  the central  electropolished part of the 
crater is more slowly etched, since etching in the electropolishing regime requires 
the double amount of holes per dissolved Si atom (see section 4.3). As the voltage 
bias  increases,  the  profile  evolves  into  a  more  elaborate  form,  with  transition 
regions and a central plateau. Also notable is the large crater diameter occurring 
between 1 V and 15 V bias, substantially larger than the diffusion length (about 35 
µm for low-doped Si at room temperature – see[8] p 38)
Before trying to more closely understand the kinetics of the etching reaction, we 
investigate the dependence on the other parameters (time, light intensity and HF 
concentration):
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Figure 4-13 Time dependence of etching. a) shows depth profile evolution as a function 
of time while b) shows center depth for two different bias voltages (Vb= 1.0 V and 5.0V 
respectively).

As can be seen from Fig. 4-13a, the etching occurs under steady state conditions, 
with the profile being conserved throughout the etching. In Fig. 4-13b, it can also 
be observed that the maximum crater depth,  as for photochemical etching,  is a 
linear function of time. As for the light intensity dependence (Fig. 4-14a) and HF 
concentration  dependence  (Fig.  4-14b),  a  decreased  light  intensity  leads  to  a 
narrower  more  Gaussian-like  shape  while  the  etched  depth  is  approximately 
constant, whereas a decreased HF concentration leads to a wider but more shallow 
structure (indicating more lateral hole diffusion).

-1000 -500 0 500 1000
-2

-1

0

 Light int. dependence
 reference meas.

Tr = 0.003

Tr = 1

 

 

de
pt

h 
(µ

m
)

width (µm) -1000 -500 0 500 1000
-8

-7

-6

-5

-4

-3

-2

-1

0

HF 1:20

HF 1:80
HF 1:40

 HF conc. dependence
 reference meas.

 

 

de
pt

h 
(µ

m
)

width (µm)

a) b)

Figure 4-14 Light intensity (a) and HF concentration dependence (b). In (a) “Tr” indicates 
the transmission factor of the attenuator filter used. The dotted Gaussian curve in both 
figures indicate the intensity profile of the laser beam.

The  key  to  understanding  the  profiles  seem  to  be  the  relation  between  hole 
photogeneration rate  and the  hole  consumption rate  of  the  etching  reaction in 
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combination  with  lateral  hole  diffusion.  Transitions  between  different  etching 
reactions  leads  to different  dissolution rates  at  different  points,  and  the rate  is 
actually lower for the electropolishing case. For example, the plateaus in the center 
of  the  1:40  and  1:80  HF concentration  curves  in  figure  4-14b  are  a  result  of 
transition to electropolishing. 
These observations were used (see paper I and appendix A.2) to create a model of 
the crater profile evolution. Intuitively,  the crater profile seems to result from a 
detailed balance between the holes available at the surface of the semiconductor 
and the concentration of HF molecules present in the liquid [87].

4.3.4 Electrochemical Size Reduction of Silicon Nanopillars

Immersed sample (setup 1 in appendix A.1)
Having  analyzed  the  complete  etching  mechanism  during  focused  laser 
illumination of an plain silicon surface, the next step was to investigate the etching 
behavior of pre-fabricated structures. The first of the size-reduction experiments 
was performed with the sample immersed in etching solution and with no separate 
electrical  contacts  between sample  back and front  side.  As previously  observed 
(section  4.3.3)  the  sample  is  isolated,  and  charges  participating  in  the  etching 
reaction must be balanced by charge injection in the opposite direction. This seems 
to be a significantly slower process, and it will drive the etching reaction towards 
pore formation. Although different light intensities and HF concentrations were 
initially investigated for the planar case the transition to electropolishing could not 
be achieved. As noted in paper II, performing photochemical size-reduction in this 
porous  regime  will  render  both  the  planar  surface  and  the  predefined  objects 
highly  porous.  An  example  of  this  is  shown  in  figure  4-15  using  a  HF 
concentration of 1:20 (1.6 % wt.) and a laser intensity of 16 W/cm2.  
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Figure 4-15 SEM images of silicon nanopillars after photochemical etching in a 1:20 HF 
solution with a laser intensity of 16 W/cm2. The pictures show structures after a) 1 min 
etching at the edge of the laser spot (~50% laser intensity). b), c), d) shows 1, 2, and 5 
min etching at the center of the laser spot (100% intensity). The size of the scale bar is 1 
µm. 

Etching by immersing  the sample in the electrolyte has some advantages: Isolated 
structures can be etched since no external electrical  contact is required, and the 
etching  is  slow and localized  to the  site  of  photogeneration  (this  should  make 
quantum-induced limitation effects as described in section 2.1 more prominent). 
However,  the strong porosity of the resulting structure disables its use for size-
reduction. A substantial increase of laser power could however drive the etching 
reaction towards electropolishing [84].

Exposed Sample Surface (setup 2,3 in appendix A.1)
As previously described in section 4.3.1 and figure 4-9, isolating the back side of 
the sample from the etching solution enables current conduction and application 
of  a  voltage  bias  between  the  front  side  and  the  back  side  of  the  sample.  As 
observed in paper I, this allows for a total control of whether etching will result in 
electropolishing  or  pore-formation.  The  initial  goal  was  uniform size  reduction 
(figure 4-16), which, as observed in paper II and III, occurs for a bias of 0 V at a 
HF concentration of 1:40 (1.6%) and a maximum laser intensity of 4.34 W/cm2 

(laser focused to ~200 µm diameter). Ultimately, pillar diameters down to 20 nm 
(paper II) and 10 nm (paper V) were achieved (figure 4-16e-f). If instead a non-
zero voltage bias was used, it was found that etching could be directed either to the 
top  or  to  the  base  of  the  predefined  structures  (figure  4-17).  This  allows  for 
increased  control  of  the  resulting  shape  after  size-reduction  and,  indeed,  3D-
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control of the etching reaction. 

Figure 4-16 Etching at 0 V bias causes uniform size reduction (a-d). The scale bars are 100 
nm long. Ultimately, pillars with diameters as small as 20 nm (e) and 10 nm diameter (f) 
were achieved.

Figure  4-17 Using  positive  (7  V)  or  slightly  negative  voltage  bias  (-0.6  V)  can  direct 
etching either towards the top (a-c) or towards the base (d-f) of the pillar.(a) and (d) are 
initial  structures, (b) and (e) are etched structures, and (c) and (f) are extracted edge 
profiles, which are translated vertically by the corresponding amount of planar etching 
(arrows).
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As was shown in section 2.1, achieving structures smaller than 10 nm is of great 
interest as the structures then approach a regime where quantum effects begin to 
be more strongly exhibited. For example, the quantum-induced bandgap widening 
effect  seen  in  figure  2-2  may  reduce  the  etching  speed  of  the  nanopillar  and 
eventually cause a self-limitation of the etching process, similar to the proposed 
mechanism of porous silicon formation [72]. If the bandgap inside the nanopillar is 
larger than in the bulk material, hole diffusion from the bulk into the nanopillar is 
reduced by the potential barrier. Furthermore, if the wavelength of the light source 
used  for  photogeneration  is  close  to  the  bulk  bandgap,  an  increased  bandgap 
would also reduce the photogeneration rate of holes inside the nanopillar.  The 
origin of the holes participating in the etching reaction was investigated in paper 
III and V by studying the nanopillar etching rate as function of time and voltage 
bias.  To properly  asses  the  pillar  dimensions  (surface  area/volume)  from SEM 
images,  a  special  image  processing  code  was  developed,  using  MATLAB.  This 
program is described in appendix A.3. 
There  are  some  further  issues  concerning  the  size-reduction  of  the  silicon 
nanopillars:  First,  the mechanical  instability  of  the nanopillars  become severe at 
small enough dimensions, and the surface tension forces (during drying) may easily 
destroy the tiny structures. Secondly, an electrical characterization is not possible 
without significant further processing, since the nanopillars only have one side in 
electrical contact with the substrate. Third, studies of pillar etching was strongly 
dependent on the initial edge profile which was difficult to control at the nanoscale 
using plasma etching. These issues calls for the investigation of a different type of 
structure: Silicon nanowires.

4.3.5 Electrochemical Size Reduction of Silicon Nanowires
The next step of this work to attempt size-reduction of silicon nanowire device 
structures, manufactured from SOI material.  The fabrication,  size-reduction and 
characterization  is  described  in  papers  VI,  VIII  and  IX,  and  the  two-step 
lithography process is  also described in section 3.2.2.  As described in appendix 
A.1, the etched area was reduced by masking of the sample surface using adhesive 
polymer [88], which was distributed mechanically on the sample surface using a pin 
controlled  by  mechanical  translators.  In  this  way,  the  exposed  area  could  be 
reduced to a diameter of ~100 µm, and thus even a single nanowire (of three – A-
C in figure 3-10) could be selectively subjected to etching.

Etching conditions
As in the case of size-reduction of silicon nanopillars,  the desired mode of the 
electrochemical  etching  is  in  the  transition  between  porous  etching  and 
electropolishing  regime.  The  SOI material  used  in  this  work was  p-doped,  and 
therefore, holes required for the etching reaction should be available in the silicon 
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without any need for external  generation.  However,  due to the presence of the 
etching solution  [89],  the conduction and valence bands will  bend close  to the 
silicon surface. Furthermore, since the top layer is thin (initially 100 nm) it may be 
fully  depleted  of  mobile  charges.  If  a  potential  is  now  applied,  it  will  cause 
nonuniform etching since holes will  be consumed near the edge of the exposed 
surface where they can be provided from unexposed non-depleted areas of the 
silicon.  This  nonuniformity may  persist  even  if  external  generation  of  holes  is 
provided  by  photogeneration.  An example  is  shown in  figure  4-18a.  Here,  the 
increased hole concentration near the exposed edge has caused the silicon to be 
completely etched, while the rest of the surface silicon (including the nanowire) is 
negligibly  etched.  In figure 4-23b,  a lower HF concentration was  used.  As was 
observed for bulk etching of silicon in section 4.3.3, figure 4-14b, a decreased HF 
concentration leads to a larger spatial distribution of the generated holes since their 
concentration is large in relation to the HF concentration of the etching solution, 
and together with a smaller exposed area, this leads to the desired uniform etching 
of all of the exposed silicon layer.

Figure 4-18 Optical microscope images of nanowire structures etched at (a): 0.12% HF 
conc., VB  = 1V and a large exposed sample area and at (b): 0.03% HF conc., VB = 1 V 
and a small exposed area. The letters “A” and “B” indicate the position of the nanowire, 
and the arrow indicate the section near the edge of the exposed area, where the silicon 
layer was etched through. The limits of the exposed area are indicated by the dashed 
lines.

Using a low HF concentration also enables electropolishing during size-reduction. 
This will be shown later in this section. Furthermore, the etch rate is very low at 
these HF concentration levels. In paper VIII, etch rates of only 0.056 nm/s and 
0.037 nm/s were obtained. As seen in the paper this leads to etching times in the 
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hour regime. For precise nanofabrication, in a  research environment such a low 
etch rate may indeed be beneficial.  For an industrial application where a higher 
etch rate is desired, higher HF concentrations balanced by stronger illumination 
should be used to achieve the same etching conditions.

IV-characteristics
To further study the effect of photogeneration, the IV-curve of the etching cell is 
useful. It is shown in figure 4-19 for a 0.12% HF concentration. 
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Figure  4-19 IV-curve  of  non-patterned  SOI  material  contacted  with  eutectic  InGa, 
showing etching current  Ietch versus voltage bias  VB at different illumination intensities (6 
mW, 2.5 mW, 0.55 mW and 0 mW for the solid, dash-dotted, dashed and dotted lines, 
respectively) in an HF solution of 0.12% concentration. 

As can be seen from figure 4-19, the IV-curve displays the same characteristics 
(light intensity dependence in the positive but not the negative direction) as the IV-
curve  for  bulk  silicon  (figure  4-11),  although  the  plateaus  at  the  transition  to 
electropolishing are less pronounced. This is probably an effect of other resistive 
or Schottky elements coupled in series with the electrochemical cell.  The strong 
influence of the change in illumination intensity indicates that the top layer, though 
p-doped, is indeed depleted of mobile carriers. Thus the etching characteristics of 
the p-doped SOI material is more similar to n-type material, where the generation 
and transport  of  holes  govern the  etching.  Similar  to the bulk curve,  the  zero 
transition of the current occurs at about -0.5 V.
It should be noted that, like in the pillar case, the IV-curve is the sum of all etching 
currents from the sample. Thus it cannot be used to precisely predict whether the 
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etching of a particular sample feature will be porous or electropolishing, since the 
electric field may direct the current to specific areas of the sample. The nature of 
the etching thus has to be determined after the etching, e.g by SEM.

Interactivity
Another  useful  feature  of  etching  setup  4  is  the  ability  to  perform  electrical 
characterization  during  the  etching.  Although  the  etching  solution  has  to  be 
removed, since it would short the electrical circuit, this enables the conductance of 
e.g  a  nanowire  to be  monitored  during  the etching,  which  may  be  halted  at  a 
certain  desired  conductance  value.  When  the  measurement is  performed,  the 
circuit is switched from etching mode to characterization mode, as shown in figure 
A-1b and A-1c. Figure 4-20 shows the conductance during etching of an initially 
200 nm wide nanowire to a final width of 40 nm. The fact that the conductance 
after ~3000 s of etching is actually higher than the initial conductance is likely due 
to  the  passivation  of  surface  states  by  the  electrochemical  etching  reaction, 
increasing the conductance of the nanowire.  At the later stages,  the conduction 
drops  rapidly.  The  evolution  of  nanowire  conductance  during  etching  will  be 
further discussed in section 5.1. 

Figure 4-20 Optical microscope images (a-e) of a nanowire before and during the size-
reduction process, with the plot indicating the conductance at each specific time. The 
nanowire was initially of 200 nm width and was found to be 40 nm in step (e). A similar 
nanowire (shown in f) was also etched until noncontinuous and is shown as a reference. 
The scalebar is 1 µm long.
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Another way of interactive control of the electrochemical size-reduction process is 
through optical characterization of the SOI layer.  During the size-reduction, the 
SOI layer exposed to the etching solution will be reduced in thickness. Thus, the 
interference properties in the top silicon and silicon dioxide layer change, leading 
to a color change during the progression of the size-reduction. An example of this 
is shown in figure 4-20. The difference is significant between different stages of the 
etching: The “e” nanowire is of ~20 nm height, while the “f” nanowire is almost 
totally removed – yet the difference is clearly visible. Unfortunately,  the present 
etching setup does not allow in-situ optical characterization by a microscope, so 
that the sample had to be removed for each inspection. Thus, this technique was 
not extensively used in this work. However, with a  redesigned sample holder, it 
may provide true interactive size-reduction with a size-control in the range of tens 
of nanometers.

Etching results
To conclude this section on electrochemical size-reduction of silicon nanowires, 
some of the major results will be shown (as in paper VI and VIII). Figure 4-21 
shows  initial  nanowires  and  nanowires  size-reduced  (electrochemically  etched) 
under different conditions.
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Figure 4-21  Top SEM views of nanowires before (a) and after etching (b-d). Figure (d) 
shows a 45 degree tilt view of a nanowire which had been etched free-hanging. Figures 
(e) and (f) shows  that an initially  rough nanowire  (e) can be both size-reduced and 
smoothed (f) using a slightly electropolishing etching condition. Figure (g) shows that two 
sides of the nanowire can be subject to different etching conditions, with the left side (A) 
be porously etched and the right side (C) being etched in the “macropore” formation 
regime (with the square pores, however, being of sub 100 nm width). The inset shows the 
nanowire (B) in detail.

From figure 4-21, it can be seen that a nanowire, of initially 100 nm width (4-21a) 
can be uniformly size-reduced into 30 nm (4-21b) or even below nm (4-21c) width. 
The SEM images only characterize the width of the nanowires. However, AFM 
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measurements (paper VIII) confirms that the etching is indeed  uniform and that 
the  horizontal  and  vertical  etching  speeds  are  equal.  Figure  4-21d  shows  a 
nanowire that has been chemically etched free-hanging by HF solution (5% wt.) 
using  no electrical  connection  to  the  solution  (under  this  condition  the  silicon 
dioxide is  etched instead of the silicon).  Figure 4-21e and 4-21f shows that the 
size-reduction is actually slightly electropolishing. The same nanowire is shown in 
the two pictures – before and after size-reduction. It can be seen that all  minor 
inhomogeneities of the initial wire has been completely smoothed out during the 
electrochemical etching. Finally porous etching of a nanowire (using a higher HF 
concentration) is demonstrated (figure 4-21g). Furthermore, by applying a potential 
(0  V)  to  only  one  side  of  the  nanowire,  two  different  etching  conditions  are 
obtained at each side of the nanowire, with the transition actually occurring in the 
nanowire itself (at “B” in figure 4-21g).
In the size-reduction experiments of the silicon nanowires, a quantum  induced 
limitation  effect  occurring  at  few-nanometer  dimensions  is  indeed  possible 
(following the theme of this work). Similarly to the limitation effect proposed by 
Lehmann to govern the formation of porous silicon  [72],  bandgap widening of 
nanostructured material (as described in section 2.1 and eq. 2-2) may provide both 
a  potential  barrier  (to  prevent  carriers  from  entering  the  structure  and  cause 
etching),and  reduced  optical  absorption  (if  the  wavelength  of  the  light  source 
closely matches the bandgap energy). However, (as stated in section 2.3) this effect 
becomes significant only when the structures approach about 5 nm size. Due to 
the limitation in characterization (SEM), a study at these size-levels was impossible. 
Furthermore, a smaller initial structure than the 100-200 nm width used in these 
experiments should facilitate generation of structures in the few-nanometer regime.
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5

 Characterization

5.1 Electrical Properties of Silicon Nanowires
The  electrical  properties  of  silicon  nanowires  produced  in  this  work  were 
investigated  in  papers  VI,VIII  and  IX.  Papers  VI  and  VIII  treat  the  electrical 
characterization in conjunction with size-reduction experiments, while paper IX is 
focused  on  a  further  understanding  of  the  electrical  properties  of  (unreduced) 
nanowires, both through measurements and simulation.

 The objectives of the electrical characterization were:

• To understand the current conduction mechanism and determine the active 
carrier species (electrons or holes).

• To relate physical and electrical properties of the nanowires.

• To determine whether the electrochemical treatment influence the electrical 
characteristics.

Device Layout

Figure 5-1 shows top and cross-sectional views of the characterized structure, and 
current paths (dashed lines) for two cases. It can be seen that the circuit consists 
not  only  of  a  nanowire  but  also  of  broader  silicon  structures  (referred  to  as 
“microwires”)  or  the  same  thickness  that  connect  the  metal  pads  and  the 
nanowires. These will have to be taken into account when studying the electrical 
characteristics of the device. 
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Figure 5-1 The optical micrographs on the left hand side shows top (a and b)  views of 
the silicon nanowire device. The dashed lines labelled   and   indicate two possible 
current  paths in  the device).  Inset  shows  an SEM image of  a nanowire.  In  the cross-
sectional  schematics  on  the right  hand side  (c and d,  across  and along  nanowires, 
respectively) the “+” and “-” signs indicate presence of positive and negative charges 
at the surfaces and interfaces of microwires (left, of 50 µm width) nanowires (right, of 200 
nm  width).  In  (d)  ”S”,  ”D”,  and  ”G”  indicate  the  source,  drain  and  gate  terminals, 
respectively. 

Measurements
As described  in papers  VI,  VIII  and in  appendix  A.1,  the measurements  were 
performed  in  the  electrochemical  etching  setup  (electrolyte  removed),  with  a 
number of high-quality  relays (with a measured isolation resistance of ~10 TΩ) 
switching  the  circuit  in  an  appropriate  manner  for  the  IV-characterization  (see 
figure 4-10c). The source (S) and drain (D) terminals (see figure 5-1d) of either a 
microwire  (path   )  or  nanowire  (path   ),  are  selected  by  contacting  the 
corresponding metal pad. A voltage ( V DS ) was applied between the terminals, and 
the  current  ( I DS )  is  measured.  Additionally,  a  voltage,  V G  (referenced  to  the 
source voltage, V S ), could be applied to the sample back side.

The main methods of characterization was IV-measurements ( I DS  versus V DS  for 
different  gate  voltages,  V G )  and  conductance  measurements  (  I DS /V DS  for 
V G=0 V ,  V DS=0 V  and  V DS=0.2V ).  As  noted  in  papers  VI and  VIII  IV-
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measurements led to an unexpected dependence on gate voltage, V G . A typical IV-
curve is shown in figure 5-2.

Figure 5-2 IV curve of the nanowire device along the  -path.

As can be seen from the IV-curve, the dependence on gate voltage is actually the 
opposite from what was expected from a p-doped silicon structure. With holes as 
majority carriers one would expect positive voltages to repel carriers and lower the 
current  in  the nanowire.  As can be seen in figure 5-2,  however  a  positive  V G  
actually increases the current. Thus, we conclude that electrons are the conducting 
species. 
To  understand  the  device,  it  can  be  helpful  to  study  the  band  diagram  of  a 
(schematic) nanowire device with its metal pads. The diagram is found in figure 5-
3.

Figure 5-3 Band structure of the nanowire with metal pads. The solid and dashed lines 
indicate the band structure for zero and positive gate voltages, respectively.
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As can be seen from figure 5-3, the Fermi level position of electrons in the silicon 
material (which is the nanowire and/or the microwire) is fixed at an energy, m−
, above the Fermi energy of the metal (TiW in the present device) (see [8] p 245). 
This may limit the transport through the device, since electrons entering the silicon 
structure  from each  of  of  the  metal  contacts  will  see  a  barrier  of  m− .  An 
important question is whether this contact barrier plays any significant role in the 
IV-characteristics.  The  typical  MOS characteristics  found in  the  measurements, 
with saturation currents depending on the gate voltage, indicate that it does not. In 
fact,  our  device  is  a  special  type  of  MOS-transistor,  a  Schottky-Barrier  MOS 
(SBMOS) transistor[90-92]. The SBMOS works like the common MOS transistor 
with  an  inversion  layer  of  electrons  near  the  gate  responsible  for  the  current 
conduction (see [8] p 386), and this is the reason for the gate voltage dependence.  
The conductance, G , of a MOS transistor is described by [93]

G=n Qn
W
L (eq. 5-1)

with n , Qn , W  and L  denoting the channel mobility, charge density, width and 
length of the electron sheet in the device. Now, can this expression be verified to 
correctly describe the electrical characteristics of the nanowire devices? In paper 
VIII, the  L−1  dependence is readily verified. As noted before (see figure 5-1ab), 
the  device  actually  consists  not  only  of  silicon  nanowires,  but  also  of  silicon 
microwires connecting the nanowires. They were designed to have  a large W/L 
ratio (which make the conductance of the microwire high, since eq. 5-1 holds also 
for  the  microwires)  not  to  interfer with  the  characteristics  of  the  nanowire. 
Verifying the  L−1  dependence for nanowires of different length means that they 
dominate the electrical characteristics, and that the sample design was successful. 
The next step was verifying the W-dependence, which was not as straight-forward. 
As  noted  in  paper  VIII,  the  conductance  decrease  faster  that  predicted  from 
scaling.  To study  this  in  more  detail,  the  expression  G L/W=n Qn  was  plotted 
(figure  5-4).  If  the conductance  varies  according  to  the scaling,  this  expression 
should be constant.
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Figure 5-4  The expression GL/W plotted for nanowires of different dimensions. Squares, 
circles, up-triangles and down-triangles indicate samples  before etching/HF treatment, 
just after etching, after long (>24h) air exposure, and after treatment in 5% HF solution, 
respectively. The arrows indicate the development history of a particular sample.  

It can be seen from figure 5-4, that the expression GL/W indeed displays a large 
variation of nanowire width. Another effect is that etching of the nanowire seems 
to result in a high GL/W value (circles in figure 5-4), which decreases about an 
order  of  magnitude  after  prolonged  air  exposure  (up-triangles).  After  short 
treatment in 5% HF solution, the conductance indeed return almost to the freshly-
etched value. Since HF treatment of an Si surface results in the formation of a 
well-passivated hydrogen terminated surface  [94],  these  observations  along with 
the IV-curve behavior plotted in figure 5-2 lead us to the following model:

• An inversion layer of electrons is responsible for conducting the current 
• Positive  charges  (as  indicated  in  figure  5-1c,d)  are  present  at  the 

nanowire/silicon  dioxide  interface.  This  is  in  accordance  with  earlier 
observations [95], and enables the presence of a channel at V GS=0  V . 

• Negative  charges  (also  illustrated  in  figure  5-1c,d)  are  present  at  the 
nanowire/microwire surfaces exposed to air.
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The validity of these assumptions is discussed in detail in paper XI. However they 
fit very well with the measured characteristics:

• The increase in conductance of a HF-treated wire may be a result of surface 
charges being passivated by the HF treatment. Hydrogen passivation of a 
dangling bond removes the negative charge [95]

• The native oxide formed under air exposure is believed to be of low quality 
containing many charged states [95]. Thus the conductance should decrease. 

• The  GL/W  decrease  with  nanowire  width  may  be  a  geometrical  effect 
resulting from negative surface charges on top and on the two sides of the 
nanowire. These effectively reduce the channel width to a value below the 
physically  measured  one.  Approximating  this  influence  by  the  Debye 
screening length (~40 nm at N D=1016 cm−3 ) we find that this effect would 
seriously effect lateral widths below ~100 nm.

Thus there is some motivation for the model. However, a more detailed study with 
nanowires of more variation in physical dimensions and more controlled surface 
properties is of course needed to verify the different assumptions. 

Simulations
To study the physics of the silicon nanowire device in more detail,  a simulation 
was set up  in the ISE-TCAD semiconductor software [96]. Since the measurement 
already established the conducting species of charges to be electrons,  Figure 5-5 
shows the simulated electron concentration for different values of V DS  and V GS .
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Figure  5-5  Simulated  electron  density  for  a  nanowire  device.  The  schematic  of  the 
simulated structure is shown in (a) along with simulated electron density (b-e) for values 
of V G  and V DS  of -30 V , -5 V, +5 V, +5 V, and 0 V, 0 V, 0 V, 8 V, respectively. The areas 
indicated by “top  ox”  represent  the  the  virtual  oxide  layer  required  to  add surface 
charges in the simulation. The area designated as “NW-Si” indicate silicon with reduced 
mobility to simulate the smaller width of the nanowire in comparison to the microwire.

As can be seen from figure 5-5, in case (b) and (c),  the structure contains only 
holes  for  negative  values  of  V G ,  except  near  the contacts,  where  electrons  are 
supplied from the metal. Thus the structure resembles an unbiased NPN structure, 
which does not conduct any current. As noted in paper IX, this is in accordance 
with  the  experimental  results.  At  V G=5 V  (d,e),  an  electron  channel  is  clearly 
formed in the silicon, with electron concentrations ranging between 1015 and 1017 

cm-3  in the silicon layer, highest at the lower part of the silicon layer in proximity 
with the oxide. In (e), applying V DS=8V  results in a pinch-off condition with lower 
electron concentrations near the left contact and the left end of the nanowire.
The simulations were performed of a 2D cross-section, either along or across the 
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structure. Thus, to model a device consisting of several elements (e.g microwires 
and  nanowires)  of  different  widths,  W ,  along  its  cross-section,  scaling  of  the 
physical parameters had to be applied. The choice fell upon modifying the electron 
mobility, n , which appears together with W  in eq. 5.1. A device of small width is 
thus  modeled as a device having a lower mobility. As discussed in paper IX, the 
scaling was successful in modeling a device, in the respect that the current-limiting 
device  element  that  exhibits  the  largest  potential  drop  is  indeed  the  nanowire. 
However, for a certain set of  parameters the simulated device typically exhibits a 
current about 10-1000 times higher than for a real device. There may be several 
explanations for this: i) mobility-lowering effects due to electron scattering in the 
nanowire [97], and ii) geometrical effects in conjunction with surface charges may 
alter the behavior of the device. The latter may actually be studied in simulation of 
a 2D nanowire cross-section, as is shown in figure 5-6:

 

Figure 5-6 Geometrical effects on electron density. The upper and lower images show 
cross-sections  of  nanowires  of  200x100  nm  and  100x50  nm  width  and  height, 
respectively. Positive and negative surface charge densities of  ∣Qsurf∣=5×1011 cm-2 has 
been applied to the surfaces marked with ”+” and ”-” signs, respectively. The left column 
shows  the  case  where  negative  charges  has  only  been  applied  to  the top  surface 
(essentially a 2D model) while the right column shows the case where negative charges 
were applied to all except the bottom surface of the structure.

In figure 5-6, the resulting electron concentration has been calculated for a device 
with the same physical properties (doping type and magnitude) as the real device. 
In  all  cases,  a  positive  charge  density  was  applied  to  the  bottom  surface,  to 
simulate the positive trapped charges in the Si/SiO2 interface [95]. Furthermore, in 
the left cases, a negative charge density was applied to the top surface, while in the 
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right cases, the negative charge was applied on the top, left and right sides. This 
simulation  has  been  performed  in  order  to  model  the  effect  of  a  decreased 
thickness  of  the  nanowire  device  (upper/lower  cases)  and  also  the  effect  of 
including the side surfaces of the nanowire in calculation (left/right cases), which is 
basically a narrow-channel effect ([8] p 477). It is clearly visible in figure 5-6 that 
both these effects radically decrease the electron concentration in the nanowire by 
several  orders  of  magnitude.  Since  the  conductance  is  proportional  to  the 
integrated electron concentration of the cross-section of  the wire  (eq.  5-1)  this 
provides a good explanation for the order-of-magnitude decrease observed for the 
expression GL /W , as plotted in figure 5-4.

Conclusions
To conclude this section,  a  fairly good  understanding has been obtained of the 
electrical properties of the silicon nanowire devices. A model was developed, based 
on observations from the electrical measurements, which in combination with two-
dimensional  simulations  of  the  nanowire  device  in  different  cross-sections, 
provides  a  good  basis  for  at  least  a  qualitative  explanation  of  the  different 
properties of the nanowire device. The impact on device behavior of surface states 
and geometry  was  investigated  and could  be  explained,  and it  is  clear  that  the 
electrical properties  of  the nanowire  device  are  governed almost  entirely by its 
surface  properties.  However,  as  noted  in  paper  IX,  obtaining  a  quantitative  fit 
between  measured  and  calculated  electrical  properties is  still  an  issue,  mostly 
because  the  concentration  of  trapped  charges  in  the  silicon/silicon  dioxide 
interface and the concentration of charged surface states could not be measured 
independently. Such measurements e.g by the CV (capacitance-voltage) technique 
would  thus  be  of  priority  in  future  experiments.  It  should  also  be  noted  that 
mobility effects have been disregarded in this study, for simplicity. A quantitative 
calculation should of course consider also changes in mobility  in low-dimsional 
devices, since the effect on conductance may be significant (although not as large 
as the effects of surface charges). 
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5.2 Luminescence from Silicon Quantum Dots
The peculiarities of the self-limiting oxidization of silicon nanopillars observed in 
section  4.2  opened  up  the  possibility  for  generating  well-separated  matrices  of 
single silicon quantum dots. The slower oxidation of the nanopillar tip results in a 
ball-shaped feature  in each pillar  top (see  figure 4-4 in  section 4.2.2),  which,  if 
oxidation is allowed to proceed, is reduced into a single quantum dot. Through 
careful adjustment of the oxidation parameters and a large range of  initial pillar 
diameter,  ensembles  of quantum dots with the proper diameter  range (2-5 nm) 
were successfully produced. In this size-range, quantum dot physics is heavily size-
dependent, exhibiting phenomena (as described in section 2.1) such as bandgap-
widening, defect exclusion from the grains, k-vector uncertainty, etc. This affects 
greatly the luminescent properties of the quantum dot, that is, the number and 
the wavelengths of the photons emitted from the dot when it is excited optically or 
electrically.  From  a  practical  viewpoint,  photoluminescence  is  the  method  of 
choice  for  characterizing  these  extremely small  quantum  dots,  since  SEM 
resolution is limited. From a scientific viewpoint, at lot can be learnt of the physics 
of these nanosized silicon dots, and in fact, earlier studies on  porous silicon and 
silicon  dioxide-passivated  quantum  dots  [98,99]  of  luminescence  from  silicon 
nanocrystals have  been  hampered  by  the  technical  challenges  of  generating 
spatially well-separated quantum dot arrays. 
In this work, paper V and VII treat the luminescence characterization of quantum 
dot  arrays:  Paper  V  deals  with  room  temperature  measurements  and  basic 
concepts,  such as proving that the luminescence originates from the dots,  while 
paper  VII  deals  with  low-temperature  measurements,  where  atomic-like 
luminescence from the quantum dots was observed.

Room-temperature characterization 
Figure 5-7 shows microscope images of quantum dot arrays during luminescence 
characterization. In this work, only optical excitation was utilized, using the 325 
nm UV line of a  HeCd laser. The same laser could also be used for imaging in 
reflection mode. Then, the blue (442 nm) line of the laser was used. As can be seen 
from figure 5-7, only a small percentage of the pillars in a typical sample have a 
luminescent quantum dot at the top.
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Figure 5-7 Pillar array with quantum dots in reflection mode (a) and photoluminescence 
(PL) mode (b). The pillar separation is 1 µm (left side) and 0.5  µm (right side). In (c), the 
intensity profiles of the reflection and PL images in the dashed rectangular section are 
plotted. The correspondence of reflection and PL peaks indicate that the luminescence 
originates from the pillars. Letters A-D indicate dots whose spectra can be found in figure 
5-8.

Because of the indirect optical transition and long radiative lifetime of silicon [100], 
the  photon generation  rate  is  very  low,  in  comparison  to other  semiconductor 
materials [101]. This requires the use of a specially designed liquid nitrogen-cooled 
CCD camera/spectrometer system, whose detailed working is somewhat out of the 
scope  of  this  text.  An  description  in  the  system  can  be  found  in  [102].  The 
collection  time  typically  is  in  the  range  of  30  minutes.  Figure  5-8  shows 
photoluminescence spectra corresponding to the dots indicated by letters A-C in 
figure 5-7.
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Figure  5-8 Individual  (a)  and  ensemble  (b)  spectra  of  quantum  dots  during  optical 
excitation by a 325 nm UV laser. In (a) Gaussian fits of the single quantum dot peak data 
yield FWHM peak widths of 122, 120, and 152 meV. The ensemble spectra of nine dots (b) 
yields a FWHM peak width of 236 meV. 

As can be seen from figure 5-8, silicon quantum dots exhibit somewhat broader 
photoluminescence peaks in comparison to direct-bandgap materials (for example 
~50 meV for  CdS/CdSe dots  [103]  at  room temperature).  According to earlier 
experimental data [104] and calculations [105], a photoluminescence peak of 1.7 eV 
corresponds  to  a  nanoparticle size  of  3.7  nm.  The  observed  ensemble  peak  is 
rather broad, and the individual quantum dot spectra have a bandwidth of 120-210 
meV. This has been observed before [103] and is mainly due to phonon interaction 
during the optical transition (for example the TO phonon in Si is ~60 meV). Other 
effects like presence of several localized states in the quantum dot, stress in the 
silicon core, and vibrational states at the Si-O interface may also contribute to the 
peak broadening. 

Low-temperature measurements
To further address the broad individual spectra, which seemed to be far from what 
would be expected from a quantum dot, the obvious experiment was to perform 
low-temperature measurements of single dots. This is treated in paper VII. Indeed, 
the observed peak widths are substantially smaller, with some peaks smaller than 
the thermal energy, k BT , proving the quantized nature of the states in the observed 
quantum dot. The spectra of two such dots are shown in figure 5-9
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Figure 5-9 Photoluminescence spectra of two different single silicon nanocrystals at 35 K 
(a and b) and at 80K (c and d) with the FWHM peak widths indicated in the figure. 

At 35 K, the thermal energy is k BT=3 meV  , while the peak width of the observed 
dots are 2.3 meV and 2 meV respectively. Indeed, these experiments showed for 
the first time that the emission  linewidth of the luminescence of a single silicon 
quantum dot may exhibit atomic-like features (i.e. discrete states), and be as narrow 
as for direct bandgap materials. 

Size dependence and blinking
The study of several size-dependent phenomena such as bandgap-widening, defect 
exclusion, etc. (outlined in section 2.1) was a theme throughout this work. While 
the  mere  existence  of  luminescence  from  silicon  quantum  dots  indicate  the 
participation  of  these  phenomena,  a  size-dependence  should  be  observed.  The 
nanopillar/quantum dot arrays were fabricated to include a large variation in initial 
pillar size that would hopefully be reflected in the final size of the quantum dots. 
However,  during  these  experiments  no  correlation  between  dot  position  (thus 
initial pillar size) and luminescent wavelength could be observed. Most likely, the 
luminescence is indeed dependent on quantum dot size, but the rather drastic size-
reduction by oxidation that reduce the tips of silicon nanopillars from 100-200 nm 
diameter  down to nanocrystals  of  few-nanometer  size  disables  the influence  of 
initial pillar size. The fact that only a small percentage of the nanopillars result in 
quantum dots exhibiting luminescence supports this statement. The obvious way 
to  resolve  this  issue  is  to  perform  measurements  using  transmission  electron 
microscopy  (TEM)  on  individual  dots.  Since  the  dots  are  well-separated  and 
ordered in a  matrix,  the luminescent  properties  of  an individual  dot  should  be 
possible to relate to the size and shape of the dot. Such an experiment is in the 
planning stage at the time of writing, and would be one of the first of its kind. 

67



Silicon Nanowires, Nanopillars and Quantum Dots – Fabrication and Characterization

Another  noteworthy  feature  of  luminescence  from silicon  quantum dots  is  the 
blinking  behavior,  which  causes  a  dot  to  luminesce intermittently  so  that  it 
switches randomly between a dark off-state and a bright on-state. The observed 
blinking period is in the range of tens of seconds. A further paper not included in 
this  thesis  deals  in  more  detail  with  the  statistics  of  blinking  [106].  The  main 
mechanism seems to be Auger-assisted ionization of the quantum dot, leaving the 
dot in a dark, charged state. Through tunneling or trapping of the charge in the 
oxide layer, the dot can then discharge and become optically active again. From an 
experimental point of view, the blinking between two discrete states is important 
to prove that the luminescence really originates from a single dot. For example, a 
multi-dot  system  would  exhibit  at  least  two  discrete  on-states,  of  different 
intensity.

68



6

 Conclusions and Outlook

6.1 Conclusions
As stated in section 2.3,  the goal  of  this  thesis  work has been to achieve well-
controlled fabrication of nanowires, nanopillars and quantum dots of sizes such 
that physical phenomena present in nanosized structures begin to manifest and to 
then characterize the produced structures. Thus with a starting point in electron 
beam  lithography,  nanofabrication  processes  were  developed  utilizing  thermal 
oxidation and electrochemical size-reduction. Using the electron beam lithography 
process  it  was  possible  to  define  structures  of  sizes  down  to  30  nm  in  size. 
However, most often, structure sizes of around 100 nm were produced, to increase 
the yield of the fabrication process. 

Size  reduction by oxidation was  applied to silicon nanopillars,  and enabled the 
production of single silicon quantum dots. The luminescent properties described in 
section 5 indicate that the dots are indeed of the proper size (3-5 nm) to show 
prominent quantum-induced effects. Thus, this size-reduction process truly fulfills 
the size requirement stated among the goals in section 2.3. Electrochemical size-
reduction was also applied to silicon nanopillars.  Through size-reduction,  pillars 
with diameters down to 10 nm were produced. This limitation is posed mainly by 
the mechanical instability of the pillars,  whose aspect ratio grows rapidly during 
prolonged  size-reduction.  A  pillar  diameter  of  10  nm is  on  the  border  where 
quantum effects  become  prominent,  and  the  method  was  thus  less  successful. 
However, for general nanofabrication purposes, the possibility of 3D control that 
was demonstrated could indeed have an application for producing e.g free-hanging 
structures. The electrochemical size-reduction process was also applied to silicon 
nanowires. As far as the author is aware, this is the first time that electrochemical 
etching has been performed on a fabricated device, with only a thin top silicon 
layer being etched. As demonstrated in section 4.3, the process was able to reduce 
silicon nanowires to dimensions down to 10 nm, which is also on the border of the 
appearance of quantum effects. However, there should be no inherent limitation as 
in  the  pillar  case.  A  limiting  factor  was  the  definition  quality  of  the  initial 
lithography process. Furthermore (also applying to the pillar case), the resolution 
of the main characterization method (scanning electron microscopy) posed a lower 
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limit on the sizes of the structures that could be successfully studied. Thus, with 
better initial samples and characterization this technique should be able to perform 
size-reduction of structures into the few-nanometer regime. Another feature of the 
electrochemical size-reduction of silicon nanowires was the possibility to control 
the surface morphology. Although not fully exploited in this work, this could be 
useful to control the morphology of the nanowire surface to be either porous or 
smooth.
Turning  to  the  characterization  of  nanowires  and  quantum dots,  the  electrical 
characterization of produced and size-reduced silicon nanowire devices enabled us 
to  explain  the  conduction  mechanism  and  carrier  species  (inversion  layer  of 
electrons) and also to determine that the design of the device was successful (the 
nanowire governed the electrical  characteristics of the device).  Furthermore, the 
importance  of  surface  and  interface  states  became  apparent,  and  a  model 
developed  that,  together  with  simulations,  was  able  to  explain  the  faster-than-
dimensional  scaling  decrease  of  the conductance  during  size-reduction.  For  the 
quantum  dots  generated  by  size-reduction  of  silicon  nanopillars,  the 
photoluminescence  characterization  provided  new  insight  into  the  luminescent 
properties of silicon quantum dots. Through the study of luminescence spectra and 
blinking statistics  we were able  to conclude that,  indeed,  only  a  single  dot  was 
present in each pillar top. Low-temperature measurements were also performed, 
which  showed  that  the  normally  broad  room temperature  luminescence  peaks 
become narrow due to less or no phonon interaction in the luminescent transition. 
In fact, this was one of the first demonstrations of luminescence peaks of sub- k BT  
width for silicon quantum dots.
This  work  has  provided  both  scientific  and  technical  advances  in  the  field  of 
silicon  nanostructures.  To  conclude,  table  6-1  provides  an  overview  of  the 
achievements provided by this work in different fields, and highlights the novelties 
and improvements of the field as well as previously unreported achievements.
Table 6-1  Technical and scientific achievements of this work. (I) denotes an achieved 
improvement of  the field, and (FD) denotes a first demonstration of the technique or 
phenomenon.

Structures Technical achievement Scientific achievement

Bulk silicon
(paper I)

– electrochemical etching 
of silicon (I)

– model of 
electrochemical etching 
on planar surface with 
hole concentration 
gradient (I)
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Structures Technical achievement Scientific achievement

Silicon nanopillars
(paper II, III, V)

– generation of pillars of 
diameters down to 10 
nm (I)

–  possibility of 3D 
control of pillar etching 
(I)

– understanding of 
occurrence of hole 
generation and 
consumption (I)

Silicon nanowires
(paper VI, VIII, IX)

– controlled generation 
of wires of width down 
to 10 nm. (I)

– control of nanowire 
surface morphology 
(smooth/porous)

– microelectrochemical 
cell enabling etching of 
small (100x100  µm) 
area on fabricated chip 
(FD)

– interactive size-
reduction enabling the 
reduction to stop at 
certain electrical 
conditions (I)

– understanding of 
nanowire conduction 
mechanism (I)

– understanding of how 
surface/interface states 
affect nanowire 
conductivity (I)

Silicon quantum dots
(paper IV, VII)

– controlled generation 
of spatially well-
separated quantum dots 
(FD)

– demonstration of single 
dot luminescence (FD)

– demostration of sub-kT 
atomic-like emission at 
low temperature (FD)

– demonstration of 
blinking and polarized 
emission (I)
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6.2 Outlook
Attempting to establish some possible future developments based on this work, we 
can conclude that we have now developed a nanofabrication basis with a number 
of processes available. Further improvements should of course enable definition of 
even smaller structures with even greater control in the few-nm regime. Clearly, 
fabrication  below  10  nm  size  is  very  difficult  (as  concluded  from  this  work), 
depending  both  on  the  precision  required  by  lithography,  but  also  on  the 
resolution of available tools for inspection (SEM etc.). However, it is anticipated 
that this regime will become accessible within the coming 10 years, as the demands 
of VLSI technology enter this size-regime. 
Apart from studying basic electrical properties, a promising application for silicon 
nanowires is bio-detectors, as seen in section 2.2. The demonstrated sensitivity to 
surface charges of the nanowires produced in this work should also enable very 
sensitive protein detectors. At the time of writing, such experiments are actually 
under way in  our research group.  These experiments  are also facilitated by the 
technological development of the micro-electrochemical cell, which enables only a 
small  part  of  the  sample  to  be  exposed  to  solution.  Originally  developed  for 
etching,  this  setup  may  also  be  used  for  protein  solutions.  Another  area  of 
development is to study size-reduction of silicon nanowires by thermal oxidation. 
Since the size-reduced nanowires become embedded in silicon dioxide, this should 
enhance the electrical characteristics of the produced device, and possibly produce 
more stable and predictable devices.
For the silicon quantum dots, there may also be a biological application, with bio-
detectors for tagging different cells or proteins. The non-toxicity of silicon in the 
human  body  is  certainly  an  advantage  in  comparison  to  other  semiconductor 
materials. Concerning the basic properties of silicon nanocrystals/quantum dots, 
one major experiment remains, and that is to relate the physical and luminescent 
properties  of  a  single  silicon  quantum  dot  to  its  size  and  shape  through 
transmission electron microscopy. Such an experiment is also being planned by our 
group.
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Paper I. 

R. Juhasz, J. Linnros, P. Kleimann: “Laser Assisted Electrochemical Etching of Silicon –  
Simulations and Experiment”,  Presented at 198th meeting of the ECS, in  “Pits and  
Pores  II:  Formation,  Properties  and  Significance  for  Advanced  Materials”,  The 
Electrochemical Society Inc., Pennington, New Jersey, USA, 2001

Laser-assisted etching of a planar n-type silicon surface by a weak hydrofluoric acid 
solution  was  investigated,  characterizing  the  resulting  etching  craters  by 
profilometry and scanning electron microscopy. Indeed, this was a pre-study to the 
papers  dealing  with  size-reduction  of  structures.  During  the  experiments,  we 
obtained anomalous crater profiles diverging significantly from the intensity profile 
of the laser beam both in respect to shape and size. Due to the  inhomogeneous 
illumination by the focused laser beam, a hole concentration gradient appears at 
the surface,  which,  in turn causes different  etching reactions to take place as  a 
function of the radial distance from the center of the laser beam at the surface. To 
understand  the  fairly  complex  situation  of  inhomogeneous photogeneration  of 
holes,  spatial  diffusion  of  holes,  and  different  hole  consumption  rates  by  the 
different Si  dissolution reactions,  we built  a model,  which served as a basis  for 
computer  simulations of the crater shape.  Apart  from a small  correction factor 
resulting  from  unaccounted  bulk  and  surface  recombination  phenomena,  we 
obtained a quantitative fit between simulated and experimental profiles. 

Contributions: Performed the experiments. Contributed to analysis and writing. 

73



Silicon Nanowires, Nanopillars and Quantum Dots – Fabrication and Characterization

Paper II. 
R. Juhasz, J. Linnros and P. Kleimann: “Size Reduction of Silicon Nanopillars by Photo-
Electrochemical  Etching”,  Presented  at  the MRS fall  meeting  2000,  proceedings  in 
“Microcrystalline and Nanocrystalline Semiconductors – 2000”, eds. P. M. Fauchet, J. M. 
Buriak,  L.  T.  Canham,  N.  Koshida  and  B.  E.  White,  Jr.,  Proceedings  of  the 
Materials Research Society 638, Warrendale PA, USA, 2001

Based on the previous work, we attempted size-reduction of structures defined by 
electron beam lithography (EBL). Some elements of the EBL process were also 
described  in  the  paper.  Size-reduction  was  performed  using  two  types  of 
electrochemical cells: In the first case, the sample was simply immersed into the 
etching  solution,  resulting  in  a  very  slow carrier  transport  to/from the sample, 
because of the energy barriers between the silicon and the etching solution. In the 
second case, the back side of the sample was isolated from the etching solution 
and electrically connected to a Pt electrode immersed in the solution. This had two 
advantages: i) Carrier transport was much enhanced since only one semiconductor-
liquid barrier exists, and ii), an external voltage bias could be applied between the 
etching  solution  and the  sample,  providing  more  control  over  the  etching.  We 
report on the results, which include successful size-reduction of silicon pillars from 
100 nm diameter down to 20 nm diameter. We could also note, that for successful 
size-reduction, an electrical connection is required to drive the holes towards the 
surface. Isolated structures/samples tended to be etched very slowly, and are thus 
subject to pore formation that eventually destroys the initial structure. 

Contributions:  Performed  the  experiments.  Contributed  to  the  main  part  of 
analysis and wrote the manuscript. 
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Paper III 
R.  Juhasz,  J.  Linnros:  “Three-Dimensionally  Controlled  Size-Reduction  of  Silicon  
Nanopillars by Photo Electrochemical Etching”, Appl. Phys. Lett. 78(20), 3118-20 (2001)

In paper II, it could be observed that the walls of a structure are sometimes etched 
differently  than the surrounding planar  surface.  We could specifically  note  that 
etching causing pore formation on the planar surface tended to cause an undercut 
etch on a small structure, and conversely that polishing of the surface resulted in 
etching of the top part of the structures. In this paper, a detailed investigation was 
performed of the voltage bias dependence on the size-reduction process. We also 
performed a more detailed analysis of the origin of the holes causing the etching. It 
could be concluded that for low voltage biases, effectively driving the holes into 
the  sample,  there  are  large  recombination  losses.  Thus  in  these  cases,  it  was 
concluded that holes responsible for the etching are most likely generated inside 
the  pillar.  The  undercut  etch  that  is  observed,  is  probably  due  to  a  field 
concentration to the corner between the pillar and the surface. The possibility to 
attract holes to different parts of a structure in this way, could maybe open up for 
development  of  direct  electrochemical  etching  of  nanostructures,  similar  to the 
case of electrochemical etching of silicon microstructures. 

Contributions:  Performed  the  experiments.  Contributed  to  the  main  part  of 
analysis and wrote the manuscript. 
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Paper IV 
J.  Valenta,  R.  Juhasz,  J.  Linnros:  "Photoluminescence  Spectroscopy  of  Single  Silicon  
Quantum Dots", Appl. Phys. Lett. 80(6), 1070-1072 (2002)
(featured in ”Nature Physics Portal”)
This is the first paper on single single quantum dot luminescence. It describes the 
fabrication  procedure  in  some  detail,  and  results  from  room  temperature 
photoluminescence measurements of the produced structures. The quantum dots 
were  fabricated  by  a  two  step  oxidation  procedure  that  produced  single 
nanocrystals iat the tips of silicon nanopillars defined by electron beam lithography 
and  plasma  etching.  The  luminescence  measurements  were  performed  by  an 
imaging  spectrometer  that  could  be  coupled  between  an  ordinary  optical 
microscope connected to a  liquid nitrogen cooled CCD camera  system.  In this 
way,  luminescence images could be recorded in which a line  segment could be 
selected  by  adjusting  the  spectrometer  slit.  In  the  selected  segment, 
photoluminescence spectra could then be recorded. Thus, the spectra of several 
dots could be recorded at once. The excitation was performed by a He-Cd laser of 
which either the blue 442 nm line or the UV 325 nm line could be selected. The 
blue light was used for imaging the structures in reflection mode, while the UV 
light was used for photoluminescence measurements.  In the paper,  some effort 
was spent in correlating the luminescece and reflection images, to ascertain that the 
origin of the luminescence is indeed the pillar/dot structures. Photoluminescence 
spectra  could then be recorded from the dots  that were imaged,  and we could 
demonstrate luminescence spectra of particular single quantum dots. The spectra 
recorded showed the expected properties of luminescence from nanocrystals in the 
few-nanometer  regime,  with  broad  peaks  due  to  phonom interaction  in  the 
luminescent transition. We also observed and discussed the intermittent blinking 
behavior  of  the  dots,  polarization  dependence,  and  quantum efficiency  of  the 
luminescence (which  was  generally  between  5%  and  20%,  but  in  some  cases 
ranging up to 35%). 

Contributions:  Designed  and  fabricated  the  quantum  dot  structures.  Some 
involvement in the analysis of the luminescence data. Wrote a smaller part of the 
manuscript connected to fabrication.
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Paper V 

R. Juhasz, J. Linnros:  "Silicon Nanofabrication by Electron Beam Lithography and Laser-
Assisted  Electrochemical  Size-Reduction",  presented  at  Micro  and  Nano Engineering 
2001, Grenoble, France, Microelectronic Engineering  61-62, p 563-568 (2002)

In  the  experiments  in  paper  IV,  an  addition  to  the  experimental  setup  is 
introduced, consisting of a motor controlled stage with micrometer precision. The 
goal of this addition is to enable controlled etching of several structures at a time, 
but  with  some  parameter  being  changed.  The  principle  of  performing  several 
etching experiments on one sample should allow for a much more detailed and 
well-controlled study on the dependence of the etching reaction upon different 
parameters.  Using  this  setup,  the  evolution  of  the  etching  of  silicon  nanodiscs 
having and initial  height  and diameter  of 40 nm could be studied,  with a few-
second  resolution,  though  the  results  of  this  experiment  was  somewhat 
inconclusive.  Size reduction of silicon pillars  was further  improved,  resulting in 
pillars with 10 nm diameter. Although careful calibration of the etching procedure 
was  performed,  attempts  of  reduction  into  even  smaller  dimensions  were 
unsuccessful.  Two possible  causes  could be suggested:  i)  surface tension forces 
during sample drying could easily destroy few-nm structures. Drying the structures 
super critically could possibly solve this problem. ii) a "dark" etching mechanism 
seems to be present, causing etching of structures when no illumination is present. 
The  presence  of  the  structures  seems  to  promote  this  reaction  as  well  as  for 
increased  doping concentration.  One possible  cause could be field  emission of 
holes from sharp edges.

Contributions:  Performed  the  experiments.  Contributed  to  the  main  part  of 
analysis and wrote the manuscript 
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Paper VI 

R.  Juhasz,  J.  Linnros:  "Size-Reduced  Silicon  Nanowires:  Fabrication  and  Electrical  
Characterization",  presented  at  EMRS  spring  meeting  2004  (Strasbourg),  to  be 
published in Materials Science and Engineering C
This is  the first  of  three  papers  on silicon nanowires,  fabricated on silicon-on-
insulator  material  (SOI).  It  has  mainly  an  experimental  focus,  describing  the 
fabrication,  electrochemical size-reduction  (in  hydrofluoric  acid  solution)  and 
electrical measurement setups and experiments, respectively. Some results of the 
electrochemical etching procedure and electrical measurements are also presented, 
and briefly discussed. The fabrication of the samples applied first electron beam 
lithography  and  then  optical  lithography to  define  nanowire  structures  and 
connecting circuit elements (broad silicon microwires and metal pads). The design 
of the electrochemical etching cell was such that only a small middle part of the 
sample  was  exposed  to  etching  liquid  when  the  sample  was  mounted  in  the 
microelectrochemical cell.  Additionally,  a polymer layer  could be applied to the 
sample surface before mounting in the cell,  enabling an even smaller area to be 
etched.  This enabled electrochemical size-reduction of silicon nanowires already 
part  of  a  complete  device.  The  properties  of  the  etching  reaction  could  be 
controlled  externally,  by varying parameters such as illumination of the sample, 
and  voltage  bias  of  the  eletrochemical cell.  IV-measurements  on  the  cell 
demonstrated a notable influence of etching current, suggesting that the p-doped 
structure is probably depleted of carriers due to consumption in the etching and 
depletion by band bending at the sample surface in contact with the etching liquid. 
This behavior is different from etching of a bulk p-doped structure, in which the 
holes can be supplied from the material, causing a low or no influence of externally 
generated carriers. Brief results from the electrical characterization showed that the 
nanowire device functioned like a MOS transistor, exhibiting a variation in current 
through the device, when the potential at the back side was changed. Observing 
that an increase of the current  resulting from a positive voltage on the back side 
(back gate)  of  the device,  we concluded that  the current  through the  device  is 
conducted through an inversion layer of electrons. 

Contributions:  Fabricated  the  device  structures,  and  performed  most  of  the 
experiments  and  measurements.  Contributed  to  the  main  part  of  analysis  and 
wrote the manuscript.
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Paper VII 
I. Sychugov, R. Juhasz, J. Valenta, J. Linnros:  "Narrow Luminescence Linewidth of a  
Single Silicon Quantum Dot",  Phys. Rev. Lett 94(8), 087405 (2005)
This  paper  describes  the  continued  investigations  of  photoluminescence  from 
single silicon quantum dots. The experiments in this paper were performed at low 
temperatures, using either liquid nitrogen or liquid helium for cooling. The most 
important result of this paper is the demonstration of narrow sub-kT (T=35 K) 
luminescence  peak  linewidths from  single  silicon  quantum  dots  proving  the 
quantized nature of the states in a silicon quantum dot. The statistics of the energy 
distribution of peaks from different dots was analyzed and was found to conform 
to  a  typical ensemble spectrum of  silicon  dioxide-embedded  implanted  silicon 
quantum dots. The specific nature of certain luminescent peaks was also analyzed, 
and among others, a 60 meV TO-phonon replica was observed, as well as a narrow 
6 meV  replica,  whose  origin  is  unknown.  It  was  speculated  to  result  from  a 
spherical vibration mode of the nanocrystal.  From a  fabricational point of view, 
some  effort  was  spent  in  optimizing  the  initial  pillar  structures  for  the 
luminescence measurements. The nature of the oxidation process was also further 
investigated,  and  through  scanning electron  microscopy  and  dissolution  of  the 
silicon dioxide layer on oxidized pillars, we could reveal how the initially straight 
nanopillar exhibits a ball-shaped top after the first oxidation (due to self-limiting 
oxidation).  This top shape is believed to be converted into an oxide embedded 
nanocrystal after further oxidation. 
Contributions: Designed and fabricated the quantum dot structures. Responsible 
for electron microscopy imaging of the oxidized structures and the analysis of the 
oxidation behavior. 
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Paper VIII 
R. Juhasz, N. Elfström and J. Linnros:  ”Controlled Fabrication of Silicon Nanowires by  
Electron Beam Lithography and Electrochemical Size Reduction”, Nano Letters,  5(2) 275 
(2005)
(featured on issue cover graphics)
In  the  second  paper  on  electrochemical size  reduction  of  silicon  nanowires, 
defined in the top silicon layer of SOI samples, we exploited the possibilities of the 
system  to  a  fuller  extent,  demonstrating  control  of  the  etching  reaction  from 
electropolishing  through  pore  etching  to  nanoporous  etching.  The  time 
dependence  of  the  etching  reaction  was  also  studied.  Through  comparing  data 
from atomic force microscopy (height) and scanning electron microscopy (width), 
we could conclude that the vertical and horizontal etching speeds are the same. 
The  interactivity  of  the  etching  setup was  also  explored,  and  both  optical  and 
electrical  stepwise  characterization  enabled  the  etching  to  be  halted  either  at  a 
certain  thickness  of  the  top  silicon  layer  or  at  a  certain  conductance  of  the 
nanowire.  The  electrical  characterization  was  also  more  elaborate,  first 
demonstrating a MOS-like transistor behavior as in paper VI, and then proceeding 
to correlate the physical and  electrical properties of the nanowire. The nanowire 
was indeed found to be the limiting conductance of the electrical characteristics., 
and the conductance was found to scale as expected with nanowire length. On the 
contrary, the decrease in conductance with decreasing nanowire width was found 
to be orders of magnitude greater than expected. To study the influence of lateral 
dimensions in  more detail, the expression GL/W (denoting conductance, length 
and  width,  respectively)  was  studied.  It  should  be  constant,  but  showed  an 
exponential decrease with decreasing nanowire width. Furthermore, nanowires of 
different stages in the process (non-etched, freshly etched, air exposed for >24 h, 
HF dipped) were studied, and the HF treatment was found to increase GL/W by a 
factor of 10. In the analysis performed in the paper, we concluded that the large 
GL/W variations are an effect of surface charges, for which geometrical effects 
contribute to the decrease in conductance at small (<100 nm) widths. Passivation 
of charged surface states may also explain the conductance changes before/after 
etching, and some motivation for this is provided in the analysis in the paper.  
Contributions:  Fabricated  the  device  structures,  and  performed  most  of  the 
experiments  and  measurements.  Contributed  to  the  main  part  of  analysis  and 
wrote the manuscript.
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Paper IX
R. Juhasz, J. Linnros: “Electrical Properties of Silicon Nanowire Devices”
In manuscript

This paper aimed in a more through investigation (through electrical measurements 
and simulations) of the electrical properties of the nanowire device that was earlier 
fabricated and size-reduced (papers VI and VIII). IV-curves were acquired which 
showed expected MOS-like characteristics. The influence of the contacts between 
the  metal  pads  and  the  silicon  structures  connecting  to  the  nanowires  was 
investigated  showing  that  the  nanowire  is  indeed  the  governing  part  of  the 
electrical characteristics. The conductance scaling properties of the nanowires were 
also  investigated,  showing  expected  scaling  with  nanowire  length,  but  not  with 
nanowire width. To explain the conductance values, a model was proposed with 
surface  charges  (positive  charges  at  the  nanowire/oxide  interface  and  negative 
charges at the exposed nanowire surfacees) present on the nanowire surfaces as a 
key  element.  Through  simulations,  the  measured  conductance  behavior  of  the 
nanowires  could  be  qualitatively  explained,  concluding  that  the  nanowires  are 
probably  caused  by  the  surface  charges  to  be  in  the  sub-threshold  region  of 
conductance  (weak  channel  inversion),  even  at  higher  gate  voltages.  Thus,  the 
importance  of  surface  charges  is  illustrated,  which  is  indeed  important  for  the 
understanding of these devices, and possibly their use in detector applications

Contributions: Performed the measurements and simulations. Contributed to the 
main part of the analysis and wrote the manuscript.  

81





A

 Appendix

A.1 Etching setups of this work 
Considerable time was spent during this thesis work in developing a proper etching 
setup. Front illumination was provided either by a focused laser beam or lamp. 
During the progress of this work, new insights were gained on the desired features 
of the etching setup,  leading to modifications  and new setups being fabricated. 
Table A-1 details the main setups and their characteristics.
Table A-1 The evolution of the etching setup throughout this work

Setup Type Main features Paper 

1 Beaker / 
Immersed Sample

Simple  Teflon 
beaker

I, II

2 Exposed front side Exposed area 
~15 mm diam.

I, II

3 Exposed front side Exposed area 
3-10 mm diam.

III, V

4 Exposed front side Exposed area 
~1.5 mm diam.

Electrical 
contacting  of  pads 
on sample surface.

Masking of sample 
to  reduce  exposed 
area  to  ~100  µm 
diameter

VI, VIII
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As  can  be  seen  from  the  table  setup  1  consisted  of  a  simple  Teflon beaker. 
However, only porous etching could be achieved in this type of setup, and it was 
thus quickly replaced by exposed front side-type setups (2-4).  The reduction of 
exposed sample area was motivated by decreasing sample size, since small samples 
are more efficiently produced by the electron beam lithography process. For the 
size-reduction of silicon nanowires (setup 4), the exposed area was reduced to a 
diameter of ~100 µm. Since the samples are fabricated of SOI material, the etched 
silicon structures cannot be connected through the sample (as for the bulk silicon 
cases), and thus metal pads were also present on th sample. If the metal is exposed 
to the etching solution, it will act as an electrode itself, disabling external control of 
the etching reaction,  and cause undesired etching at  the metal-silicon interface. 
After several  development cycles, setup 4 was constructed to allow simultaneous 
contacting of the sample surface, to enable in-site electrical characterization of the 
etched structure. The schematic layout and two possible electrical configurations 
are shown in figure A-1.
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Figure A-1 Schematic  (a) of  setup number  4,  representing  the state-of-the-art  of  this 
work, featuring a very small  exposed sample area (100 µm to 1.5 mm) and two-probe 
electrical  characterization during the etching. (b) and (c) shows the electrical circuits 
possible in setup 4, in etching mode (b)  and electrical characterization mode (c).
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As can be seen from figure A-1a,  the simultaneous etching and probing of the 
sample surface requires that not only the exposed sample area but also the sample 
holder itself is, at least in one dimension, smaller than the sample. The switching 
between the two electrical circuits (figure A-1b, A-1c) was  accomplished by four 
high  quality  relays  (as  described  in  paper  VI  and  VIII)  enabling  the  same 
picoampere meter and voltage source (Keithley 6487) to be used for both circuits. 
This arrangement is required since both etching and characterization currents are 
small (in the nA/µA and nA/pA regimes, respectively). The whole setup, including 
a picoampere meter / voltage source, additional voltage sources/meters and relays, 
were computer-controlled by a Labview program.
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A.2 Modelling of Etching Crater Profiles
The  second  part  of  paper  I deals  with  crater  profile  modeling.  The  goal  is  to 
understand  the kinetics of the etching reaction when a spatially  inhomogeneous 
hole concentration is present at the surface, resulting e.g. from hole generation by a 
focused  laser  beam illuminating the surface.  This  is  accomplished  by  making a 
model that can explain different features of the etching reaction taking place at the 
surface which in turn can be related to the crater profile evolution. We start by 
assuming a cylindrical symmetry using elementary volumes of length dx, as shown 
in figure A-2. 

J (x+dx)d

J (x)d

J (x)bd

J(x)

x
dx

laser beam

J (x)sr

J (x)br

J (x)g

Figure A-2 A cylindrical symmetry is assumed for the modeling of the crater shape. The 
current density components are described in the text.

Furthermore, only a surface layer is considered. The physical motivation for this 
assumption comes from the fact that holes become trapped close to the surface by 
the band bending resulting from a voltage bias being applied to the etching cell. 
Apart from reducing the problem into two dimensions, the trapping will also allow 
spatial hole diffusion lengths to greatly exceed that of normal bulk silicon (cf. fig. 
4-14).  Furthermore  a  cylindrical  symmetry  is  imposed  thus  reducing  the  whole 
problem into one dimension, the radius x. As can be seen in figure A-2, for each 
element we consider a lateral diffusion current density (Jd) into and out from the 
element with additional current densities corresponding to the addition of holes 
due to photogeneration (Jg) and the consumption of holes due to etching (J). We 
also require a continuity of the current densities that flow between the elements. 
Thus not included in the model is neither vertical diffusion of holes into the bulk, 
Jbd,  nor  the  exponential  light  absorption  in  silicon,  nor  bulk  or  surface 
recombination of holes (Jbr and  Jsr in figure A-2).  We will  later discuss whether 
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these rather simplified assumptions lead to a correct model.
In paper I the model is realized by two differential equations representing diffusion 
(eq. A-1) and continuity (eq. A-2), which are related by a special function  J[p(x)] 
(eq. A-3). This function relates the etching current density as a function of the hole 
concentration,  and  represent  essentially  a  phenomenological  model  of  the 
electrochemical reaction. A fourth equation (eq A-4) is finally used to relate the 
etching current density, J, to the actual etching speed, ν.

J d x=−q Dp
d
dx

p x (eq. A-1)

J d xdx = J d x − J x  J gx  (eq. A-2)

J x= f [ p x] (eq. A-3)

v x= J x
q N a n [ J x ] (eq. A-4)

In the simulation, we use a finite difference scheme with Newton iterations, and, 
starting from an initial guess, iteratively solve for the two variables  J and  p until 
reaching a self-consistent state. The key to obtain a simulated crater profile that fits 
the experimental data is to adjust  J(p) properly. As can be seen from figure A-3a, 
J(p) has three regions, one corresponding to a low concentration of holes and an 
abundance of fluoride ions (region 1), an intermediate region (region 2), and finally 
a region with an abundance of holes (region 3).
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Figure A-3 Illustration of the current density function J(p) (a) and valency function n(J) 
(b).

Once J(p) has been established, the dissolution rate (as a function of the radius, x) 
and thus the resulting crater profile can be calculated by the valence function n(J) 
(figure  A-3).  According  to  the  literature  [107]  this  is  assumed to be a  sigmoid 
transition between 2 and 4 which in turn indicates the transition between pore 
formation  and  electropolishing,  respectively.  The  current  density,  Jps, 
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corresponding to n = 3, is taken as the transition point between the two reaction 
types. Combining the two functions (J(p) and  n(J)) and the laser intensity profile 
one may simulate a resulting crater profile. As we can see from figure A-4, it is 
possible to obtain a good fit.

Figure A-4 Modeling the crater profile obtained during etching at 15 V bias.  The top, 
middle,  and bottom plots  shows the hole  concentration,  the etching current density, 
and the resulting crater depth, respectively.  It  can be seen that the simulated (solid) 
crater profile can be made to very well match the measured profile (circles).

It should be noted here, that the light intensity has to be adjusted to match the 
crater profile (i.e. J g  x=A⋅I x where A is a constant and I(x) the laser intensity). 
As  mentioned  before,  this  is  due  to  the  exclusion  of  bulk  and  surface 
recombination, bulk diffusion and the exponential absorption of photons in the 
semiconductor. As mentioned in paper I, this has been addressed by a number of 
authors but lead to rather complex models. Also, the function J[p(x)] indeed seems 
somewhat empirically determined. However, some elements of it (Jps,  Jmax,  Jlim) can 
actually be determined from features of the crater profile,  as indicated in figure 
A-4.  The  ultimate  test  whether  the  model  works  is  the  correspondence  to 
predicted and observed (by SEM) crater profiles resulting from etching reactions 
taking place at different sites on the surface. Here, a good match was found for 
lower  voltages,  whereas  for  higher  voltages  some  sites  predicted  to  be 
electropolished  seemed  to  be  subject  to  pore  generation.  However,  the  limit 
between the two reactions and the surface morphologies they give rise to is not so 
strict, which could explain some of the discrepancies. 

88

-2000 -1000 0 1000 2000
-3
-2
-1
0 reaction

Divalent Tetravalent dissolultion reaction

cr
at

er
 d

ep
th

 
(µ

m
)

cu
rr

en
t d

en
si

ty
 

(m
A

/c
m

2 )
ho

le
 c

on
c.

 
(c

m
-3
)

x (µm)

-2000 0 2000
0

10

20 J
psJ

lim

J
max

-2000 0 2000
0

1x1018

2x1018



A - Appendix

A.3 Pillar volume extraction from SEM images
Scanning  Electron  Microscopy  imaging  was  used  to  characterize  the  silicon 
nanopillars before and after the etching experiments. A normal mode of operation 
was to view the sample at 45° tilt. In this way, pillar height, width and edge profile 
can be extracted with proper adjustment  according to tilt angle. However, for a 
more detailed investigation, as performed in paper III, extraction of the volume of 
the  pillar  is  required.  For  this  purpose,  a  small  image  processing  software  was 
developed using MATLAB for automatic extraction of a pillar volume from the 
corresponding SEM image. 

∆h

a) b)

c) d)

W

0.5 Imax

0.5 Imax

Vtot=Σ∆Vi

Figure A-5 The extraction of a pillar  volume from a SEM image of a tilted pillar  (a) is 
performed using image processing. In (b), three points (A-C) indicate the dimensions of 
the pillar. The edge profile is extracted using a series of line scans perpendicular to the 
pillar orientation, using the FWHM width of the electron scattering intensity profile (c) as a 
measure of the pillar width. Finally, the total volume is calculated as the added volume 
of a number of cylindrical elements (d) whose radii are specified by the edge profiles.

As can be seen from figure A-5a, the pillar is viewed at 45º tilt angle. Depending 
on  sample  orientation,  it  can  also  be  rotated  in  the  view.  The  extraction  is 
performed using three user-specified points (A-C in figure A-5b). In this way, the 
bottom width, pillar  orientation, and height can be determined.  A series of line 
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scans are performed perpendicular to the pillar direction, with the full width half 
maximum (FWHM) width of the electron scattering intensity taken as the pillar 
width. In this way, the edge profile of the pillar is extracted. The tilt view is also 
corrected for, and the pillar volume is calculated as the sum of the volume of a 
number of cylindrical sections with the radius determined by the edge profile (Fig. 
A-5d).
This  way  of  extracting  pillar  volume  provides  a  relatively  accurate  way  of 
determining the volume of a large number of pillars. Moreover, the automatic edge 
detection allows for an non-subjective way of measurement,  which is otherwise 
difficult in an image containing noise, and that may be taken at the resolution limit 
of the SEM. 
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