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A BSTRACT
III-V nanostructures have attracted substantial research effort due to their interesting
physical properties and their applications in new generation of ultrafast and high efficiency
nanoscale electronic and photonic components. The advances in nanofabrication methods
including growth/synthesis have opened up new possibilities of realizing one dimensional (1D)
nanostructures as building blocks of future nanoscale devices. For processing of semiconductor
nanostructure devices, simplicity, cost effectiveness, and device efficiency are key factors. A
number of methods are being pursued to fabricate high quality III-V nanopillar/nanowires,
quantum dots and nano disks. Further, high optical quality nanostructures in these materials
together with precise control of shapes, sizes and array geometries make them attractive for a
wide range of optoelectronic/photonic devices.
This thesis work is focused on top-down approaches for fabrication of high optical
quality nanostructures in III-V materials. Dense and uniform arrays of nanopillars are fabricated
by dry etching using self-assembly of colloidal SiO2 particles for masking. The physicochemistry of etching and the effect of etch-mask parameters are investigated to control the
shape, aspect ratios and spatial coverage of the nanopillar arrays. The optimization of etch
parameters and the utilization of erosion of etch masks is evaluated to obtain desired pillar
shapes from cylindrical to conical. Using this fabrication method, high quality nanopillar arrays
were realized in several InP-based and GaAs-based structures, including quantum wells and
multilayer heterostructures. Optical properties of these pillars are investigated using different
optical spectroscopic techniques. These nanopillars, single and in arrays, show excellent
photoluminescence (PL) at room temperature and the measured PL line-widths are comparable
to the as-grown wafer, indicating the high quality of the fabricated nanostructures. The
substrate-free InP nanopillars have carrier life times similar to reference epitaxial layers, yet an
another indicator of high material quality. InGaAs layer, beneath the pillars is shown to provide
several useful functions. It effectively blocks the PL from the InP substrate, serves as a
sacrificial layer for generation of free pillars, and as a “detector” in cathodoluminescence (CL)
measurements. Diffusion lengths independently determined by time resolved photoluminescence
(TRPL) and CL measurements are consistent, and carrier feeding to low bandgap InGaAs layer
is evidenced by CL data. Total reflectivity measurements show that nanopillar arrays provide
broadband antireflection making them good candidates for photovoltaic applications. A novel
post etch, sulfur-oleylamine (S-OA) based chemical process is developed to etch III-V materials
with monolayer precision, in an inverse epitaxial manner along with simultaneous surface

passivation. The process is applied to push the limits of top-down fabrication and InP-based high
optical quality nanowires with aspect ratios more than 50, and nanostructures with new
topologies (nanowire meshes and in-plane wires) are demonstrated. The optimized process
technique is used to fabricate nanopillars in InP-based multilayers (InP/InGaAsP/InP and
InP/InGaAs/InP). Such multilayer nanopillars are not only attractive for broad-band absorption
in solar cells, but are also ideal to generate high optical quality nanodisks of these materials.
Finally, the utility of a soft stamping technique to transfer free nanopillars/wires and nanodisks
onto Si substrate is demonstrated. These nanostructures transferred onto Si with controlled
densities, from low to high, could provide a new route for material integration on Si.
Key words: III-V nanostructures, colloidal lithography, top-down fabrication, dry etching,
quantum well, multilayer structures, nanowires, nanopillars, nanodisks, mono-layer etching,
surface passivation, photoluminescence, carrier life time, total reflectivity, photonic crystals,
nanomesh

A CKNOWLEDGEMENTS
First and foremost, I thank Almighty God for always being there for me and helping me to
fulfill this objective.
Nevertheless, accomplishment of this thesis could not be possible without the support and
help of a number of people in many different ways. I am greatly indebted to them for their
support, encouragement and patience during this Ph.D. period.
I would like to thank my supervisor Srinivasan Anand for accepting me as a Ph.D. student
and providing excellent experimental facilities and numerous ideas in the fascinating field of
nanotechnology. I greatly appreciate his support, guidance, time devotion and assurance of
complete freedom to pursue my endless quest of perfection for my work during this period of
my life. I do not have enough words to thank him for teaching me to be a self-confident,
balanced and ethical researcher. Furthermore, I thank him for his insight, advice and impeccable
corrections of my manuscripts and thesis. I could not have asked for a better mentor.
I owe my deepest gratitude to the head of our department Sebastian Lordudoss for his care
and support during my entire PhD period. You have always been there to listen to my concerns
and willing to help in every possible way.
I am deeply grateful to Marianne Widing and Madeleine Printzsköld for their kindness and
help with administration matters, which I will never forget.
I would like to thank the HEC Pakistan for funding me during my PhD in Sweden. I also
want to thank the Linné Center for Advanced Optics and Photonics (ADOPT), the Swedish
Research Council (VR), the EU-FP7 project `Nanophotonics for Energy Efficiency` and the
Nordic Innovation Center project `Nanordsun` for funding the experimental research activities
for this thesis work.
I feel very fortunate to have met my former colleague and practical instructor, Audrey
Berrier ‒ one of my closest friends. It is my pleasure to acknowledge her scientific and moral
support during my entire Ph.D. period, and for being a role model for me.
I share the credit of my entire Ph.D. work with my wonderful husband and work partner,
Naeem Shahid for his support, help and company during this PhD period. He was always there
to help me, especially with photolithography, e-beam lithography and dry etch processes. I have
been through difficult periods in the last five years due to combined professional and family
obligations. His understanding and support helped me to walk through these challenges. Thank
you Naeem, this process was not possible without you.

v

I wish to thank all my colleagues and friends at division of semiconductor materials: Reza
Sanatinia for his encouragement and comforting words during stress periods and for his
willingness to help, Wondwosen Mataferia ‒ my office mate for sharing his scientific and
nonscientific knowledge, Carl Junesand for his special sense of humor, Apurba Dev, Bikash Dev
Choudhury Himanshu Kataria, Yanting Sun and Muhamed Saad for their encouragement and
sharing good moods. It has been a great pleasure to work with you all. I also thank my former
colleagues Mingyu Li, Perumal Rajagambu, Pritesh Dagur, Mony Nagarajan, Ming‒Hong Gau,
Yaocheng Shi, Thomas Aggerstam, Fredrik Olsson, Oscar Gustafsson, Elsa Cassette, Chen Hu,
Kashif Masud Awan, Ahmad Abeden, Muhammmad Amin and Noud Speijcken. I have learned
a lot from all these brilliant researchers in a direct or indirect way and have found some of my
good friends amongst them.
I want to thank all friends and colleagues in the chemistry lab particularly Abdusalam
Uheida, Ana Lopez Cabezas, Zhiying Liu, Yi Feng, Jiantong Li, Carmen Marian, Abhilash
Sugunan for their help and sharing of lab instruments. I would also like to thank my friends and
staff at other departments: Henry Radamson, Muhammad Usman, Ana Lopez, Benedetto Buono,
Marta Avila Perez, Sofia Triana, Robina Shahid, Mazhar Ahmad Yar, A.B. M. Hamidul Islam
for their care and support for the family. I would also like to thank all those in the ADOPT Life
and Carrier Planning Programme for Women especially Carlota Canalias, Aziza Sudirman,
Reyhaneh Soltanmoradi, Fatemeh Sangghaleh, Isabelle Herbauts, Kate Blanchfield, Charlotte
Liljestrand, Zhangwei Yu, Saroosh Shabbir, Hoda Kianirad and Katia Gallo for making ADOPT
lunch a fun meeting where we were able to discuss our concerns in an open and pleasant
environment.
I would like to thank our collaborators: Anders Gustafsson from Lund University, Harry
Lipsanen, Veer Dhaka from Aalto University, Saulius Marcinkevicius and Vytautas Liuolia
from KTH. I wish to thank Mattias Hammar and Jesper Berggren for providing in time high
quality epitaxy. Sven Valerio, Reza Nikpars, Aleksander Radojcic, Per Wehlin for training me
on different cleanroom equipments and for their technical support. I would also thank Hans
Berqqvist and Wubeshet Sahle for their technical support on SEM and TEM for this thesis work.
Throughout all ups and downs during my stay in Stockholm my friends who have been
more like siblings to me and have always given me their best, I hope I have not taken you for
granted. I owe my deepest gratitude to them and their families: Xiaoyu Wu, Hanna Samuelson,
Anurupa Dev, Terrance Burks, Waqas Mehmood Khan, Abdul Hannan and those mentioned
earlier for their encouragement and support to cheer me up during worst times. I am indebted to

vi

Hanna, Himanshu, Terrance and Mohsin for their support and care for our family especially
during the birth of our second son Zain.
I would like to dedicate this work to my beloved Granny Ayesha and Uncle Asghar, who
have instilled in me the desire for higher education since my early childhood. Their love and
encouragement inspired me to work hard in order to achieve any goals from early childhood.
Although you both are not here to share this event of success, you are always there in my heart
and have been a continuous source of inspiration during these years.
Thanks are also due to my parents, brothers and sister whose love, continuous support and
encouragement have always been valuable to me. Additionally, I can’t thank you enough my
dear brother Saeed for spending so much time to teach me “sketck up” from a distance of several
thousand miles away from Sweden. It was not possible for me to write my thesis without my
great Mom who came to Sweden despite her bad health and her own family obligations in order
to help me in taking care of Zain, when my husband had to move to Australia for work. I don’t
have words to thank her enough and also to my father and younger brothers Ali and Danish
whose lives were interrupted in Pakistan without her. Thank you my dear sister Muqaddas for
your understanding when I could not make it on your marriage. I would also thank to my
parents-in-law for their love and support for the family during these years and allowing us to
stay away for so long to pursue our dreams. I also thank my big family: uncles, aunts and
cousins for their love and encouragement.
Finally and most importantly, I would thank my sweet and loving family: My husband
Naeem and sons Muhammad and Zain, whose love always helped me to retain my sanity during
long stressful hours and reminded me to focus on the most important things in life. Thanks my
dear Muhammad for being the most understanding, loving and caring big brother I ever could
have imagined. It is your personality and curiosity that keeps me amazed and grateful how
wonderful you are. Thank you, my little angel Zain for brightening my life even more with your
lovely smiles and your being such a strong and remarkable son. You both are the source of
happiness, strength and energy in my life.

vii

viii

T ABLE OF C ONTENTS
Abstract ......................................................................................................... iii
Acknowledgements ........................................................................................... v
List of Appended papers ................................................................................... xi
Related contributions not included in the thesis: ................................................ xii
Acronyms and Notations .................................................................................. xv
Chapter 1 Introduction ...................................................................................... 1
1.1

Background and moti vation ....................................................................... 1

1.2

Over view of the ori ginal wor k ................................................................... 4

1.3

Outline of the thesis ................................................................................. 5

Chapter 2 Experi ment al: Methods and Techniques ............................................... 7
2.1

Epitaxy ................................................................................................... 7

2.2

Patterning Techniques .............................................................................. 7

2.2.1

Photolithography ................................................................................ 8

2.2.2

Electron -beam Lithogr aphy ................................................................. 9

2.2.3

Colloidal Lithography ......................................................................... 9

2.3

Reactive ion etching ............................................................................... 11

2.4

Inducti vel y coupled pl asma -reacti ve ion etching ( ICP -RIE) ....................... 12

2.4.1

Plasma conditions affecting etch characteristics ................................. 13

2.4.2

Opti mi zation of etch processes .......................................................... 14

2.5

Wet chemical etching process .................................................................. 16

2.6

Stamping for transfer of nanostructures ................................................... 16

2.6.1

Preparation of Soft St amp ................................................................. 16

2.6.2

Stamping Process ............................................................................. 17

2.5

Electron microscopy ............................................................................... 18

2.5.1

Scanning electron microscopy (SEM) ................................................. 18

2.5.2

Transmission electron micr oscopy (TEM) ........................................... 20

2.6

Atomic force microscopy (AFM) ............................................................. 21

2.7

Optical Characteri zation Techniques ........................................................ 21

2.7.1

Photoluminescence Spectroscopy ....................................................... 21

2.7.2

Time resol ved Photolumi nescence (TRPL) .......................................... 22

2.7.3

Cathodolumi nescence (CL) ............................................................... 23

2.7.4

Spectrally resol ved tot al reflectance .................................................. 23
ix

Chapter 3 InP and GaAs based Nanopillars ....................................................... 25
3.1

Colloidal lithography for nanopillar fabrication ........................................ 25

3.2

Size reduction of coll oidal silica particles ................................................ 27

3.3

Investi gation of geometrical shapes of nanopillars ..................................... 28

3.3.1

Nanopillars in InP ............................................................................. 28

3.3.2

Nanopillars in GaAs .......................................................................... 32

3.4

Photoluminescence (PL) of nanopillar arrays ............................................. 33

3.5

Stamping and Optical characterization of single nanopillars ....................... 36

3.5.1

InP pillars ........................................................................................ 36

3.5.2

InP pillars with InGaAsP QW disks .................................................... 37

3.6

Time resol ved Photolumi nescence (TRPL) o f InP nanopillars ..................... 38

3.7

Cathodolumi nescence measurements of InP nanopillars .............................. 39

3.9

Reflectance measurements ....................................................................... 40

3.8

Study of atomic layer deposition on nanopillars ........................................ 41

Chapter 4 Controlled Sculpting and Passi vation of III -V Nanostructures ............. 43
4.1

Sulfur -oleylami ne (S -OA) based wet etching process ................................. 43

4.2

Precise etching with monolayer control .................................................... 45

4.3

Study of etching planes ........................................................................... 46

4.4

Fabrication of nanowires with different shapes and geometries ................... 48

4.5

Controlled diameter reduction of InP -based nanopillars ............................. 50

4.6

Surface passi vation ................................................................................. 52

4.7

Etching results for dif ferent III -V binaries ................................................ 54

Chapter 5 InP based nanodisks ......................................................................... 55
5.1

Fabrication of nanopil lars in epitaxial InP-based multilayers ...................... 55

5.2

Selective etching for nanodisk generation ................................................. 56

5.3

Characterization of nanodisks .................................................................. 57

5.3.1

Scanning electron microscopy investi gations ....................................... 58

5.3.2

Atomic force microscopy investi gations .............................................. 58

5.3.3

Photoluminescence ............................................................................ 59

5.4

Post etch process for diameter reduction of multilayer pillars ..................... 61

Chapter 6 Conclusion and outlook .................................................................... 63
Chapter 7 Guide to the papers .......................................................................... 65
Bibliography .................................................................................................. 69

x

L IST OF A PPENDED PAPERS
Paper A

M-Y. Li, S. Naureen, N. Shahid, and S. Anand, “ Fabrication of
Submicrometer InP Pillars by Colloidal Lithography and Dry Etching ”,
J. Electrochem. Soc. 157 (9), H896–H899 (2010).

Paper B

S. Naureen, P. Rajagembu, R. Sanatinia, N. Shahid, M -Y. Li, and S.
Anand, “Nanostructuring of InP by colloidal lithography and ICP
etching for photovoltaic applications” , 23rd International Conference
on Indium Phosphide and Rel ated Materials Berlin, Germany – IPRM,
ISBN: 978-3-8007-3356-9 (2011).

Paper C

S. Naureen, R. Sanatinia, N. Shahid, and S. Anand, “High Optical
Qualit y InP -Based Nanopillars Fabricated by a Top -Down Approach ”,
Nano Lett. 11(11), 4805–4811 (2011).
Supporting information : nl202628m_si_001.pdf, pp.1–6.

Paper D

S. Naureen, N. Shahid, A. Gustafsson, V. Liuolia, S. Marcinkevicius
and S. Anand “Carrier dynamics in InP nanopillar arrays fabricated by
low-damage etching”, Submitted to Appl. Phys. Lett.

Paper E

R. Sanatinia, K. M. Awan, S. Naureen, N. Anttu, E. Ebraert, and S.
Anand, “GaAs nanopillar arrays with suppressed broadband reflectance
and high optical qualit y for photovoltaic applications ”, Opt. Mater.
Express 2 (11), 1671–1679 (2012).

Paper F

S. Naureen , N. Shahid, R. Sanatinia, and S. Anand, “Top-down
Fabrication of High Qualit y III -V Nanostructures by Monolayer
Controlled Sculpting and Simultaneous Passivation” , Adv. Funct.
Mater. doi: 10.1002/adfm.20120220.
Supporting information : adfm_201202201_sm_suppl.pdf , pp.1–8.

Paper G

S. Naureen , N. Shahid, A. Dev and S. Anand, “Generation of substrate
free III-V nanodisks from user -defined multilayer nanopillar arrays”,
Submitted to ACS Nano.
Supporting information : pp.1–4.

xi

R ELATED CONTRIBUTIONS NOT INCLUDED IN
THE THESIS :
Articles:
1

N. Shahid, S. Naureen, M-Y. Li, M. Swillo, and S. Anand, “Novel
postetch process to realize high q ualit y photonic crystals in InP ”, J. Vac.
Sci. Technol. B 29 (3), 031202 (2011).

2

N. Shahid, N. Speijcken, S. Naureen , M-Y. Li, M. Swillo, and S. Anand,
“Ultrasharp ministop -band edge for subnanometer tuning resolution ”,
Appl. Phys. Lett. 98, 0811121 (2011).

3

N. Shahid, M. Amin, S. Naureen, M. Swillo, and S. Anand, “ Junctiontype photonic crystal waveguides for notch - and pass-band filtering”,
Opt. Express 19 (21), 21074-21080 (2011).

4

N. Shahid, M. Amin, S. Naureen, and S. Anand, “Mini -stop bands in
single heterojunct ion photonic crystal waveguides ”, Submitted to AIP
Advances (2012).

5

N. Shahid, S. Naureen, M-Y. Li, M. Swillo, and S. Anand, “ High qualit y
photonic crystal waveguide filters based on mode-gap effect”, 23rd
International Conference on Indium Phosphide and Related Materials
Berlin, Germany – IPRM, ISBN: 978-3-8007-3356-9 (2011).

6

N. Shahid, S. Naureen , and S. Anand, “Effect of hole shapes on the
reliabilit y of deepl y-etched InP -based photonic crystal devices ”, Phys.
Status Solidi C 9 (7), 1670–1673 (2012).

Conference contributions:
A. Dev, N. Shahid, S. Naureen , S. Anand, “Spatiall y resolved anal ysis of
deepl y etched InP photonic crystals with nanoscopic InAs(P) inclusions”,
2013 MRS Spring Meeting & Exhibit April 1-5, San Francisco, California .
2 A. Dev, N. Shahid, S. Naureen, S. Anand, “Cross sectional investigation
of InP photonic crystals by scanning capacitance microscopy ”, E-MRS
2012 FALL MEETING September 17-21, Warsaw.
3 A. Dev, B. D. Choudhury, S. Naureen, N. Shahid, S. Anand, “Spatiall y
resolved characterization of InP -based nanopillar arrays by scanning
1

xii

capacitance microscopy”, E -MRS 2012 FALL MEETING September
17-21, Warsaw.
4 R. Sanatinia, K. M. Awan, S. Naureen , E. Ebraert, B. D. Choudhury, S.
Anand, “Fabrication of GaAs nanopillars with optimized design for
enhanced sunlight absorption”, EOSAM 2012, Aberdeen, Scotland, UK
5 S. Naureen, R. Sanatinia, B. Choudhury, N. Shahid, R. Perumal and S.
Anand, “Nanopattering of semiconductors using self -assembled silicon -dioxide nanospheres as etch masks ”, 16th Semiconducting and Insulating
Materials Conference (SIMC -XVI), Jun. 19-23, 2011, Stockholm, Sweden .
6 R. Sanatinia, S. Naureen, M. Swillo and S. Anand , “Investigation of
Second-Harmonic Generation from GaP Nanopillars Fabricated by Dr y
Etching”, 16th Semiconducting and Insulating Materials Conference
(SIMC-XVI), Jun. 19 -23, 2011, Stockholm, Sweden .
7 N. Shahid, S. Naureen , and S. Anand, “Effect of hole shape s on the
reliabilit y of deeply-etched InP -based photonic crystal devices ”, 16th
Semiconducting and Insulating Materials Conference (S IMC -XVI), Jun.
19-23, 2011, Stockholm, Sweden .
8 N. Shahid, M-Y. Li, S. Naureen, M. Swillo, and S. Anand, “Engineering
mode-gaps on photonic crystal wavegu ides for filtering applications ”, The
European Conference on Lasers and Electro -Optics (C LEO/Europe), May
22–26, 2011, Munich, Germany.
9 S. Naureen, P. Rajagembu, R. Sanatinia, N. Shahid, M-Y. Li, S. Anand,
“Nanostructuring of InP by colloidal lithography and ICP etchin g for
photovoltaic applications ”, 23rd International Conference on Indium
Phosphide and Related Materials (IPRM), May 22 –26, 2011, Berlin,
Germany.
10 N. Shahid, S. Naureen, M-Y. Li, M. Swillo, and S. Anand, “High qualit y
photonic crystal waveguide f ilters based on mode -gap effect”, 23rd
International Conference on Indium Phosphide and Related Materials
(IPRM), May 22–26, 2011, Berlin, Germany.
11 N. Shahid, S. Naureen , M-Y. Li, M. Swillo, and S. Anand, “Reshaping
high-aspect ratio nanostructures in InP by material reflow ”, E-MRS 2011
Spring Meeting, May 9 -13, 2011, Nice, France.
12 P. Rajagembu, S. Naureen, N. Shahid, R. Sanatinia and S. Anand,
“Fabrication of Indium Phosphide nanopillars by nanosphere lithography
and dry etching,” E -MRS 2011 Spring Meeting, May 9 -13, 2011, Nice,
France.
13 S. Anand, N. Shahid, S. Naureen, M-Y. Li and M. Swillo, “InP -based
photonic crystal waveguide Filters”, Asia communications and photonics
conference (ACP 2010), Shangai, Dec. 8 -12, 2010 (Invited).

xiii

14 N. Shahid, M. Amin, N. Speijcken, S. Naureen, M. Li, M. Swillo and
S. Anand, "Mini -stop bands in heterosructure photonic crystal
waveguides", Ninth International Conference on Photonic and
Electromagnetic Cr ystal Structures (PECS IX), Sep. 26 -30, 2010, Granada,
Spain.

xiv

A CRONYMS AND N OTATIONS
1D, 2D

One -, Two - di mensional

AFM

Atomic force microscopy

BSE

Back-scattered electron

CAIBE

Chemicall y assisted ion beam etching

CD

Minimum critical di mension

CL

Cathodolumi nescence

DI

De-ionized water

DUV

Deep ultraviolet

e-beam

Electron beam

EBL

Electron beam lithography

ECR

Electron cyclotron resonance

EDS

Ener gy dispersi ve X -r ay spectroscopy

EUV

Extreme ultravoilet

eV

Electron volt

FDTD

Finite differ ence ti me domain

FWHM

Full width at half maximum

GaAs

Gallium Arsenide

GaP

Gallium Phosphide

HF

Hydrofluoric Acid

ICP

Inducti vel y coupled pl asma

InAs

Indium arsenide

InGaAs

Indium gallium arseni de

InGaAsP

Indium gallium arseni de phosphide

InP

Indium Phosphide

InSb

Indium anti monide

IR

Infrared

KB

Boltzmann constant

LD

Diffusion length

LED

Light -emitting diode

ML

Monolayer

MOVPE

Metalorganic vapor phase epitaxy

MQW

Multi quantum well
xv

NA

Numerical aperture

NP(s)

Nanopillar(s)

NW(s)

Nanowires(s)

OA

Oleylamine

PhC

Photonic cr ystal

PL

Photoluminescence

QW

Quantum well

RIE

Reactive ion etching

SE

Secondar y electron

SEM

Scanning electron microscopy

T

Absolute temperature

t
TEM

Time
Transmission electron micr oscope

Ti:Sapphire Titanium-doped sapphire
TRPL

Time -resol ved photolumi nescence

UV

Ultravoilet

Vb

self-bias voltage

µ

Mobility

n

Refractive index

λ

wavelength

τ

Life ti me

xvi

C HAPTER 1
I NTRODUCTION
1.1 Background and motivation
Semiconductor nanostructures ˗wires/pillars/rods˗ offer certain distinct advantages over
bulk, thin films or quantum dots owing to their low dimensionality and quantum confinement. In
addition to the well-known quantization of the electronic energy levels 1 in nanostructures,
thermal conductivity, 2 quantized conductance, 3 lasing threshold 4 and polarization of light 5 in
nanowires are some general properties being exploited for future nanoelectronics and
photonics. 6 - 8 These nanostructures demonstrate newer and enhanced functionality for next
generation electronics and photonics nanodevices, as well as their integration on Si. One
dimensional (1D) nanostructures allow carriers to propagate freely along one dimension by
confining them in the other two dimensions, while their high-aspect-ratios enable nano-macro
interface7 that are fundamental for the integration of nanoscale components in electronics and
photonics. This technology trend is regarded as one of the key strategic technologies for Europe.
9

Nanowires (NWs) not only act as optical gain media but also serve as interconnects and

waveguides due to the large aspect ratios with lengths in micrometres, thus making them useful
building blocks for nanophotonics. Similarly, nanowire technology offers a number of
advantages over planar geometries for transistors, and the advances in fabrication of nanowire
transistors10,11 are bringing nanowire devices closer to market.
III-V semiconductors are of particular importance for a variety of electronic and
optoelectronic applications, ranging from high mobility transistors to components in optical
communications. Hence, there is substantial research effort on these materials and device
technologies to improve device performance and/or to provide new functionality by utilizing
nanostructures. In addition, as projected by ITRS 2011 edition, 12 “devices based on III-V
compound semiconductors will continue to serve niche markets driven more by performance
than cost where silicon technology cannot meet the performance requirements such as high
dynamic range or low noise.” For example, III-V materials are attractive candidates for the high

2
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mobility channel layers in future high speed and low-power electronic components. 13 III–V
semiconductor nanowires have outstanding potential as nano-building blocks for future
optoelectronic devices and systems including photovoltaics14due to their direct band gap and
high carrier mobilities when compared to group IV semiconductors. These sub-wavelength
structures are being intensively investigated for light generation 15, propagation,16,17 detection,18,5
switching,19 amplification and modulation.20,21,22
Advances in growth and nanofabrication have opened up new possibilities of realizing 1D
structures in a variety of materials such as semiconductors and metals. Fabrication of
semiconductor nanowires/nanopillars is being pursued by both bottom-up and top-down
approaches. Further, nanowire fabrication methods are being developed that are simple, cost
effective and well controlled – key factors for device manufacturing. NW growth based on the
vapor-liquid-solid (VLS) method proposed by Wagner and Ellis23 has been successfully applied
for growth of III-V wires. 24 , 25 Although millimeter-scale long nanowires for electronic
applications

21

and for new topological structures22 are possible to produce with this method,

control over crystal phase, doping uniformity and concentration requires appreciable effort.26,27
Another route for synthesis of III-V nanowires is solution-liquid-solid (SLS) process28 which
uses suspension of metal (In or Ga) nano-sized droplets as growth sites. Supercritical fluid –
liquid-solid (SFLS) process 29 is successfully used for synthesis of GaAs nanowires in
supercritical hexane at 500 ºC.

However, there are difficulties to control the surface

crystallinity, crystal defects and doping control (type, uniformity and concentration). The
obtainable spatial density of these nanowires could also be limited due to the merging of metal
catalyst particles during growth.
Top-down approaches traditionally use lithography techniques (e-beam, optical, or contact
printing) for patterning and a suitable anisotropic etching technique for pattern transfer into the
semiconductor for generation of vertical arrays of micro/nanowires. Similarly interference
lithography is well suited for patterning linear arrays of nanowires. These methods involve
several process steps, and tend to be expensive and time consuming for many applications.
Recently, colloidal lithography has emerged as a cost effective and efficient method for nanopatterning 30 , 31 to create ordered arrays of vertical nanowires. 32 , 33 While vertical arrays of
nanowires can be fabricated on most common substrate orientations with top-down approach,
VLS growth of vertically aligned nanowires predominantly uses [111]- oriented substrates.34
High quality III-V nanopillars/wires35,36 are obtained using colloidal lithography in combination
with inductively coupled plasma ‒ reactive ion etching (ICP-RIE), starting from epigrown bulk
wafers of high crystal quality by metalorganic vapor phase epitaxy (MOCVD), where doping

1.1
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control is not an issue. Although top-down fabrication methods have difficulties in fabrication of
nanowire arrays with diameters ≤ 10 nm, integration and addressability are great advantages
with this approach.37
Physical size, material properties, fabrication precision and quality of nanostructures are
deciding factors for efficiency of electronic and photonic devices. Both top-down and bottomup approaches require significant effort to control these factors for high efficiency devices.
Surface states and crystallographic defects are detrimental for quantum efficiencies of III-V
nanowire systems including InP and GaAs. 38 - 41 Surface passivation is an effective way to
minimize non-radiative surface recombinations in order to achieve the demand of high
efficiency devices. Recently, growing interest for surface passivation has resulted in
development of new methods for improved performance of devices.39,43,44 Techniques capable of
modifying fabricated nanostructures with precise control with distinct advantage of passivation
have also been achieved.37
The development of fabrication technologies for semiconductor nanostructures, although
initially driven by the demand of device miniaturization,45 has opened up new possibilities of
realizing ultra-light, smart, multifunctional devices. 46,47 Particularly heterogeneous integration
of III-V compound semiconductors on Si is being extensively studied,48,49 owing to their direct
bandgap, high mobility, and high drift velocity with low cost processing of Si technology.
Recent research activities describe, GaAs, InP and related alloys as significant III–V
semiconductor compounds with the most promising future in this ﬁeld. 50 , 51 Direct epitaxial
growth of III-V,52-54 wafer bonding,55 epitaxial lift-off,56 though, offer such device integration
but not without limitations of lattice mismatch, handling of lifted materials, mode of integration
etc. Alternative methods,53, 57are being developed to distribute large quantities of material on Si
or other substrates for integration purpose.
As outlined above, technology of nanostructured semiconductors has made great progress
in recent years. However, there are several challenges for practical implementation in terms of
manufacturing cost, device efficiency, yield and reliability. Thus, keeping the above issues in
perspective, new nanofabrication methods have to be developed or existing ones improved, to
obtain semiconductor nanostructures with (i) high material, electrical and optical properties and
(ii) arbitrary control over the geometry (size, density, shape), material composition, doping
(type, concentration).
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1.2 Overview of the original work
Due to small surface to volume ratios in semiconductor nanostructures, surface roughness
and crystal defects adversely affect their optical properties. Hence achieving high electrical and
optical quality of these nanostructures is crucial for high efficiency optoelectronic
components. The emphasis of this thesis is on the development of cost effective fabrication of
III-V semiconductor nanostructures and their detailed characterization, which is instrumental for
translating the technology and material properties into useful applications. Specifically, the
original research described in the following thesis chapters is based on processing and
investigation of semiconductor nanomaterials (pillars, wires, disks) for improved optical quality
and controlled geometries (size , shape, spatial densities).
Control of shape, size, and geometry of nanostructures, specially nanopillars and wires is
central to fabrication. The understanding of physico-chemistry of etching and effect of etch
parameters on evolution of shape and aspect ratio is necessary for top-down fabrication of
nanostructures. The optimization of etch parameters and utilization of erosion of etch masks to
obtain desired pillar shapes from cylindrical to conical, is the subject matter of Paper A.
Fabrication of nanopillar arrays with large surface coverage and optimization of aspect ratios for
given etch parameters is presented in Paper B. This paper also compares two plasma
chemistries and recognizes the importance of “lag-effect” in the etching of nanopillars (NPs).
Fabrication of InP based nanopillar arrays– all InP and with InGaAsP QW disks, using high
quality epilayers, and the use of InGaAs as an optical blocker to screen the substrate
photoluminescence (PL) as well as sacrificial layer to obtain substrate free InP pillars, is
described in Paper C. Optical properties of these nanopillars, both in arrays on substrate and as
single and aggregates transferred on Si, at room temperature (RT) and 77 K are presented as
well. A stamping method to transfer nanopillars on Si or other substrates is also described.
Paper D presents a comprehensive study of the optical properties of InP nanopillars using three
different techniques– PL, time-resolved photoluminescence (TRPL) and cathodoluminescence
(CL). High optical quality NPs as a result of the well optimized fabrication process have carrier
life times similar to reference epitaxial layer. The carrier diffusion lengths and carrier feeding to
InGaAs layer, evidenced by CL is consistent with TRPL measurements. This paper also
highlights the use of the InGaAs layer as a “detector” in CL to probe carrier diffusion in the InP
wires. Paper E demonstrates successful fabrication of GaAs nanopillars with different
geometries to achieve suppressed broad band surface reflectance for photovoltaic applications.

1.3
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nanopillar/nanowire devices, significant effort is required to control nanowire morphology and
size. Non-radiative surface recombination is another issue with these device components/devices
and surface passivation is an essential processing step for effective device performance. Paper F
presents a novel wet chemical process that etches III-V materials with precise control in an
inverse epitaxial manner. This process plays a vital role to modify nanostructures into desired
shapes and sizes by trimming/ sculpting with simultaneous surface passivation resulting in
enhanced PL intensities.
Well optimized etching process for InP and GaAs nanopillars is used for multilayers of
III-V materials. The multilayer nanopillars with good optical quality and reduced total
reflectivity are good candidates for broad band optical absorption in solar cells. Paper G
describes the concept of multilayer nanopillars from user–defined material stack and subsequent
generation of nanodisks. Specifically, the work focuses on InP/InGaAsP/InP and
InP/InGaAs/InP multilayer stacks, and uses them to generate high optical quality InP and
InGaAsP nanodisks. These nanodisks are transferred on Si by a soft stamping method with
controlled densities, from low to high, and are good candidates for integration on Si.

1.3 Outline of the thesis
The rest of the thesis is organized as follows. Chapter 2 describes the relevant fabrication
techniques and experimental measurement set–ups used in this thesis work. A detailed
discussion on the development of the fabrication methods to control size, shape and spatial
density of nanopillars is presented in Chapter 3. A stamping method is described to transfer
nanopillars with arbitrary densities. Study of optical properties of the fabricated nanopillars in
arrays and single, using different optical spectroscopies and CL is also presented in this chapter.
Chapter 4 demonstrates a robust wet chemical treatment which trims the nanostructures in a
controlled manner and simultaneously passivates their surfaces. Chapter 5 describes the
fabrication of multilayer nanopillars in III-V semiconductors and generation of high optical
quality nanodisks from these nanopillar systems. The stamping method, developed and
described in Chapter 3 is applied to transfer these nanodisks onto Si. Conclusion and suggestions
for future work are outlined in chapter 6. Finally, Chapter 7 provides brief summaries of the
appended papers, together with the author’s contributions.

C HAPTER 2
E XPERIMENTAL : M ETHODS AND T ECHNIQUES
Fabrication of III-V semiconductor nanostructures includes several process steps and
involves different processing and characterization tools from sample preparation to final
product. This chapter describes relevant tools and set ups used for fabrication and measurement
of nanostructures.

2.1 Epitaxy
Different layers of InP, InP/InGaAs/InP and InP/InGaAsP/InP are grown on (100) n+ InP
substrates MOVPE. The growth temperature was typically 680 ºC, and trimethylindium
(CH3)3In, trimethylgalium (CH3)3Ga, arsine AsH3 and phosphine PH3 were used as precursors.
For InP pillars, 1 µm InP layer is grown on 300 nm Inx Ga(1-x) As layer with x= 0.53. For
InGaAsP/InP QW pillars, 20 nm InxGa(1-x) Asy P(1-y) QW is grown on 200 nm InP buffer layer
(with x= 0.76 and y= 0.52) lattice matched to InP with λgap = 1.18 µm. The QW has 200 nm
cladding layer of InP. One micron thick n-GaAs with a doping concentration of 1016 cm-3 on
(100) n+ GaAs substrate was grown for nanopillar fabrication described in chapter 3. Other
epitaxial structures described in chapters 3, 4 and 5 include 250 nm core layer of InGaAsP with
200 nm InP buffer layer and 50 nm InP cladding layer, multilayers of InGaAsP /InP and
InGaAs/InP. For InP-based structures, all the epitaxial layers were nominally undoped and
lattice matched to InP. The details of the structures are given separately in the appropriate
chapters.
All the epitaxial samples used in this work were grown in-house, at the Electrum lab, and
were provided by the Photonic Devices group at the department of Integrated Devices and
Circuits.

2.2 Patterning Techniques
Patterning is a basic process in top-down fabrication and generally termed as
“lithography”. The choice of mask and patterning method depends on the requirements of
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fabrication process and end applications such as throughput, overlay accuracy and resolution.
Generally, after deposition of a mask and resist layers, patterns are defined by an appropriate
lithographic technique such as photolithography, e-beam lithography, nanoimprint lithography,
etc. The microelectronics industry has been the driver for development of photolithography. It
has advantages of high resolution and high throughput. However, conventional photolithography
is not suitable for nm scale features due to optical resolution limits. Demands for nanoscale
accurate patterning have led to advanced lithographic techniques including e-beam
lithography58,59technique. Although it provides the required resolution and integration density, it
is not favorable for large scale manufacturing due to high cost and low throughput. Nanoimprint
lithography (NIL)60 is promising as high-throughput patterning technique for sub-100 nm scale.
However, the mold fabrication and stripping problems are the main issues for this technique.
Although development of colloidal lithography for nanostructuring is the focus of this
thesis work, photolithography and e-beam lithography are also used, for patterning of some of
the nano/microstructures, depending on process requirement.

2.2.1

Photolithography

Photolithography is a technique used to transfer shapes and designs from a mask to a
substrate surface, through a deposited photosensitive polymer, called photoresist. The technique
involves several process steps. Followed by cleaning of the sample with organic solvents (and
deposition of etch mask) there are three main steps: deposition of photoresist, commonly by spin
coating; exposure of the photoresist to light (UV, deep-UV) and finally development of the resist
image.
The image resolution achieved by optical lithography is derived from Rayleigh criterion
and given by61

where CD is minimum critical dimension obtained for given process parameters: k is
process latitude factor and depends on photoresist, λ is the wavelength of light and NA the
numerical aperture of the lens, where

with

being the refractive index of the

medium and θ one half of the angular aperture. Continuous reduction in CD for semiconductor
nanotechnology is being achieved by decreasing the source wavelength and/or with a variety of
resolution enhancement techniques, such as improved photoresist chemistry and optics etc.62
Photolithography is used to generate microstructures discussed in Chapters 3 and 4, to
optimize dry etching processes for nanopillar fabrication and determination of etch rates of
different III-V materials in sulfur-oleylamine (S-OA) solution.

2.2

Patterning Techniques

2.2.2

Electron-beam Lithography

Electron-beam lithography (EBL) is the most suitable technique to provide required
resolution and accurate nanoscale patterning. EBL is central to most of next generation
lithography techniques for nano patterning. For example, EBL is routinely used to produce highresolution photomasks for deep ultraviolet (DUV), extreme ultraviolet (EUV), x-ray lithography
(XRL) and its direct-write process is used to produce NIL stamps.
The e-beam system consists of a scanning electron microscope (SEM), integrated with a
beam blanker and a pattern generation unit. The system used for this thesis work has a LEO
1520 SEM system with Gemini column specially designed for high precision at low voltages.
The detailed working principle of SEM is given in section 2.5.1. Raith 150, version 5.0, is used
to control the system hard ware and for off-line design.
EBL is used to generate photonic crystals (PhCs) and line patterns described in Chapter 4.

2.2.3

Colloidal Lithography

Colloidal lithography is a simple, inexpensive and easily accessible approach for selfassembly of irregular and regular primary patterns. Colloidal lithography is a convenient route
for structuring over large areas by use of colloidal particles with sizes in the ranges
~ 0.1− several µm. This technique offers several advantages over other lithographic techniques:
 Generally colloidal suspensions are commercially available at a relatively low cost and a
small amount of colloidal suspension could be used to generate a regular arrays. No
complex equipment is required and nanoscale features can be achieved readily via selfassembly of particles just by spin-coating or dip-coating.
 Two-dimensional (2D) arrays of colloidal particles can be used as masks for etching or
sputtering processes.
 The feature size, shape, density and period of arrays can easily be controlled by
changing the size and density of the colloidal particles. Some special modifications after
deposition can also be used to change feature size such as annealing or isotropic reactive
ion etching of the assembled particle array.
 Inverted structures such as ‘‘holes’’ can be etched into the substrate, for example, by
depositing a metal film and subsequent removal of the colloidal particles.
 Complicated three-dimensional structures are possible to fabricate with colloidal
lithography for various applications.

9

10

Chapter 2
Experi mental: Methods and Techniques

 The surface of the colloidal particles can easily be modified with biolinkers such as
carboxylic acid or amine groups as well, for patterning of biomaterials to fabricate
biochips and biosensors.
2.2.3.1

Strategies for monolayer assembly of colloidal particles

Monolayer assembly of colloidal particles depends on interaction between particles,
solvent and substrate surface. These interactions include van der Waals forces, steric repulsions,
and Columbic repulsions. The dispersion stability and the crystallization of the colloidal
dispersion depend on these interactions. The self-assembly of the colloidal particles is induced
by evaporation of solvent during the process of colloidal masks fabrication and capillary forces
play an important role in the arrangement of the colloidal particles.63
Typical methods for fabricating a 2D colloidal array are following:
2.2.3.1.1

Dip-coating

In this method a layer of colloidal particles deposit on the substrate as it is pulled up from
the colloidal suspension. Self-organization of colloids depends on capillary forces and controlled
evaporation. 64 The quality of the ordered arrays, disorder, formation of multi-layers etc., is
determined by the evaporation rate.
2.2.3.1.2

Lift-up process

This method involves lifting up of a 2D colloidal particles array formed at a liquid
interface by a substrate. Colloidal particles are trapped at the liquid-air interface65 as a result of
electrostatic and capillary forces. The quality and packing sequence of the array can be
controlled by size and concentration of the particles, the surface charge, or the hydrophobicity of
the particles. 65-67
2.2.3.1.3

Electrophoretic deposition

An electrical field is applied to move charged particles from a thin layer of suspension
sandwiched between two conducting substrates to form a 2D assembly. 68 , 69 The electrohydrodynamic interactions between the particles are the driving force for assembly.
2.2.3.1.4

Template-assisted s elf-assembly

A substrate is patterned (chemicals, charges or topography such as micro-channels) to
confine the self-assembly of the particles. 70 - 72 This method is useful to suppress defect
formation.

2.3

Reactive ion etching

2.2.3.1.5

Spin-coating

In this method a colloidal suspension is spin coated on the substrate. Quality of particle
assembly depends on wettability of the substrate and can be improved by certain surface
preparation methods. Thickness of the particles layer can be controlled by suspension
concentration and spin speed. Generally, colloidal particles organize themselves into a
hexagonal array during spin coating much more rapidly compared to other (evaporation)
methods. This is a rapid process and its compatibility for wafer scale processing73 can be used
for mass production.
Spin coating method was developed and used for this thesis work to obtain (ML) assembly
of colloidal silica spheres. Large areas with colloidal particle arrays are achieved for fabrication
of nanostructures by spin coating on oxygen plasma treated surfaces. An example of such a ML
assembly of colloidal silica particles on InP for nanowire fabrication is shown in Figure 2.1.

Figure 2.1: SEM micr ograph of (a) colloidal silica particles dispersed on InP sample
by spin coating and ( b) fabricated nanowire arrays using colloidal lithography and
(dry and wet) etching.

2.3 Reactive ion etching
Reactive ion etching (RIE) is extensively used to dry etch semiconductors, metals and
dielectrics. Generally, RIE involves both physical sputtering and chemical reactions. A typical
RIE system consists of a vacuum chamber with a wafer platen (Figure 2.2) and a radio
frequency (rf) power source. The chamber has gas inlets at the top for introduction of gases into
the chamber. Oxford Plasmalab 80 is used in this work for RIE. In this RIE system, a capacitive
coupled plasma (CCP) is used. A voltage between an anode and a cathode plate is applied to
provide energy to ignite and sustain the plasma. Here, a strong rf voltage at 13.56 MHz is
applied to the plates. This oscillating electric field ionizes and dissociates the gases entering the
chamber. Collisions of rapidly moving electrons with the slowly moving ions cause further
ionization events. Electrons in the plasma are much more mobile compared to the massive ions
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and collide with the electrodes. Thus, a net negative charge is developed on the wafer platen.
The positive ions in the plasma are accelerated towards the wafer platen with the resulting DC
bias voltage called self-bias Vb. The ion bombardment on the sample surface together with
chemically reactive ions and neutrals results in both chemical and physical etching of the
surfaces.
Generally, fluorine based chemistry is used for etching of silicon dioxide (SiO2) masks.
For this work, CHF3 based RIE is used for isotropic etching of colloidal SiO2 particles. The RIE
system (Oxford Plasmalab 80) operating at 15 mT with a CHF3 flow of 25 sccm is used to
isotropically etch the deposited SiO2 particles with an etch rate of ~20 nm/min.

Figure 2.2: Schematic of plasma reactor used in this wor k

2.4 Inductively coupled plasma-reactive ion etching
(ICP-RIE)
The density and energy of the ions is controlled by the same power source in RIE,
described in previous section. Therefore independent control of ion density and energy is not
possible. With RIE, in general; process pressures are high whereas the ion densities are low.
ICP-RIE is employed to overcome these drawbacks. In ICP-RIE, plasma density and ion energy
is controlled by two independent sources. The RF coil around the chamber (Figure 2.3)
inductively couples energy into the plasma whereas, the self-bias Vb generated on lower
electrode controls the ion energy. The ICP source power controls the density of ions/reactive
species. With ICP-RIE, vertical etching can be achieved since the ions strike the sample at near
vertical incidence. The energetic reactive ions can etch the underlying material chemically by
forming volatile etch products and also by physically removing the atoms by sputtering.
Presence of inert ions in the etching chemistry can also contribute to chemical etching by
creating reactive sites.

2.4

Inducti vel y coupled pl asma -reacti ve ion etching ( ICP -RIE)

Schematic of an Oxford Plasmalab system 100 ICP180 (ICP-RIE), used for this work, is
shown in Figure 2.3. rf power (13.56 MHz) is applied to both sources‒ ICP source (commonly
called ICP power) up to 3000 Watt and substrate electrode (commonly called forward power or
rf power) up to 600W. A loadlock used for wafer loading ensures good stability of vacuum in
the chamber and hence the repeatability of the etch results. A 3″ Si wafer is used as carrier and
the samples being etched are attached on it with thermally conductive paste. The carrier with
samples on it is clamped to a temperature-controlled lower electrode and helium back pressure is
applied to provide good thermal conductance between the wafer and the chuck. The system also
provides good temperature control to regulate the volatility of etch species, which determines the
etch rate, selectivity and surface roughness.

The working pressure of the system ranges

from1to100 mT.

Figure 2.3: Schematic of the Oxf ord Plasmalab System100 ICP180 Etch System 74

2.4.1

Plasma conditions affecting etch characteristics

In plasma assisted etching, the conditions for plasma generation are most important. The
region of glow discharge, where visible light emission from a cloud of energetic ions and
electrons occurs, is one of noticeable feature during plasma etching.75 During collisions of the
gas particles moving in the plasma, energy is transferred to excite electrons that results in
emission of a photon while returning back to ground state. Because the photon energy is a
function of the electronic structure of the gas molecules, the color of the plasma is always
characteristic of the excited gas.76 This can be used as an indicator for incorrect plasma striking
conditions or other adverse changes in the generated plasma. For example, if all the species in a
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multi-gas recipe are not being ionized properly, the emission comes only from one gas species
instead of average of all colors. This will result in completely different etching results than
expected. A dark space charge region below the glow discharge region is also a part of plasma
where atoms are not excited to emit photons due to the depletion of electrons in that region. This
space charge region affects the paths of incoming ions for etching. Neutral atoms and other ions
might scatter the otherwise straight path of the ions from the edge of the glow discharge to the
cathode. This spreading in both trajectory and energy could be characterized into probability
distributions, called the ion angular distribution function (IADF) and the ion energy distribution
function (IEDF).77 The sidewall profile is affected by IADF, as a wider IADF results in a higher
flux of ions reaching the sidewall. The IEDF affects the processes dependent on the reacting ions
approaching the surface, such as removing passivating species, overcoming activation energies
for chemical reactions, and enhancing sputtering yield etc.76 It is important to understand these
effects and their consequences for optimization of an etch recipe. The gas composition, Vb and
ion density are among the main parameters controlling the IADF and IEDF.

2.4.2

Optimization of etch processes

Optimization of an etch process include, selectivity of material over mask, controllable
etch depths, sidewall profiles and etch roughness that could be achieved by fine-tuning of
process parameters. The key process parameters controlling the plasma and the state of the
chamber process are ICP power, forward power (rf), temperature, chamber pressure, and gas
flow rates. Wafer loading, chamber conditioning, and chemical interactions between the gases in
the chemistry and the mask also play important roles during the etch process. Although the
optimization for a process is reactor specific, there are some general guidelines on how these
etch parameters can effect etch features.
Generally, self-bias voltage changes with rf power. An increase in rf power increases the
ion energy and hence the physical (sputtering) aspect in the etch process affecting both the
substrate and the mask. If the etch rate of substrate does not increase with increasing rf, it
indicates that the chemical etch rate is faster than the sputter rate. In this case, rf power will only
increase the etch rate of mask and the etch rate for substrate remains almost unaffected, hence
decreasing mask selectivity.
Change in ICP power directly affects the ion density in the plasma. However, it does not
change the bias voltage since total charge in plasma remains neutral. With increase in ion
density by increasing ICP power, more ions will react with substrate and increase the chemical
(and physical) aspect of the etch process.

2.4
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Figure 2.4 shows the dependence of the self-bias voltage on the rf power applied to the
substrate. Separation between electrons and ions increases with increasing rf power and results
in an enhanced self-bias voltage. With increasing ICP power, the self-bias voltage reduces due to
the screening effect78.
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Figure 2.4: Self -bias voltage ( V b ) vs. rf power (P r f ) provided to the substrate for
different ICP-powers.

Substrate temperature also has a significant effect on the etched features. It influences the
chemical component of the process by controlling the volatility of the etch species which in turn
affects the etch rate, selectivity, profile and surface roughness.
Chamber pressure is controlled using a throttle valve and by changing the flow rate of gas
into the chamber. Generally, the gas flow rate is set for a given chamber size to hold a desired
pressure. However, for multiple gas chemistries the ratio of gas flow rates is very important. A
chosen chemistry works best with correct setting of the gas composition. The pressure control of
the throttle valve and gas flow will significantly affect the etched features. The distance for
Debye length of the ions in the plasma increases as pressure reduces. This allows spreading of
the plasma and will reduce the dark space region below glow discharge region. The angular
spread will reduce as a result of decreased number of collisions in the dark space charge region.
Therefore, the undercut seen on the sidewalls will be reduced at low pressures.76
Although different physical parameters such as ICP and rf powers, and chamber pressure
should be optimized for a desired etch profile, the gas chemistry is the most essential component
for an etch process. A wide range of chemistries can be used to etch a given material. The recipe
used in this work contains CH4, H2 and Cl2 and Ar. This etching recipe is fusion of two wellknown etch chemistries for InP: (1) Cl2- and Cl2/Ar-based chemistry, having high etch rates but
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generally suffer from sidewall roughness. (2) CH4/H2 based recipe have very slow etch rates but
produce smooth surfaces. The detail of optimization of the etch chemistry for nanopillar
fabrication is discussed in Chapter 3.

2.5 Wet chemical etching process
Wet chemical etching is also a common processing step in the fabrication of
semiconductor devices. There are two types of reactions determining the etchrates and profiles.
One is diffusion limited reaction where the etch rate is limited by the diffusion of the etchant;
the etch rate does not depend on temperature but is affected by the stirring of the solvent. Thus
reproducible etch rates imply controlled agitation of sample/solution. The second one is reaction
rate limited where the etch rate is limited by the reaction of the etchant with the material and
depends on the solution temperature. It is important to note that for the same etching solution,
change in concentration, temperature or viscosity of solution might alter the mode of etching
between diffusion and reaction rate limited. 79 Often, higher solution concentrations and
viscosities favor diffusion control of the reaction.
The diffusion limited wet chemical etching process results in isotropic etching while the
rate limited reaction generates anisotropic etching profiles. The anisotropic etching also known
as crystallographic etching might generate a variety of profiles depending on crystallographic
directions of the sample. The rate limited reaction with controlled etching is desirable for
etching of many optoelectronics devices. The alignment of mask along different directions can
be used to get vertical side walls or other desired profiles. Such a rate limited wet chemical
etching process, could be devised to maintain epitaxial step flow morphology and are desirable
to make high quality surface gratings for lasers.37
In this thesis work, sulfur-oleylamine (S-OA) based wet chemical etching is introduced
which has an amazing ability to etch III-V surfaces in monolayer controlled manner along with
simultaneous passivation. This method is then used to fabricate different types of nanostructures
beyond limits of conventional top-down approaches. The results are discussed in Chapter 4 and
in Paper E.

2 .6 Stamping for transfer of nanostructures
2.6.1

Preparation of Soft Stamp

The controlled transfer of nanostructures from one substrate to another is very important
for many device applications. A soft stamp of ~2 mm thick elastomeric polydimethylsiloxane
(PDMS) was prepared to collect and transfer pillars onto Si substrate. Sylgard 184 from Dow
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Corning was used to make PDMS slab which was later used as a soft stamp. PDMS prepolymer
(base) and curing agent were mixed thoroughly in a 10:1 ratio and the mixture was de-gassed for
about 30 min under vacuum. The mixture was poured on Si carefully to get ~2 mm thick PDMS
layer and cured for one hour at 100 °C. Additionally, cleaning the cured PDMS slab by dipping
in toluene for ~30 min and drying on top of a hot plate for ~2 hrs improves its quality for
stamping. The desired size of the prepared PDMS slab is cut, and cleaned in ethanol and blow
dried with N2.

2.6.2

Stamping Process

The cleaned PDMS slab is pressed gently on top of the released pillars/disks left on the
source substrate. The PDMS slab is gently detached from the source substrate with particles
transferred on it. In order to remove residues from the material selective etching used to release
the pillars/disks, the PDMS slab (with particles on it) is cleaned in diluted HF for 1 min. Pillars
were transferred by pressing the PDMS slab on a receiver substrate. Before the transfer of
particles, the receiver substrate is cleaned by acetone, isopropanol, and DI water. Figure 2.5
shows a schematic sketch for the transfer process of nanodisks. Figure 2.6 demonstrates the
versatility of the stamping process showing transfer of InP nanodisks onto a Si substrate,
obtaining different densities. A Similar process is used for transfer of InP based nanopillars and
nanowires, discussed in Chapters 3, 4, and 5, and in Papers C and F.
Multilayer structure (MOCVD)

Nanopillar fabrication (CL+ICP-RIE)

stamping of nanodisks on Si
Nanodisks on Si

Relasing nanodisks by
selective etching

Collection of nanodisks
from source substrate

Figure 2.5: Schemat ic of the stamping process, for generati on and transfer of
nanodisks onto Si using PDMS. Such a process can also be applied to transfer
nanostructures onto ar bitrary substrates.
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Figure 2.6: Representative SEM i mages showing stamped InP nanodisks on Si :
(a) high densit y and (b) low densit y.

2.5 Electron microscopy
Electron Microscopes use a beam of electrons to “illuminate” and scan an object to obtain
a high resolution image. The primary motivation for using electron microscopes instead of
optical microscopy is to get high resolution by using electrons with a much shorter wavelength
than light and with a greater depth of focus. Electron microscopy is considered as an essential
technique for characterization of nanostructures including topography, morphology, composition
and crystallographic information.

A high energy electron beam interacts with the sample

generating a number of measurable signals from Auger electrons, back scatter electrons,
secondary electrons, elastically and inelastically scattered electrons, transmitted electrons and
characteristic X-rays which could be analyzed to get the required information.

2.5.1

Scanning electron microscopy (SEM)

In SEM, a focused electron beam scans the sample surface in a raster pattern. The samples
used for SEM inspection are generally thick and the electron beam does not transmit through the
sample. When a primary electron beam hits the sample, the generated secondary electrons (SE),
backscattered electrons (BSE) etc., are recorded by means of specific detectors. For the
generation of morphology/topography images in SEM, typically, SE and BSE are used. SE are
generated by inelastic scattering of the incident beam with the atomic core or valence electrons
of the sample material and have low energy (<50 eV). The electrons generated by elastic
scattering in a much deeper range of the interaction volume have energies higher than 50 eV and
are known as backscattered electrons. These are used for depth information. Scanning electron
microscopes are often coupled with X-ray analyzers and are used to identify chemical
composition of the sample. In this case, high energy electrons generate X-rays as a result of
interaction with the sample, which are characteristic of the elements present in the sample. Thus,

2.5

Electron microscopy

the local chemical composition of the samples can be determined and mapped. This is called
energy dispersive X-ray spectroscopy (EDS).

Figure 2.7: Schematic diagram of a basic SEM column

Figure 2.7 shows a schematic diagram of an SEM. An accelerating voltage (1-50 KV) is
applied to extract electrons, e.g. from a filament with beam diameters ranging from 1-10 nm
depending on the electron source. The most common filament is tungsten, whereas lanthanum
hexaboride filaments and field emission guns are also used as electron beam sources. The anode
which is positive with respect to the filament accelerates the electrons towards the anode. A
condenser lens is used to control the beam size while an objective lens focuses the electron beam
into a small probe controlling the focus of final image. The electron beam divergence angle (α)
is controlled by aperture diameter of the objective lens.
For imaging of nanostructures (nanopillars, wires, disks, etc.), the major parameters are
spot size, the depth of field and the signal strength. Depth of field as well as high resolution is
required, especially for cross-sectional study of several µm tall nanopillars and wires. The spot
size is controlled by changing the working distance. The image resolution depends on spot size,
and reduces with working distance. The depth of field can be increased with working distance or
by narrowing the aperture reducing the divergence angle α. Consequently, image resolution and
signal strength are reduced. Therefore, for imaging of tall nanostructures (pillars/wires), a
compromise is necessary between resolution, depth of field and signal strength.
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ULTRA Scanning Electron Microscopes (SmartSEM V5.00) from Carl Zeiss SMT Ltd is
used for characterization of nanostructures used in this work, including their geometrical
parameters, density and material composition (EDS). An In-lens detector is used for most of the
structural and morphology characterization. An accelerating voltage of 1-1.8 kV is used with a
working distance of 1.5-2.5 mm. The actual surface of sample is mapped by different types of
SE electrons which are generated directly in or near the spot center.80 These electrons can be
detected very efficiently by the In-lens detector which is placed above the objective lens and
detects directly in the beam path. SE2 detector is used for EDS analysis. The optimum working
distance used for EDS analysis of the sample is 8.5 mm and the accelerating voltage is adjusted
between 8-15 kV depending on the material.

2.5.2

Transmission electron microscopy (TEM)

In TEM, a high energy electron beam transmitted through a very thin sample is used to
image and analyze the microstructure of materials with atomic scale resolution. The electrons
are extracted from a filament and accelerated at several hundred kV (100-1000kV). The electron
beam is condensed to a smaller size while passing through condenser lenses. The apertures fitted
on condenser lenses control the intensity and the convergence angle. This condensed electron
beam is incident on a very thin sample (< 200 nm) and a part of it is transmitted and the
scattered. This transmitted portion is focused by the objective lens into an image. The image is
passed down the column through the intermediate and projector lenses, being enlarged all the
way. In high resolution imaging mode, the crystal lattice of a material is imaged as an
interference pattern between the transmitted and the diffracted beams. Crystal structure and
defects such as planar and line defects, grain boundaries, interfaces, etc. are observed with
atomic scale resolution. The two major imaging modes of the microscope ‒ bright field (using
transmitted beam) and dark field (using diffracted beam) are invaluable for information about
the morphology, crystal phases and defects in a material. The spatial resolution for
compositional analysis (EDS) in TEM is very high due to its capability to form a very small
focused electron probe (~2Å).
TEM samples for the work presented in this thesis were prepared by depositing nanopillars
and nanowires on a carbon-coated copper grid. The samples were dispersed in isopropanol after
releasing them from the substrate. TEM analysis was done with a JEOL FEG-JEM-2100F
operated at 200 kV. For high resolution images typical nanopillar and nanowire diameters were
50-100 and 20-40 nm, respectively.

2.6

Atomic force microscopy (AFM)

2.6 Atomic force microscopy (AFM)
The atomic force microscope (AFM) or scanning force microscope (SFM) offers very
high-resolution 3D topography, with demonstrated resolution of fractions of a nanometer. The
AFM consists of a micro scale cantilever with a sharp nanoscale tip (probe) at its end that is used
to scan the specimen surface. Short-range interatomic and friction forces, as well as long-range
electrostatic or magneto static forces can be detected. It can be used for conducting or insulating
samples. Two major modes of scanning are distinguished as static and dynamic modes. In the
static mode, also known as contact mode, the cantilever is scanned relative to the sample and the
tip-sample distance is kept constant by maintaining the force constant. Attractive (repulsive) tipsample forces deflect the cantilever towards (away) from the sample.
In the dynamic mode, also called non-contact mode, the cantilever oscillates at or close to
its fundamental resonance frequency, using an external drive signal. The amplitude, phase and
frequency of the cantilever oscillation is affected by tip-sample interaction. In imaging, the mean
tip ‒ sample distance is kept constant by maintaining the amplitude or phase, in effect the force
gradient is constant.
In this thesis work, tapping mode AFM (Nanoscope IV, Dim 3000 microscope, Bruker
Corp.) is utilized for etch depth measurement and surface roughness analysis of epitaxial layers
before and after wet chemical etching, metrology of InP and InGaAsP nanodisks on Si.

2.7 Optical Characterization Techniques
2.7.1

Photoluminescence Spectroscopy

Photoluminescence (PL) spectroscopy is a convenient, contactless, nondestructive method
of probing the electronic structure and impurity states in bulk 81 as well as semiconductor
nanostructures. For PL spectroscopy, light (with energy greater than band gap of material) is
used to excite electrons from valence to the conduction band in a process called photoexcitation.

The photo-excited carriers diffuse and recombine either radiatively or non-

radiatively. Non-radiative recombination results in emission of phonons whereas radiative
recombination generates photons causing luminescence. This luminescence is termed as
photoluminescence. The intensity and spectral content of the PL measure the material properties.
PL intensity relates to the difference in energy levels between the two electron states involved in
the transition between the excited state and the equilibrium state. For example, (i) between the
bottom of the conduction band to the top of the valence band, and (ii) between the quantum
confined electron levels to hole levels in QWs and quantum wire structures. The quantity of the
emitted light is related to the relative contribution of the radiative process. In micro-
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photoluminescence (µ-PL), the excitation light is focused to a small spot size (few micrometers)
and resulting PL is imaged by suitable optics. µ-PL system provides high spatial resolution to
characterize individual nanostructures, if they are sufficiently far apart.
For this thesis work both macro and micro PL are used by changing objective lens on same
PL system (HR800 HORIBA Jobin-Yvon Raman and PL). Fig 2.8 shows a schematic sketch of
PL system. μ-PL measurements were performed to characterize the optical properties of the
fabricated nanopillars and nanodisks. Ar+ (514.5nm) and He-Ne (632.8 nm) lasers are used for
excitation in the PL measurements, using a spot size of ~2 µm for µ-PL. PL measurements are
performed both at room temperature and 77K. Figure 2.8 demonstrates the schematic of PL
system used for to probe the optical properties nanostructures described in chapter 3, 4 and 5 and
in all the appended papers.
Detector
Monochromator

Lens

Excitation band
pass filter

Long pass filter

Dichroic mirror

Laser

Lens

Objective Lens
Cryostat
X-Y-Z translation
stage

Sample

Fig u re 2 .8 : Schematic illustration of the in-house micro PL system

2.7.2

Time resolved Photoluminescence (TRPL)

TRPL is a non-destructive method to study time-resolved carrier dynamics in
semiconductor materials. A short pulsed laser is used to excite electron-hole pairs in the sample
which recombine radiatively or non-radiatively. PL intensity as a result of radiative
recombination is recorded and analyzed as a function of time after excitation.

2.7

Optical Characteri zation Techniques

Time-resolved PL measurement setup consists of a synchroscan streak camera (model
C5680-Hamamatsu photonics) with a time resolution of ~2 ps and a tunable mode-locked
titanium-doped sapphire (Ti: sapphire) laser (pulse temporal length ~100 fs, repetition rate 76
MHz, wavelength ~800 nm) with a spot size of 20-25 µm is used for excitation.

2.7.3

Cathodoluminescence (CL)

CL is the electron-excited analogue to photoluminescence. CL is the emission of photons
of characteristic wavelengths from a material excited by energetic electrons. Incident electrons
generate electron-hole pairs, and the recombination of these carriers may include direct band-toband, defect-to-band, donor-acceptor and defect transitions in the sample. It also provides
sensitive analysis over a wide spectral range with high spatial resolution. The spatial resolution
in CL is determined by the distribution of excess carriers in the material which is of great
advantage compared to other far-field techniques where it is limited by diffraction in the
collection and excitation optics.82 Another significant advantage of cathodoluminescence is the
depth dependence of incident electrons as a function of beam energy. By tuning the electron
beam energy from hundreds of eV to a few keV, the penetration depth can be varied from
tens of nanometers to about a μm. A cathodoluminescence system generally consists of a
cathodoluminescence detector attached with an SEM. Light emitted from a sample in response
to electron-beam bombardment, is collected by the optical interface and analyzed
spectroscopically, providing detailed characterization of the physical properties of the sample.
CL monochromatic imaging enables identification of individual species in the sample and their
distribution.
Cathodoluminesence (CL) study was made in a dedicated SEM with a He cold stage83 at
Lund University (LTH). An acceleration voltage of 5 keV and probe currents of 10-25 pA were
used, while keeping sample temperature at 8K, for investigating nanopillar samples. The study is
described in Chapter 3 and in Paper D.

2.7.4

Spectrally resolved total reflectance

One of the most common measurements for nanostructured solar cells is the quantification
of surface reflectance of the material. A Lambda 950 (Perkin Elmer) spectrophotometer with an
integrating sphere is used to measure total reflectance of nanostructured surfaces in InP and
GaAs. A photomultiplier detector is used for the UV ‒ visible and a PbS detector for the NIR
range.
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Figure 2.9: Sketch showing an integrating sphere for total reflection (specular +
diffused) measurement .

C HAPTER 3
I N P AND G A As

BASED

N ANOPILLARS

One-dimensional nanostructures such as nanopillars/wires are appealing for their potential
applications in electronics and optoelectronics,4, 84 - 87 thermoelectrics, 88 and sensors and
biology. 89 , 90 Their unique physical properties such as light trapping and efficient carrier
collection2,91-93 has prompted investigation of these nanopillars/wires of different semiconductor
materials for optoelectronic applications including photovoltaics. A number of methods,
including both bottom-up24,25,94,95 and top-down9,11,96,97 approaches are being pursued to fabricate
III-V nanopillar/nanowires of high optical quality. Achieving high electrical and optical quality
of these nanostructures is critical to get functional devices from these nanostructures. This
chapter demonstrates a top-down approach for fabrication of high optical quality nanopillars by
a simple, low cost fabrication method. This method combines colloidal lithography and
inductively coupled plasma reactive ion etching (ICP-RIE) to get high optical quality nanopillar
arrays.
This chapter discusses optimizations of shape, size and morphology during dry etching
(Papers A, B, C and D) and the optical properties of the fabricated nanopillars (Paper C and
D). The effect of different passivation layers on nanopillars is also communicated in a separate
section (3.9).

3.1 Colloidal lithography for nanopillar fabrication
For most of nanopillar fabrication in this work, colloidal lithography, a simple and low
cost method for patterning and nanomasking, is employed. Here the basic principle of colloidal
lithography for pattern transfer is to utilize the deposited colloidal silica particles as etch masks.
Owing to spherical shape of the colloidal nanoparticles, the process is also referred to as nanosphere lithography (NSL). The diameter of the deposited colloidal silica particles can be
decreased easily by isotropic reactive ion etching process, while retaining their original position.
For certain applications, the shape, height, and surface density of the pillars can be modified by
suitable etching processes and/or mask conditions.
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Commercially available colloidal SiO2 particles in aqueous suspension (from Sigma
Aldrich) were used and dispersed by spin coating as etch masks for nanopillar formation. SiO 2
particles with diameters of 150 nm ‒1 µm were used for nanopillar generation in this work. The
sample used for experiments were typically 1cm2. Surface preparation of the sample included
standard cleaning with solvents, surface oxide stripping with 50% HF for 30 s, subsequent
rinsing in de-ionized water and drying with nitrogen blow. Different spin speeds, ranging from
500-4000 rpm were used to optimize uniform coverage of particles on the sample surface. The
process development required addressing two main issues: (i) Problem of non-uniform and small
area coverage due to poor wettability of sample surface, and (ii) Clustering of nanoparticles
especially for small size (150 nm diameter) particles.

Figure 3.1: Surface coverage of colloidal SiO2 particles: (a) without O2 surface
treatment; inset shows a magnified view of an area of the sample. ( b) After O2 plasma
treatment; the magnifi ed view in inset shows a regular close packed ML coverage.

Sonication of the colloidal suspension for 10 ‒ 120 min, depending on size of particles
solved the clustering problem. The oxygen plasma treatment of the surface helped to get uniform
coverage of SiO2 particles, because the surface oxide layer and the surface morphology
increased the wettability due to its hydrophilic nature. The samples were exposed to oxygen
plasma for different durations ranging from 30 s to 15 min. The surface coverage improved
continuously up to 10 min exposure; longer exposures did not improve it further. Therefore, the
time of exposure to oxygen plasma was kept at 10 min for all the samples. A comparison of the
SiO2 coverage is shown in Figure 3.1(a) and (b). For most of the experiments a 10 µl suspension
was used for spin coating on 1 cm2 sample. The suspension was kept on the sample for about
15 s before spinning. After spinning at 1500 rpm for 30s, the sample was dried by tilting at 45°

3.2

Size reduction of coll oidal silica particles

for 3-5 min. This method repeatedly resulted in monolayer coverage of silica particles on several
large area patches (~25 mm2). The remaining areas of sample either have smaller islands of
close packed arrays or dispersed particles.

3.2 Size reduction of colloidal silica particles
The etch rates and profiles of close packed pillars are found to be different from isolated or
non-close packed structures. It is observed that etch rate of nanopillars with high spatial density
lags behind those with lower spatial density. This lag effect is prominently observed with all
close packed structures. In general on the same sample, the etch-rate is lower in areas with
closely packed particles compared to open areas. The dependence of etching characteristics as
function of the feature size (e.g., trench opening, hole diameter) is well studied and is referred to
as lag-effect.98-100 Because this effect is due to the smaller opening in the close packed structure
(mask layer), it can be reduced by increasing the spacing between the particles. SiO 2 particles
with 500 nm diameter, dispersed with close packed coverage, are investigated for this study. RIE
operating at 15 mT with a CHF3 flow of 25 sccm is used to isotropically etch the deposited SiO2
particles. With this etch recipe, the particle size is reduced in a controlled manner with an etch
rate of 20 nm/min. This process not only helps to reduce the lag effect, but also could be used to
fabricate nanopillars with desirable (diameter) sizes.

Figure 3.2: Hexagonally ordered colloidal mask particl es: (a) close packed, and (b)
and (c) after size reduction . and (d), (e) and (f) show the corresponding cross -section
views of the etched pillars, respectivel y. Scale bars in all the i mages represent 500
nm. (See also Paper B )

Figure 3.2 (a-c) shows the close packed colloidal mask particles before and after size reduction.
As seen in Figure 3.2 (d) and (e), lag effect is prominent in etched nanopillars which are closely
packed (touching each other as in Figure 3.2 (a)) and less pronounced when the spacing is
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increased. Nanopillars with uniform heights (Figure 3.2 (f)) are obtained after sufficient size
reduction of colloidal (mask) particles (as in figure 3.2 (c)) and lag effect is appreciably reduced.

3.3 Investigation of geometrical shapes of nanopillars
Heights and diameters of nanopillars can be varied by choosing suitable particle size and
etch time for an optimized etch recipe. Etch parameters such as rf and ICP powers not only
affect the etch rates, but also the selectivity of material over mask. Erosion of mask particles
during etch process depends on selectivity of material over mask, and is used to change the
geometrical shapes of the nanopillars.

3.3.1

Nanopillars in InP

Preliminary experiments for this work (presented in Paper A) were performed with test
microstructures to define etch rates. Conventional photolithography is used to fabricate the test
microstructures. A 350 nm thick SiO2 film is deposited on InP substrate by plasma-enhanced
chemical vapor deposition (PECVD) Oxford Plasmalab 80Plus. The SiO2 film patterned by RIE
using CHF3/Ar chemistry served as etch mask for etching of InP. The etching of InP was
performed by ICP-RIE Oxford Plasmalab System 100 using Cl2/H2/CH4/Ar chemistry and a
piece of Si wafer was used as the carrier. For most of the etching experiments with this
chemistry, the flows of Cl2, H2, CH4, and Ar were 7, 5, 5, and 5 sccm, respectively. The sample
temperature was 60°C with 4 mTorr operating pressure in the chamber. For these experiments,
the range of ICP power was restricted up to 1800W due to limited thickness of the SiO2 mask. It
provides useful information in terms of mask selectivity and etch rates especially for colloidal
masks with 150 and 500 nm particle sizes. Figure 3.3 shows the control (reference test pattern)
and pillar samples etched under similar etching conditions. When the etch mask is not eroded
significantly, for both control and pillar samples, the side walls are vertical. However, the etch
profile tends to taper with erosion of mask. Test structures and pillars with 1 µm particle mask
show vertical profiles (Figure 3.3 (a) and (b), respectively), whereas pillars with 500 nm particle
mask are tapered (Figure 3.3 (c)). The selectivity of SiO2 particle is different from SiO2 film and
it erodes more rapidly possibly due to its spherical shape and lower density. With increased time
of etching, the mask on microstructure, being thinner, erodes showing rounded edges, whereas
the pillar with etch mask of 1 µm particle remains cylindrical with slight tapering. Nanopillars
with 500 nm mask particle become conical with sharp apex due to complete erosion of mask
(Figure 3.3 (f)). With further etching etch front propagates along with continued lateral etching
resulting in needle shape profile of nanopillars. Representative cross-sectional SEM images of
the frustum and conical shape pillars are shown in figure 3.4.

3.3
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Figure 3.3: Cross -section SEM i mages of InP microstructures and nanopillars : a-c
with etch ti me 3 min ; and d-f with etch ti me of 4 mi n.

These observations suggest that the progressive erosion of the spherical mask particle
during etching can be positively used to alter the shape of the pillars. Details of this work are
discussed in PAPER A. Different shapes of conical pillars were also investigated by varying
ICP power while keeping rf power and etch time fixed. In case of lower ICP powers (2400,
2600W), the obtained pillars are conical due to progressive erosion of mask particle with base
diameter equal to original diameter of mask particle as discussed earlier. While at higher power
(2800) needle shaped conical pillars with base diameter ~300 nm are obtained. A study of pillar
(conical) profiles as function of etch time for these ICP powers is presented in PAPER B; the rf
power is kept constant at 180W. With longer etching time, needle shaped pillars are obtained at
ICP powers of 2400 and 2600 W. However, the base diameter and side wall angles vary with
etch rate depending on ratios of rf and ICP powers. This study also shows that both ICP and rf
powers are important, determining etch rates and mask selectivity. Highest mask selectivity and
etch rates were obtained at rf and ICP powers of 180 W and 2600 W, respectively.
The etch recipe including the gas flows were also optimized in order to get improved mask
selectivity and etch rates to obtain cylindrical pillar profiles (PAPER B). With the Cl2/H2/CH4
(9/5.5/7.5 sccm) and sample temperature in the range of 60-80°C, the etch selectivity was
improved from ~7:1 to >10:1. InP nanopillars etched with this optimized process have good PL
at room temperature, indicating good fabrication quality. This process was further fine-tuned to
fabricate nanopillar arrays from two types of structures grown by MOVPE on n+ InP substrates.
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Figure 3.4: Cross-section SEM images of InP nanopillars with different profiles etched at
different ICP powers and durations; the rf power is 180W.
The first structure (structure I) has 1 µm thick InP on a 300 nm InxGa(1-x)As (x=0.53) layer and
the second one (structure II) has a 20 nm InGaAsP QW (InGaAsP lattice matched to InP, with a
band gap emission wavelength of 1.18 μm) sandwiched between two 200 nm thick epitaxial InP
barrier layers. The schematic of nanopillar fabrication process for above two structures is
presented in Figure 3.5 and consists of the following steps: (i) formation of close-packed ML of
nanometer sized silica particles, (ii) their size reduction by isotropic etching and (iii) the etching
of nanopillar arrays in the InP-based structures. The schematics (Figure 3.5 (a)) also show the
bottom InGaAs layer which serves different purposes: (a) as a sacrificial layer to obtain free InP
nanopillars for subsequent transfer to other substrates, (b) as an absorbing layer (blocks the PL
signal from substrate) and (c) as a “detector” in CL measurements to monitor carrier transport in
InP nanopillars/wires. Figure 3.6 presents SEM images of the different stages in in the nanopillar
fabrication. Detailed investigations of these nanopillars are reported in PAPER C.

3.3
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Figure 3.5: A schematic illustration of the typical fabrication steps of nanopillar
arrays in epitaxial layers on InP substrate i n (a) structure I and (b) structure II, (i)
SiO 2 colloidal particles on InP surface for ming a close packed array, (ii) SiO 2
particles after RIE etching process for si ze reduction, and (ii i) arrays of etched
nanopillar.

For the structures reported in Paper C, the flows of Cl2, H2 and CH4 were 9, 5.5 and 7.5
sccm, respectively; the operating pressure was 4 mT and the sample temperature was kept at
60 °C. The ICP and rf powers were 1000 W and 100 W, respectively. Nanopillars with very
smooth side-walls and base-tapered profiles were obtained using these optimized parameters
(Figure 3.6)). Such base tapered nanopillars are advantageous for use in next generation solar
cells.101

Figure 3.6: SEM i mages showing different stages in nanopillar f abrication. (a) SiO 2
particles dispersed on InP showing monolayer coverage, (b) SiO 2 particle array after
size reduction. ( c) Tilted Cross sectional view of a lar ge array of t he nanopillars.
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3.3.2

Nanopillars in GaAs

Although InP-based nanopillars have superior optical properties due to lower surface
recombination velocities compared to GaAs, lower costs and relative abundance GaAs attractive
for nanopillar solar cells102 and also for space applications.103 In this work we have fabricated
GaAs nanopillars using the same method used for InP pillars, discussed earlier.
Initially, SiCl4/Ar chemistry 104 was chosen instead of Cl2/H2/CH4 due to its good
selectivity and smoothness of etched surfaces. The GaAs nanopillars fabricated with this recipe
had very smooth surfaces but etch rates reduce with longer etching times due to redeposition of
etch products, possibly Si. Figure 3.7 (a-c) shows high resolution SEM images of GaAs
nanopillars etched with SiCl4/Ar (3/2 SCCM); rf and ICP powers were 40 and 600 W
respectively.

Figure 3.7: SEM i mages of GaAs nanopi llars etched for different durations with
SiCl 4 /Ar chemistr y using 150 nm silica part icles as etch masks -(a) 0.5 min (b) 3 min
and (c) 5 mi n.

A Cl2/H2/CH4 chemistry was subsequently investigated to etch GaAs pillars under similar
conditions as for InP. This recipe works very well for most of III-V materials and provides very
smooth surfaces and desired etch profiles with slight modification of etch parameters but shows
very low selectivity of GaAs over SiO2 particles. Figure 3.8 (a) shows 500 nm high GaAs
tapered pillars with much wider bases diameter compared to their top diameters. The pillars
become conical with longer etching (Figure 3.8 (b)). This is attributed to poor mask selectivity
resulting in faster erosion of mask. However, the pillar surfaces remain very smooth even with
over etching and effect of redeposition of etch products was not observed. With further
optimization of etching parameters, desired geometries of GaAs nanopillars, for broad band
anti-reflection are achieved.

3.4

Photoluminescence (PL) of nanopillar arrays

Figure 3.8: SEM i mages of GaAs nanopillars etched with Cl 2 /H 2 /CH 4 (a) 2 min and
(b) 4 min.

Figure 3.9 presents GaAs nanopillars obtained with Cl2/H2/CH4 chemistry with gas flows
of 14, 10, and 5.5 sccm respectively; rf and ICP powers were 60 and 1000 W, respectively.
Taller (700-900 nm) pillar structures could be obtained, due to improved mask selectivity. The
shape of GaAs nanopillars could also be changed, from frustum to conical, with effective
utilization of erosion of colloidal mask particles.

Figure 3.9: Cross sect ional SEM i mage s , of the fabricated GaAs pi llars with different
geometrical shapes (a) frustum conical (b) cylindro conical and (c) conical with sharp
apex. (Paper E)

3.4 Photoluminescence (PL) of nanopillar array s
The optical properties of the fabricated InP nanopillars were investigated using micro
photoluminescence (µ-PL) set up, described in chapter 2, section 2.7.1. Since the nanopillars are
fabricated in the epitaxially grown 1 µm thick InP layer, and penetration depth of Ar+ laser (514
nm) is very small (~90 nm) in InP. In addition, 300 nm thick InGaAs blocking layer (Figure
3.5(a)) underneath the pillars effectively absorb the PL signal from InP. SEM images of the
nanopillars in different coverage are shown in Figure 3.10 (a-c). The PL spectra measured on
areas of different densities on the sample are shown in Figure 3.10 (d). The measured PL
intensity of the nanopillar ‘array’ is nearly 85% of that of as grown layer under the similar
excitation conditions. This enhancement in PL could be inferred as an effect of the shape and
geometry of nanopillar arrays which contributes to enhanced light extraction and increased
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absorption. 105 One signature for this is the observed reduced total reflectivity from these
nanopillar arrays (Paper C). Thus more of the incident light would get absorbed by the InP
pillars. As expected, the PL intensities qualitatively scale with their surface coverage as shown
in Figure 3.10 (d). While this trend was confirmed with 2 and 20 µm excitation spot size, the
effect of spatial distribution in non-array areas was more pronounced with the smaller spot size.

Figure 3.10: SEM i mages with top view of different areas: (a) nanopillar array, (b) an
area of sample with t hree different densities of nanopillars arrays, and (c) islands
with low densit y nanopillar arrays. (d) Room temperature PL spectra with different
densities of nanopillars. (e) Nor mali zed PL spectra at 77 K of the InP nanopillars and
the reference InP wafer . (Paper C)

Each pillar has very good surface and crystalline quality which contribute to their optical
quality. The facet formation in NPs (Figure 3.11) during etching process is also one indication of
high quality fabrication. The line widths of NPs of different densities and reference epilayer are
similar and highlight the fact that optical signal is generating from InP NPs and there is no
contribution from substrate (Figure 3.10 (d) and (e) and table 3.1). The line widths for substrate
and epitaxial layer are very different (table 3.1) and any contribution from substrate would
have changed the line width of PL signal from NPs. This is not the case here, even for single
pillars.

3.4
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Figure 3.11: SEM i mages cross -section side view of NPs: (a) InP nanopillar array
with 300 nm InGaAs layer underneath NPs and (b) InGaAsP/ InP nanopillars with 20
nm InGaAsP quantum well.

Sample

FWHM (meV)
Reference

NP arrays

InP/InGaAsP/InP QW

15

38

Epitxial InP (1 µm)/InGaAs

30

30

n+ InP substrate

76

76

Table 3.1: Comparison of line widths at 77K of reference epigrown InP and
InGaAsP/ InP QW layers , InP substrate and r espective nanopillar arrays

As discussed earlier, the Cl2/H2/CH4 chemistry works well with most of III-V
semiconductors and their heterostructures. InP based nanopillar arrays with InGaAsP quantum
well (QW) reveal no appreciable difference in lateral etching of InGaAsP and InP, and the
surface quality is as good as for InP (Figure 3.11(b)). These nanopillar arrays contain QW disks
(Quasi 3D) instead of 2D QW film. Their study (Paper C) show the compositional and
thickness fluctuation in InP/InGaAsP/InP QW evidenced in the form of broader PL spectra. This
was confirmed by investigating several single QW pillars. Nanopillar arrays with QW disks have
~2.5 times broader PL line widths compared to as grown reference layer. Since the diameters of
the QW-disks in the nanopillars are rather large (120-160 nm), this broadening was attributed to
variations in QW thickness and composition.106,107 In continuous QW layer, the carriers transfer
from high energy (e.g. lower thickness) to lower energy (e.g. higher thickness) regions. In case
of nanopillars, this is not possible. PL investigations of such nanopillar arrays, can in principle,
be used for optimization of QWs for wafer scale uniformity in composition and thickness.
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As for the InP NP arrays, PL intensity of the QW NP arrays is quite high than expected for
a fill factor of only 20% of reference QW layer (Figure 3.12 (a)). Interestingly, PL signal from
InP is prominent from the QW NPs (Figure 3.12 (a)). However, InP signal is not visible in the
PL spectrum of the QW reference under similar excitation conditions. This suggests that the
carrier transfer from InP to QW is more efficient in planar samples than in the NPs. In case of
NPs, InP substrate also contributes. However, substrate‒free single QW NPs, as discussed later,
also show a clear signal from InP.

Figure 3.12: Compari son of Photolumi nescence spectra of as gr own QW reference
and nanopillar arrays with QW disks at (a) Room temperature ( RT) and (b) 77 K .

The PL intensity of GaAs nanopillars, in contrast to those of InP, was lower and linewidth
was broad compared to epi-grown reference. This could be attributed to the surface states in
GaAs which adversely affect the optical properties of the material. In addition, the etching
process can cause stoichiometric imbalance at the surface resulting in Fermi level pinning within
the band gap of GaAs.108 However, both the PL intensity and linewidth were recovered with a
post etch chemical process as shown in Paper E and Chapter 4.

3.5 Stamping and Optical characterization of single
nanopillars
3.5.1

InP pillars

InP pillars fabricated on epitaxially grown InP layer (structure I) were released from
substrate by selectively etching InGaAs layer. Details of the procedure are discussed in Chapter
2, section 2.6, Papers C and E and respective supporting informations. Briefly, the solution
containing H3PO4:H2O:H2O2 with ratios 1:1:1 was used to etch InGaAs layer and the released
pillars were transferred onto Si using a PDMS stamp. The pillars can be transferred with
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arbitrary densities (very high to very low) depending on density of pillars on the native substrate
and/or by repeated use of the same stamp on different areas/substrates. Mostly, a small stamp
was used repeatedly on different areas of Si substrate to get very low densities. Stamping for
first time gives very high density and subsequent stamping results in a decrease in density as
shown in Figure 3.13. Usage of same stamp, on different areas after 5-6 times of stamping, gives
low enough density for µ‒PL measurements of isolated pillars (e.g. Figure 3.13 (d)).

Figure 3.13: SEM i mages of InP Pillars transferred on Si using a PDMS stamp on
different areas: (a-d) r esults of 1 s t , 3 r d , 5 t h and 6 t h stamping, respect ivel y.

PL study of several single NPs revealed their good optical properties with line widths
similar to that of epi-grown reference, both at room temperature and 77K. Detailed discussion of
the PL data of substrate free InP NPs is given in Paper C and related Supporting information.

3.5.2

InP pillars with InGaAsP QW disks

For µ‒PL investigations of nanopillars with single QW disk, they were released from the
substrate and transferred on Si substrate using the stamping method described above. The
InP/InGaAsP/InP QW NPs were gently scratched from the InP substrate. Consistent with PL
results of NPs with QW disks on substrate, the substrate free QW NPs show very good optical
properties ‒ even from single pillars at room temperature (Figure 3.14 (a)). For TEM analysis,
the nanopillars were gently scratched and suspended in isopropanol. The nanopillar suspension
was sonicated for 5 min prior to its transfer on copper grid with a dropper. TEM study (Paper
C) of nanopillar in region of QW disk showed smooth side walls with ~2 nm amorphous surface
(native oxide) region.
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Figure 3.14: PL spectra of a single InGaAsP/ InP QW nanopillar on Si at (a) Room
temperature (RT), inset shows SEM i mage of a single nanopilla r on Si and (b) 77 K .

3.6 Time resolved Photoluminescence (TRPL) of InP
nanopillars
Although PL results demonstrate high quality of NPs in term of Intensity and line widths,
TRPL measurement is made to confirm the optical quality and to understand carrier dynamics in
these pillars. TRPL measurements are made on InP NPs on InGaAs layer and on free InP NPs
(i.e. without InGaAs layer) transferred to Si substrate. Reference epilayers (structure I; described
in section 3.3) are also measured for comparison.
As shown in Figure 3.15, the PL decay for InP with a InGaAs layer shows a very clear two
exponent process, with a faster and a slower components. The following double exponential
function is fitted to TRPL decay curve:
⁄

⁄

where I (t) is the PL intensity at time t and I0 at t0. τ1 and τ2 are the PL lifetimes, for the two
processes 1 and 2, respectively. I1 and I2 are constant coefficients. The short decay exponent
with τ1 = 255 ps is associated with carrier transfer into InGaAs layer. The longer decay time
(τ2 ~1 ns) is the radiative recombination of carriers in InP NPs and is very similar to that of the
reference InP sample. InP NPs freed from substrate and transferred on Si show a single decay
component with a life time of 1.15 ns, and confirms that shorter decay time is due to carrier
feeding into the InGaAs layer. The diffusion length (LD) corresponding to this lifetime is ~500
nm, which is calculated from the relationship

√

where the diffusion coefficient

D = 2.2 cm2/s, is used.109 To confirm the hypothesis of carrier feeding to InGaAs layer and to
experimentally determine diffusion lengths, cathodoluminescence (CL) measurement are made
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on InP NPs on InGaAs. Details of the CL study are presented in Paper D, and are briefly
discussed in the following section.
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Figure 3.15: Room t emperature TRPL decay cur ves measured from InP NPs on
InGaAs layer and free InP NPs transferred on a Si wafer. The exponential fit s are
shown by the thick grey lines.

3.7 Cathodoluminescence measurements of InP
nanopillars
In order to postulate the draining of carriers to underlying InGaAs and to experimentally
determine diffusion lengths, cathodoluminesence (CL) measurements were performed using a
dedicated SEM with a He cold stage.84 An acceleration voltage of 5 keV and probe current of
10-25 pA were used for this study keeping the sample temperature at 8K. The NPs are
investigated in side-view along the cleaved edge of the sample. In CL, the charge carrier
diffusion in the sample controls the spatial resolution; hence the diffusion lengths could be
determined from intensity profiles. 110,111 Figure 3.16(a) shows a SEM image of an area with a
nanopillar. Monochromatic CL images corresponding to InP emission and InGaAs emission are
shown in Figure 3.16 (b) and (c), respectively. Figure 3.17 (a) shows the CL spectra of InP and
InGaAs. The intensity profile in InP and InGaAs is shown in Figure 3.17(b). For InP emission,
the intensity drops towards base of the NP while it increases towards the base of NP for InGaAs
emission. This confirms the carrier transfer from InP to InGaAs. These experiments also
demonstrate the use of InGaAs as a ‘detector’ to monitor carrier transport in InP NPs and NWs.
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Figure 3.16: (a) Side -view of InP nanopill ars on substrate during CL measurements
and corresponding CL micrographs showing (b) InP emission scan, where InP pillars
appears as bri ght lumi nous column and ( c) InGaAs emission scan where intensit y
profile shows increase in intensity towards In GaAs layer.

Diffusion lengths (LD) measured with monochromatic CL intensity profiles from different
NPs are in the range of 300-500 nm (PAPER D). These results are comparable to the values
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Figure 3.17: (a) CL spectra of InP NPs, InGaAs, and n+ InP -substrate. (b) Intensit y
profile of InP and InGaAs emission for same nanopillar obtained fr om monochromatic
CL i mages. The locati on of InGaAs layer is also mar ked.

3.9 Reflectance measurements
The incident light in nanopillars is concentrated at a microscopic level 112 due to their
geometry and high refractive index compared to air surrounding them, consequently more light
is absorbed within nanopillar geometry. As a result, the number of generated electron hole pairs
is increased, leading to higher efficiency of solar cell device. Both InP and GaAs pillars were
evaluated for their reflectance to evaluate their use for light trapping (Paper C and E). The
measured total reflectance from these nanostructured surfaces show substantial reduction
compared to bare substrates. Figure 3.18 shows the total reflectance measured from GaAs NP
arrays. Suppression of reflectance from over 35% to ~5 % is obtained for a broad wavelength
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range (380‒2000 nm) and is advantageous for solar cell applications. Details of this study along
with simulations are given in Paper D.
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Figure 3.18: Total ref lectance (specular + diffuse) of the frustum GaAs NP array and
that of the bare GaAs substrate measured usi ng an integrating sphere. ( Paper D)

3.8 Study of atomic layer deposition on nanopillars
Atomic layer deposition (ALD) enables highly conformal thin film deposition over a large
area.113 Apart from several applications in electronics, ALD is also being used to fabricate core
shell nanowires114 and to form protective coatings on nanowires. 115,116
Here, our objective was to investigate the effect of different capping layers on the optical
properties of InP based pillars. Al2O3, and AlN films of different thicknesses were deposited
using a Beneq TFS-500 capacitively coupled remote plasma ALD reactor in Aalto University
Helsinki. Figure 3.19 shows PL spectra of InP pillars and InP/InGaAsP/InP QW disks with
different ALD coatings. There was not any dramatic effect of these ALD layers because these
NPs already have very good luminescence, comparable to that of reference epi-layers. With 5Å
AlN coating, the PL intensity increases ~1.2 times in InP pillars and ~1.9 times in QW NPs. It
indicates that AlN is working as passivating layer on InP based NPs. PL intensity increases with
2 nm thick AlN for InGaAsP QW disks, but it degrades in InP pillars. Al2O3 layers with 5.5Å
and 2 nm thicknesses on InP pillars do not seem to effect much and there is no appreciable
change in PL intensity. In conclusion, these studies show that ALD coatings have marginal
surface passivation effect. One primary reason is that the etched NWs, themselves have
negligible non-radiative surface recombinations. However, Al2O3 appears to be a good candidate
as a protective coating.
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Figure 3.19: Room temperature PL spectra of ALD coated NPs (a) InP NPs on InGaAs
layer and (b) InP/ InGaAsP/ InP QW NPs.

C HAPTER 4
C ONTROLLED S CULPTING AND P ASSIVATION OF
III-V N ANOSTRUCTURES
Atomic layer growth with precise control over material mole fraction and dopant
concentration is a key factor for several electronic and photonic devices. Fabrication accuracy
and surface damage are common limiting factors in device processing and have adverse effect
on device performance. Many surface passivation approaches38,42 are used to achieve good
surface morphology with minimum surface recombination, especially for electronic and
photonic devices. In addition, proficient methods are required to remove material (etch) with
precise control and without surface damage to realize best device performance. These methods
are not only useful to improve the morphology of dry etched structures but could also be applied
to push the limits of common top down approaches and to fabricate nanostructures with new
shapes and topologies. This chapter mainly deals with the results obtained in Paper F.

4.1 Sulfur-oleylamine (S-OA) based wet etching process
S-OA solution was prepared by dissolving high purity sulfur (99.99%) in technical grade
oleylamine (C18H37N) from Sigma Aldrich. The solutions with different concentrations of S are
prepared at ~75°C with typical dissolution time of about 1 hr. The preparation and properties of
the S-OA solution are detailed in Paper F and its associated supporting Information. The study
on solution treatment with different concentrations and at different temperatures was made to
optimize etching conditions (solution) to achieve etched surfaces retaining the epitaxial step
flow morphology. Initial study was made on InP substrate and on epitaxially grown layers of
InP. Figure 4.1 presents this study made for different S concentrations and temperatures. At an
optimized concentration of 1.5%, the etch depth as function of time and temperature dependence
of the etch rate is investigated. The results (Figure 4.1(c)) show that under the chosen solution
parameters, the S-OA reaction with InP is rate-limited. The activation energy for InP is 83 meV,
calculated from the slope of the Arrhenius plot shown in Figure 4.1(c).
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Figure 4.1: Etching of InP in S -OA solution: (a) Dependence of etch -rate on sulfur
concentration at const ant temperature and etch time. (b) Etch depth as a function of
etch ti me at 95 ° C and 1.5% S concentration. (c) Arrhenius plot obt ained from the etch
rate ‒ temperature dependence data . [Paper F ]

The etchant in the solution is formed by reaction of sulfur and oleylamine. Oleylamine
with molecular formula C18H37N is a primary class of fatty amines derived from fats and oils,
containing several carbon-chain length moieties. Oleylamine plays a significant role for
synthesis of nanostructures (quantum dots, wires, rods) acting as a surfactant117,118 and sometimes
just with thermal decomposition of a complex formed after reaction of oleylamine with a single
precursor. 119 , 120 Reaction of sulfur with amine has not been elucidated due to difficulty in
isolating the unstable reaction products. However, presence of H2S and polysulfides has been
confirmed by different techniques. 121,122
As prepared S-OA solution has bright yellowish-orange color and changes to brown with
increasing S concentration. Ionic ammonium polythioamine salts are responsible for the bright
color of S-OA solution and hydrogen sulfide is accountable for its conductance. Production of
ammonium poly sulfides (NH4)2Sx also cannot be overruled in presence of ammonia, hydrogen
sulfide and water (as impurity). X-ray photoelectron spectroscopy (XPS) analysis of treated
sample indicates presence of inorganic sulfides (possibly attached to Indium and Phosphorous)
and organic sulfides attached to carbonaceous materials. The XPS results are reported in Paper
F, supporting information.
Although the whole mechanism of etching is not well understood but based on previous
findings and XPS analysis of treated samples, the following model for the etching mechanism is
proposed.
In presence of excess alkylamine, sulfur acts as an oxidizing agent giving alkyl ammonium
polysulfide, where hydrogen sulfide plays a part to make it reactive providing its sulfur. 123 The
presence of polysulphides and H2S favors simultaneous passivation and very slow etching. At
temperatures up to 70 °C the solution shows pH ~7 with S concentration up to 3%, indicating
lower amount of H2S that probably helps to etch the material away. As a result, at this
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temperature we do not see prominent etching, and this regime can be used for passivation alone.
However, increasing the temperature to 100 °C increases the solution pH to 6, indicating higher
amount of H2S in the solution and hence increasing the etch rate. Alkyl ammonium poly sulfides
initially get adsorbed on the surface of InP and bond to Indium or phosphorous. The bonded
sulfur can bridge In-P bond to form InP4 that is dissolved in solution removing the layer and
reaction continues for next layer. This etch mechanism follows the findings of Maeda et al.,124
where analysis of ammonium polysulfide treated InP reveal the presence of indium and
phosphorus polysulfides on the surface confirming sulfur bonding to both In and P. This
mechanism is also favored by our AFM characterization results (Figure 4.2 and 4.3) which show
layer by layer etching.

4.2 Precise etching with monolayer control
Optimized etch conditions are required for layer by layer etching, in an inverse epitaxial
fashion. Sulfur solution with 3% and lower concentrations maintain the epitaxial surface
morphology during etching of InP. However, 3% S solution is viscous and leaves residues on
sample surface which are not desirable. The solution with 1.5% S concentrations at 90 ‒100°C
etch reasonably fast with etch rates [0.25-0.5 nm/min] compared to solutions with lower
concentrations without destroying the epitaxial surface morphology. Under these conditions, the
material is removed in an inverse epitaxial manner without any inhomogeneites (roughness, pits
etc.,) as shown in Figure 4.2 where epitaxial surface morphology is maintained after ~11 nm
etching. The epitaxial flow steps are continuous on the etched and unetched regions and clearly
demonstrate that the etching occurs in an inverse epitaxial manner without degradation of the
atomic layer steps. The irregularities and roughness at the boundary between two regions is due
to limitations of mask-definition process. The visibility of flow steps on etched surfaces
decreased with longer etching time due to large difference of height between two regions and
photoresist residues (not shown). However, the etched regions far away from the mask edge
were residue free and show the epitaxial step flow morphology. Therefore, the solution with
1.5% S concentration at temperature range of 90-100°C is selected for controlled etching of
nanostructures. At temperatures lower than 90°C, the reaction is too slow to be noticed for small
time intervals. When temperature is increased above 100°C, the etch rate increases and
monolayer step etching could not be maintained. At high temperatures, excess hydrogen sulfide
formation which either by itself increases the etch rate, or favors production of (NH4)2Sx that
reacts with InP along with alkyl polysulfides. Due to different reaction energies and etch rates of
both components, the etching does not proceed uniformly.
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Figure 4.2: Etching of an epitaxial InP in S -OA solution. The micro pattern was
defined by conventional photolithography. The continuity of epit axial flow steps on
masked and etched region is clearly visible.

The effect of etching on the surface morphology was investigated using unpatterned
epitaxial samples, thus avoiding problems with photoresist residues. Representative AFM
images of the etched samples are shown in Figure 4.3. These investigations showed that samples
etched for durations of 5-135 min corresponding to removal of ~ 6 ‒ 110 MLs of InP confirm
that epitaxial surface morphology is maintained. Although, the epitaxial flow steps are visible
even after 55 nm etching, redeposition of etch product could be observed.

Figure 4.3: AFM i mages (10X10 µm 2 ) of (100) epitaxial InP samples: (a) as -grown
epitaxial surface, (b) after etching ~20 nm ( 45 mi n), and (c) after etching 55 nm (135
mi n).

4.3 Study of etching planes
Lines and circular hole patterns, on (100) InP substrates were defined by e-beam
lithography, to study etching along different crystallographic planes. The patterns were etched in
S-OA solution at optimized parameters. Since the reaction in S-OA solution is rate limited,
resulting etch profiles are expected to be anisotropic depending on type and bonding of In and P
atoms. The anticipated etching planes are {100} and {110}, whereas {111} would be etch stop
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planes being the most stable due to its highest binding energy with respect to other two families
of planes. The cross-sectional view of line patterns etched for 300 min showed re-entrant
profiles with a height of 125 nm and with very smooth surfaces (Paper F). Although, the
process has the disadvantage of long processing times, it can be applied to get high quality
gratings for different applications. Anisotropic etching with different etch rates for the different
crystal planes can be investigated using circular holes. The rhombus shape of the treated hole
(Figure 4.4) reveals {100} and {110} etch planes, whereas the emergence of other planes, most
likely {111}, at the corners could also be observed. Being the etch stop planes, these planes
become prominent with longer etching. An improved top surface morphology is also visible in
Figure 4.4 (b). Etch rate in [100] direction is 1.5 times faster compared to [110] with an
experimentally measured value of 0.42 nm/min and 0.27 nm/min, respectively. Etching on mesa
structure with tapered profiles ( Figure 4.4 (c) and (d)) also confirms the anisotropic etching with
{100} and {110} as the main etching planes; facets formed due to anisotropic etching are also
visible.

Figure 4.4: Magnified SEM i mages showing top view of a 150 nm diameter circular
hole in InP (a) before and (b) after treat ment. (c) and (d) Tilted view of tapered mesa
structure showing etch profile before and aft er treatment. Insets show top view s of the
structures, respectivel y. Scale bar s are 100 nm.
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4.4 Fabrication of nanowires with different shapes and
geometries
The highly controlled etch rates and the anisotropic aspect of the etch process can be
applied to change the shape and geometry of nanostructures and new topologies are possible to
generate with highly controlled etch rates. In this work, a 250 nm thick InGaAsP membrane with
triangular lattices of air holes are treated to make nanowire meshes with different geometries.
Detailed fabrication of these patterns including InGaAsP membrane is discussed in paper F.
Some representative nanowire geometries are presented Figures 4.5. The obtained shapes, with
etching under similar conditions, are consistent with anisotropic etching along the different
crystal planes. The two dimensional nanowire meshes with smaller diameters remain connected,
but those with wider holes, form detached zigzag nanowires. In Figures 4.5 (a-f) the thickness of
meshes is uniform due to similar etching rate along [001] and is visible in respective insets of
cross sections. The treatment on the same structure for prolonged time decreases the thickness of
membrane as well.

Figure 4.5: Top and cross -sectional SEM views of demonstrative nanowire mesh
geometries, obtained by reshaping pre -fabricated circular air holes of different
diameters in InGaAsP membrane. The orientations of the patterns are orthogonal to
each other in upper and lower panel). The obtained shapes of nanowire meshes using
1.5% S solution for 1.5 hrs at 92°C from ini tial hole diameter of ( a) and (b) 200 nm,
(c) and (d) 250 nm, (e) and (f) 300 nm. The scale bar is 200 nm.

As demonstrated above, different shapes and geometries are possible depending on
material, hole diameter, period, and the lattice (hexagonal, square) and its orientation with
respect to crystal axes. For example, the treatment on hexagonal lattice, with hole diameter of
150 nm and 420 nm lattice period, (Figure 4.6) is made to see the developments of different
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mesh geometries with prolonged etching. The results shown in Figure 4.6 were obtained on the
same epitaxial structure used for InGaAsP membrane fabrication. Instead of making membrane,
the whole structure was treated here. The treatment on small holes gives room for different
planes (Figure 4.4 (b)) to emerge and develop with prolonged etching. Mesh patterns with new
shapes develop (different than described in the above for large hole diameters) with continuous
etching of holes due to merging along fast etching planes as shown in Figure 4.6. The thickness
of structures in InGaAsP is ~100 nm, whereas the top InP layer is completely etched during
prolonged treatment. It is possible to make very thin InP wires and dots (Figure 4.6 g and h) as
well, by growing InP top layer thicker (~250-300 nm) and selectively etching the InGaAsP layer
or using other suitable epitaxy.

Figure 4.6: SEM i mages of mesh geometries, obtained by reshaping circular holes of
150 nm diameter with etching ti mes. Differ ent mesh geometries are obtained using
1.5% S solution at 92°C with etching ti me of (a) and (b) 60 min, (c) and (d) 125 nm ,
(e) and (f) 190 nm, ( g), (h) 230 min. Scale bar is 200 nm.

Nanoribbons and nanowires (zigzag and plane) with very smooth surface morphologies
are also made using the same combination of top down fabrication (patterning of 1D slots or
circular holes) and post etch wet chemical treatment. Some representative examples of the
fabricated “suspended/free” planar InGaAsP nanowires and nanoribbons are shown in
Figure 4.7. Such planer nanowires could be potentially interesting for nanomechanical electronic
or sensing devices.125 In addition, high quality (morphology and optical quality) free wires (80
µm) are desired candidate for in plane single wire devices.
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Figure 4.7: SEM i mages showing Nano ribbons zi gzag wires generated from 1D slots
and photonic cr ystal air hole patterns in InGaAsP membrane. Lef t panel : (a) presents
as fabricated 1 D slots and (b-d) generated nanoribbons with dif ferent duration s of
etching. Ri ght panel: (e) as‒fabricated photonic crystal pattern and ( f) shows free zi gzag wires generated fr om structure shown in (e) .

4.5 Controlled
nanopillars

diameter

reduction

of

InP-based

S-OA based process with with highly controlled etch rates, is used to sculpt InP-based
nanopillars fabricated by top-down approach, described in Chapter 3 to generate cylindrical
NWs with diameters < 50 nm. Basic study is made on fabricated nanopillars on epitaxial
structure I and II (Section 3.3, Chapter 3). Using the optimized S-OA process, nanopillar
diameters are reduced with precise (nanometre) control and remarkable surface morphology.
After S-OA treatment, the lateral size reduction of as-etched NPs without change in their heights
is demonstrated by results shown in Figures 4.8 and 4.9. The small contact area (due to its
spherical shape) of silica mask particle prevents etching in the vertical direction. The lateral
etching reduces the diameter in a very controlled manner and generates nanowires with an
average diameter of 40 nm. There is no measureable change in size of silica particle due to its
high selectivity as etch mask in the solution. Fabricated nnanopillars have size variation in their
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diameters due to SiO2 particles [± 5%; quality grade: 1 σ], used as etch masks. These size
variations become prominent after diameter reduction. Variation of ± 20 nm does not make a big

Figure 4.8: 8° tilted cross -sectional SEM views of fabricated pillars (a) without
treatment, and (b) after wet chemical treatment in S -OA solution for 90 min at 92 °C.
Note the retained silica mask particles are vi sible.

difference for the PL spectra of InP nanopillars with average diameter of 200 nm. However, this
is not the case when nanopillar size is reduced to ~ 40 nm. Due to uniform etching rate, the
original magnitude of variation is not altered. The distribution in nanopillars/nanowire diameter
cause broadening of PL spectra especially for InGaAsP/InP QW nanowires and is discussed in
Paper C and F in detail. Further etching of nanowires, results in reduced density of nanowires
with diameters in the range 10-15 nm. Again due to size distribution, with prolonged treatment
the nanowires with smaller diameters are totally etched away; only wires with larger initial
diameters are remained. However, most of these remaining wires were invariably bent as shown
in Figure 4.9 (b), possibly due to surface tension effects arising from the solution drying process
or due to stress.

Figure 4.9: SEM i mages showing nanowi res with prolonged t reatment. The size
variation is apparent in (a). (b) Shows10-20 nm diameter InP NWs.
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4.6 Surface passivation
Passivation of surface states is an important processing step for most semiconductor
devices. The S-OA process developed in this thesis work has distinct advantage of simultaneous
passivation along with high precision etching. Surface passivation of dry etched materials is
possible with negligible etching or by removing only the near-surface damaged layer. Surface
passivation results obtained in this work for InP, GaAs, InGaAs and InGaAsP (bulk and QW)
are promising for device applications. The passivation effect is qualified by enhanced PL
intensities and line-widths as good as unprocessed (pristine) materials.
The surface recombination velocities in InP is small enough to eliminate significant
influence of nonradiative surface recombination on the observed PL intensity.109 This is also
supplemented by measuring carrier life times (~ns) in InP nanopillars (section 3.6). Consistent
with this, the undoped epitaxial InP and as-etched InP NPs showed only modest increase in PL
intensity. However, the treatment on nanopillar arrays fabricated on InP substrates etched by
Cl2/H2/CH4/Ar chemistry (Paper A) show ~14 times enhancement in PL intensity as shown in
Figure 4.10 (a). The S-OA solution treatment under optimal conditions (75°C for 1 hr) etches
their surfaces slightly to removing the damaged layer and simultaneously provides surface
passivation. Results clearly indicate the effect of surface passivation, and is supported by XPS
results on InP treated with S-OA solution, showing a dramatic reduction in oxygen on treated
samples when compared to untreated one [Paper F]. GaAs, due to its high surface
recombination velocity (105-106 cm/s), requires passivation. The S-OA treatment on epitaxial
GaAs results in efficient increase (12 times) in the PL intensity ( Figure 4.10 (b)). Fabricated
pillars on GaAs epilayers show similar effect of passivation. Importantly, The S-OA process not
only enhances PL intensity but also recovers the PL linewidth as shown in inset of
Figure 4.10 (b). PL results of nanopillars with InGaAsP single quantum well (treated for only
passivation without any etching at 70 °C for 1‒2.5 hrs) show enhancement of 8-15 times
depending on passivation time. Qualitatively, similar results were obtained for InGaAsP/InP and
InGaAs/InP multilayer NPs. As reported in Paper F, simultaneous passivation of InGaAsP
during fabrication of nanomesh structures was also observed by enhancement in PL.
Study of concentration dependent passivation effect at three temperatures (65 °C, 75 °C
and 85 °C) on InGaAsP/InP QW nanopillars is presented in Figure 4.11. As discussed earlier in
section 4.1, the etch rate increases linearly with increasing sulfur concentration and
exponentially with temperature. PL intensity of InGaAsP/InP QW NPs increases linearly but
marginally, with S concentration at 65 °C due to passivation effect alone. But a clear increase in
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(a)

(b)

Figure 4.10: Passi vation effect measured by PL yield from: (a) InP NPs, before and
after passivation. Inset shows NPs before and after treatment (scale bar is 100 nm) .
(b) GaAs NPs, before and after treat ment; the inset shows nor malized PL spectra of
NPs and epilayer for comparison of linewidt hs.

PL peak intensity for samples treated at 75°C up to 5% concentration is seen. Thereafter, it
decreases. This can be explained as follows. The slow etching below 5% concentration,
progressively removes the damaged surface layers. At higher concentrations (10 %), due to
increased lateral the pillars become too narrow and PL intensity drops due to significant
decrease in the effective fill factor. However, we note that it is still ~10 times higher than
as‒etched ones, clearly indicating simultaneous passivation while sculpting the NWs. At
85°C, etch rate is high enough to remove damaged layers at lower concentrations (up to 3
%) as well, resulting in enhanced PL intensity. Etch rates increase dramatically with
further increase in concentration, decreasing pillar diameter and density due to over
etching, resulting in reduction of PL intensity.

Figure 4.11: Passi vati on effect measured by PL peak intensit y (λ p e a k ~ 1180 nm] from
InGaAsP/ InP QW NPs as a function of S concentration at different temperatures.
represents PL peak int ensity of as ‒etched NPs. The lines are drawn onl y to guide the
eye.
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4.7 Etching results for different III-V binaries
Investigations of S-OA treatment on InSb, InAs, InP and InP based heterostructures, GaAs
and GaP show its effectiveness for different semiconductor materials. Investigation of etch rates
and its dependence on temperature for the different III-Vs listed above correlates, as expected,
with the bond strength of the semiconductor material. Thus, these experiments suggest the utility
of this S-OA treatment for effective passivation of III-V surfaces in nano- and micro/macrodevice structures.
Microstructures on (100) surfaces of these materials are defined with conventional
photolithography to study etch rates. The treatment time is 300 min for temperatures up to 75℃
to measure negligibly small etch rates. For 60℃ a d below the etch rates are negligible even
with very long treatment time. For temperatures 95℃ a d above the etch rate are mea ured
for treatment time of 180 min. The following table shows etch rates of different materials as
function of temperature; the S concentration was 1.5%.
Temperature

Etch rates (nm/ mi n)
InSb

InAs

InP

GaAs

GaP

RT

0.04

0.02

N.M

N.M

N.M

60℃

0.08

0.07

0.06

N.M

N.M

75℃

0.45

0.38

0.08

0.04

N.M

85℃

1.58

0.81

0.13

0.07

N.M

95℃

3.0

1.3

0.3

0.12

.03

105℃

6.07

3.88

1.37

0.3

…

Table 5.2: Etch rat es of different III -V materials as function of the treatment
temperature. N.M ‒ not measurable

C HAPTER 5
I N P BASED NANODISKS
Advances in nanofabrication has opened up new possibilities of realizing ultra-light,
smart, multifunctional devices.46,47 Particularly heterogeneous integration of GaAs, InP and
related alloys on Si is being extensively studied.49-51,126 However, direct integration of III–V
material on Si still remains a challenge. Direct epitaxial growth of III-V,52,53,127 wafer bonding,55
epitaxial lift-off,56 are some methods being pursued for III-V on Si. Alternative methods are
being developed to distribute large quantities of material on Si or other substrates.6,57 For high
efficiency devices, the material to be integrated must be of good quality, with low surface state
density and crystallographic defects. 38-41 Although significant efforts on nanowire growth have
improved doping and crystalline quality,28,29 precise control over material composition and
dopant concentration is required to obtain the desired stack of layers and doping profiles for
device applications. On the other hand, nanowires could be fabricated from high quality user
defined epitaxial layers by top down approaches,36 and could be potentially attractive for
nanowire devices requiring multilayers. Keeping the above needs in perspective, this thesis
work, first demonstrates the fabrication of NP arrays from epitaxially grown InP-based
multilayers. Subsequently, these multilayer NPs are used to fabricate InP, InGaAsP and InGaAs
nanodisks and transferred onto Si substrate with arbitrary densities. The InP and InGaAsP
nanodisks have very good optical properties. This approach is an alternative route for III-V/Si
integration and for multilayer NP devices.

5.1 Fabrication of nanopillars in epitaxial InP -based
multilayers
The NPs were fabricated using colloidal lithography and ICP-RIE (Chapter 3, Papers C
and G) from different multilayer stacks of InGaAs/InP and InGaAsP/InP. The details of the
samples are given in Paper G. The epitaxial stacks of different materials and layer thicknesses
were designed to investigate NP fabrication and subsequent nanodisk generation. Optimized etch
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parameters, discussed earlier (Chapter 3), produce ordered arrays of nanopillars consisting of
one or more of these materials˗ InGaAsP, InP, InGaAs. The results show that the etch depth can
be controlled by varying the process time, depending on the desired layers to be included in the
NPs. The results also indicated negligible differences in lateral etch rates of InP, InGaAsP and
InGaAs. The fabricated nanopillars from an InP/InGaAsP multilayer structure (Figure 5.1(a)) are
shown in Figure 5.1(b). As can be seen, uniform arrays of multilayer NPs with smooth side
walls are obtained. The SEM image also reveals the material contrast, delineating the different
layers. The fabricated multilayer nanopillars were organically cleaned and then treated with 50%
HF to remove the remaining silica mask particles. Finally, the samples were washed by rinsing
in deionized (DI) water and dried under N2 flow.

Fig u re 5 .1 : I nG a AsP /I nP mu l t il a yer NP arra ys : (a) Sc he ma t ic s k et ch o f I nGa AsP /I nP
mu l t ila ye r na no p i ll ar s wi t h a s up er i mp o sed c ro s s -s ec tio na l S EM i m ag e o f a fab ric at ed
na no p il lar a nd ( b ) SE M i ma ge o f t h e fab r ica ted mu l t ila ye r na no p il lar arr a y.

5.2 Selective etching for nanodisk generation
Material selective wet chemical etching is used to generate InP, InGaAsP and InGaAs
disks from InGaAsP/InP and InGaAs/InP nanopillars. To obtain InGaAsP and InGaAs
nanodisks, the pillar systems were etched with HCl: H2O in 2:1 ratios for 5 min to remove
(barrier) the InP layers in the NPs. After this process, the samples were rinsed in DI water and
dried at room temperature under nitrogen flow. To generate InP nanodisks, InGaAs and
InGaAsP layers were preferentially etched, with high selectivity, using H3PO4: H2O2: H2O and
H2O: H2SO4: H2O2. Although both etchants provide the required selectivity over InP, H3PO4:
H2O2: H2O used in the ratio 1.1:1 with an etch rate of ~1 nm/s was more suitable for selective
etching of both InGaAs and InGaAsP [Paper G].
A comparison of partially etched InGaAsP and InP layers is shown in Figure 5.2.
Nanopillars with partially etched InGaAsP layers, after 1 min of selective etching, are shown in
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Figure 5.2 (a). The InP layers show very good etch resistance in H3PO4: H2O2: H2O, but the
InGaAsP layers are etched. In contrast, the HCl:H2O solution rapidly etches the InP layers as
shown in Figure 5.2 (b) without any detectable change in the InGaAsP layers. Similar etch
selectivity of the HCl:H2O solution was observed in case of InGaAs/InP vertical structure and
allows fabrication of InGaAs nanodisk using the same etchant. Red and white arrows shown on
Figure 5.2 associate the layers being etched in one case, while untouched in the other. The white
arrows indicate the InGaAsP layers etched with H3PO4: H2O2: H2O and patterned arrows
indicate InP layers being etched with HCl: H2O solution, while keeping the other layer material
intact [Paper G]. Similarly, InGaAs and InP disks of different thickness are successfully
obtained. Sample preparation including stamping is discussed in detail in Paper G. The free
nanodisks generated from the multilayer NPs were transferred by PDMS stamp onto Si.
Preparation of PDMS and stamping procedure for nanodisks is similar to that for transferring
nanopillars, described in Chapter 3. Schematic illustration of generation and stamping of
InGaAsP nanodisks on Si substrate is given in Chapter 2, Figure 2.5. The density of transferred
nanodisks on Si is controlled either by exposing fewer layers while etching or during the
stamping process.

Figure 5.2: Comparison of partially etched (a) InGaAsP layers i n H 3 PO 4 : H 2 O 2 : H 2 O
and (b) InP layers in HCl: H 2 O solution, aft er 1 min selecti ve etching. [ Paper G]

5.3 Characterization of nanodisks
The main issues relating to nanodisks are their geometrical dimensions, spatial coverage
and optical properties. Scanning electron microscopy (SEM) and atomic force microscopy
(AFM) are used to characterize the geometrical properties and spatial coverage of the nanodisks.
Photoluminescence is used to measure the optical properties of the transferred nanodisks.
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5.3.1

Scanning electron microscopy investigations

The high density of InGaAsP nanodisks obtained on Si substrate (Figure 5.3) clearly
indicates a high yield of the stamping process. Similarly, InP nanodisks with uniform thickness
of ~100 nm as defined in the original structure, were stamped on Si with different densities.
Control over density can be easily achieved either by varying the number of layers in the initial
epitaxial structure thus altering the number of disks per nanopillar, or by modifying the density
of the pillars in the arrays by controlling the density of the colloidal silica mask particles. It was
also possible to transfer the entire stack of layers onto the receiver substrate (Si in this case)
depending on pressure exerted on the PDMS stamp during release from the source substrate and
deposition on the receiver substrate.
SEM was primarily used to determine the spatial density, diameter, and morphology of the
nanodisks. However, in high density areas, disks standing on their side give information about
their thickness as well. Such an InGaAsP disk standing on its side, ~50 nm thick, is shown in the
inset of Figure 5.3 (a).As shown on Figure 5.3 (b), nanodisks of different diameters can be
obtained, as determined by the tapered profile of the nanopillars. Similar investigations
performed on InP nanodisks show consistent thickness and diameters, as in the multi-layer NPs.
very thin nanodisks (20 nm) as well as full stack of InGaAs(P)/InP disks could be transferred
effectively on Si substrate.

Figure 5.3: SEM i mages of stamped InGaAsP nanodisks obtained from tapered
nanopillars showing their density and diameter distribution.

5.3.2

Atomic force microscopy investigations

AFM is used to obtain quantitative information on the nanodisk morphology and physical
dimensions, in particular their thicknesses. Figure 5.4 show AFM images of stamped InP and
InGaAsP nanodisks. The inset of Figure 5.4 (a) presents a 3D view of an InP nanodisk showing
very smooth surface morphology. Line-profiles obtained from the AFM images, give a clear
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measure of the thickness of InP and InGaAsP nanodisks (shown in Figure 5.4 (b) and (d),
respectively). As expected from the designed vertical structure, the InP sample contains only
~100 nm thick nanodisks (Figure 5.4 (b)), and the InGaAsP sample has nanodisks of three
different thicknesses ˗ 20, 50 and 100 nm (Figure 5.4 (d). These measurements also show that
the stamping process works for thin (20 nm) as well as for thicker nanodisks. Slight deviations
in the nanodisk thicknesses (higher for InGaAsP and lower for InP) from designed values are
mainly due to corresponding deviations in the grown structure. The surfaces of individual disks,
of both materials, at several positions of the sample were carefully investigated. The RMS
roughness was found to be less than 1 nm which is clear indication of very good selectivity of
the chemical etchant.

Figure 5.4: (a) A 5x5 µm 2 AFM i mage of InP nanodisks on Si substrate with inset
showing 3D view of InP nanodisks and (b) section analysis on various InP nanodisks.
(c) 10x10 µm 2 AFM scan of InGaAsP nanodisks on Si and (d) shows the s ection
analysis of a few of these nanodisks.

5.3.3

Photoluminescence

In order to investigate the effect of chemical etching on the optical quality of the
fabricated nanodisk, PL measurements were performed both at room temperature and at 77 K
and compared with those of reference samples. The PL study on InGaAsP nanodisks is
presented in Figure 5.5. The RT PL spectra measured at two different nanodisk regions shows
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intensity proportional to their density. The line-width of the PL is ~60 meV, similar to the
reference multilayer sample. PL spectra (77 K) several of InGaAsP nanodisks and the reference
sample show very similar the peak positions and the line widths. The comparison of PL
intensities of reference and nanodisks is not meaningful since the sample structures are very
different. We have used µ-PL technique to excite regions containing only few nanodisks (3-5
nanodisks) with a small spot size of ~ 2 µm and measured PL in many such regions. The results
together with luminescence from high density regions are presented in Figure 5.5(b). Good PL
was observed even from extremely low density regions, suggesting good optical quality of the
individual nanodisks.

Figure 5.5: PL spectra of InGaAsP nanodisks on Si with different densities (a) RT
and (b) 77 K. Insets show comparison of line widths for reference sample and
nanodisks from a hi gh and a low densit y area.

No significant shift in peak position due to the presence of 20 nm nanodisks is observed at
77K. Size confinement effect is very weak for these nanodisks due to the large diameters (~200
nm). However, it is also likely that 20 nm disks are lower in density and the thicker disks may
have a dominant contribution to the PL. Nanopillars fabricated with longer etching time in ICPRIE are conical profile and have small diameters. Very small nanostructures obtained from
conical pillars with diameters less than 100 nm were stamped (supporting information, Paper
G). In this case, thicker layers (100 and 200 nm) result in conical/frustum shaped nanostructures.
PL measurements show quantum confinement effect for these disks stamped on Si. Areas with
smaller size nanostructures showed energy shift of about 20 meV. Areas with larger disks (both
in diameter and thickness) have bulk like PL spectra. . Other areas, with aggregates of smaller
along with few larger disks, peak intensity is at higher energy level with the shoulder at lower
energy (bulk).
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PL investigations of stamped InP nanodisks also indicate high optical quality. The room
temperature PL spectra of InP nanodisks and the corresponding reference NP sample is
demonstrated in Fig. 5.6(a). The PL intensity of InP nanodisks is significantly stronger than the
reference sample, however, the PL peak energies do not differ. The weaker InP PL signal in the
reference NP sample is expected due to efficient carrier transfer from InP to lower band gap
InGaAsP layers. PL spectra from InP nanodisks at 77 K shows a narrow line-width of ~18 meV
which corresponds very well with previously reported values for single InP nanopillars.36 PL
spectrum for InP from multilayer ref is not obtained at normal excitation due to efficient carriers
transfer to InGaAsP layers at 77K. The strong luminescence intensity together with narrow linewidth clearly indicates the nanodisks of both materials possess a very good optical quality
without any surface treatment. Therefore; they are good candidates for optoelectronics and
photonic devices.

Figure 5.6: PL spectr a of InP nanodisks on Si with different densities at (a) RT . PL
from the reference multilayer NP array is also shown; and the inset shows a
comparison of nor mal ized InP PL of epitaxial multi -layer sample (solid -black) and
InP nanodisks ( grey) . (b) 77K ; Inset shows SEM i mage of hi gh density InP disks on
Si. In both graphs, InP disks (1) represents the highest nanodi sk densit y, and InP
disks (4) the lowest.

5.4 Post etch process
multilayer pillars

for

diameter

reduction

of

As discussed in Chapter 4, the sulfur-oleylamine process can be used for controlled
diameter reduction of nanopillars and surface passivation. . This process is now applied on InPbased multi-layer nanopillars for controlled diameter reduction, as shown in Figure 5.7. Optimal
temperatures were determined for controlled nanosculpting of both InGaAsP/InP and
InGaAs/InP multilayer NPs. In particular, tapered nanopillars were transformed into facetted
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cylindrical ones, with nearly uniform lateral dimensions all along the pillars. Although the etch
rates in S-OA solution for InP, InGaAsP, and InGaAs differ, nevertheless it is possible to find a
“suitable” temperature, where the etch rates become similar. This temperature is estimated from
the crossing point of the least square fits of the Arrhenius plots of the etch reactions for the
respective materials. Combining these processes with selective wet etching, could be a possible
route for fabrication of high optical quality quasi-3D particles as well.

Figure 5.7: Cross -sectional SEM views of InP -based multilayer NPs. Upper panel InGaAsP/ InP pillars : ( a) as -fabricated and ( b) after non -selecti ve etching with S -OA
solution for 135 min. Lower panel –InGaAs/ InP pillars: (c) as -fabricated, (d) after
non-selecti ve etching with S -OA for 135 mi n. Scale bar is 200 nm. The retained silica
mask particles and the material contrast in the NPs are visible in all images. The
faceting of the NPs after anisotropic S -OA et ching is also clearl y seen.

C HAPTER 6
C ONCLUSION AND OUTLOOK
This thesis work has focused on top down fabrication of high optical quality
III-V semiconductor nanostructures and their characterization. A novel post etch process was
developed and implemented to push the limits of conventional top-down approach for
fabrication of high optical quality III-V semiconductor nanowires.
InP-based nanopillar arrays were fabricated by dry etching using self-assembled colloidal
silica particles for masking. The effects of etch parameters such as radio-frequency power, ICP
power, and etching time on pillar fabrication were investigated. Suitable choice of etch
parameters and erosion of colloidal mask during etching was utilized to modify nanopillars from
nearly cylindrical to conical shapes. Tapered nanopillars with continuous grading of refractive
index are ideal as broad–band antireflecting surfaces in solar cells or for light extraction in light
emitting diodes. Needle-like nanostructures could also be used as field emitters, to reduce the
turn-on voltage by the enhanced electric fields at the tips. 128 Nanopillar arrays were also
realized in epitaxially grown InP, GaAs, InP/InGaAsP, InP/InGaAs heterostructures including
QWs. Moreover, nanopillars fabricated on InGaAsP/InP and InGaAs/InP multilayers were used
to generate nanodisks of these (InP, InGaAsP, InGaAs) materials by preferential etching of one
or the other material. Obtaining high optical quality and high density nanopillar arrays with selforganized assembly of mask particles is a challenge in itself. In general, processing using
lithographically defined structures to transform quantum wells into quantum dots introduce
surface damage and defects causing nonradiative transitions, which degrade the optical
properties. With the fabrication technology demonstrated in this work, it was possible to
overcome several of these limitations of top-down fabrication. InP-based nanopillars, single and
in arrays, show excellent photoluminescence (PL) at room temperature and the measured PL
line-widths are comparable to the as-grown wafer representing the high quality of the fabricated
nanostructures. These nanopillars have negligible surface states with carrier life times as in
reference epi-layers and are ideal candidates for different optoelectronic applications including
photovoltaics. CL studies of carrier diffusion length in InP NPs provided an outlook for better
engineering of devices. Along with high optical properties, nanopillars show significant
suppression of surface reflectance over broad wavelength ranges which make them a potential
candidate for light harvesting applications. Further, generation of high optical quality InP and
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InGaAsP nanodisks demonstrate high quality processing with negligible surface damage related
to dry etching or the surface states produced by wet etching processes.
A novel post etch chemical process based on S-OA was developed for III-V materials,
which etches the material with monolayer precision in an inverse epitaxial manner. The process
was applied to push the limits of top-down fabrication for nanostructures. InP-based high optical
quality vertical nanowire arrays with aspect ratios more than 50 and nanostructures with new
topologies were demonstrated. In-plane arrays of nanowires and ribbons were generated using
this novel process. A natural extension of this work would be to investigate other III-V
materials, long term stability of surface passivation, compatibility of the process chemistry with
conventional device processing and demonstration of its use in selected electronic and
optoelectronic devices. The utility of a soft stamping technique to transfer free nanopillars/wires
and nanodisks, with arbitrary densities, on other substrates such as Si, was demonstrated. The
single crystalline ribbons, nanowires described above, can be assembled on any substrate, Si or
low cost plastics, by this stamping method for different electronic or photonic applications.
Fabrication of III-V semiconductor nanostructures and their detailed characterization,
which is instrumental for translating the exhibited behaviors into efficient device applications,
has been the main emphasis of this thesis work. Thus, a natural follow-up of the work is toward
device applications. Possible directions include development of flexible III-V nanowire solar
cells using the fabrication concepts demonstrated here, multi-layer NP optoelectronic devices,
and new composite materials using transferable III-V nanostructures for integration of
advantageous properties of III-Vs (or others) in other host materials (polymer, Si etc.).

C HAPTER 7
G UIDE TO THE PAPERS
M- Y. LI, S. NAUREEN, N. SHAHID, AND S. ANAND, “FABRICATION OF
SUBMICROMETER INP PILLARS BY COLLOIDAL LITHOGRAPHY AND DRY ETCHING ,” J.
ELECTROCHEM . SOC. 157 (9), H896–H899 (2010).

PAPER A:

In this paper, a simple and cost effective method for sub–micron pillar fabrication is
demonstrated using colloidal silica particle as masks and ICP-RIE based dry etching. The effect
of etch parameters for Cl2/H2/CH4/Ar chemistry is investigated to obtain nanopillars with
different shapes, sizes and aspect ratios. Cylindrical nanopillars with lateral diameter ~60 nm
and aspect ratios 10:1 are achieved. Erosion of colloidal SiO2 mask particles with suitable etch
parameters is used to fabricate needle-like nanopillars with very sharp apex which are interesting
as field emitters and tapered nanopillars as antireflecting surfaces for solar cells.
Author Contribution: Sample preparation including colloidal lithography, SEM
characterization, part of data analysis and writing of the paper.

PAPER B: S. NAUREEN, P. RAJAGEMBU, R. SANATINIA, N. SHAHID, M-Y. LI,

AND

S. ANAND,

“NANOSTRUCTURING OF INP BY COLLOIDAL LITHOGRAPHY AND ICP ETCHING FOR PHOTOVOLTAIC
APPLICATIONS ,” 23RD INTERNATIONAL CONFERENCE ON INDIUM PHOSPHIDE AND RELATED
MATERIALS BERLIN, GERMANY – IPRM, ISBN: 978-3-8007-3356-9 (2011).

Fabrication of nanopillar arrays over large areas is demonstrated. Oxygen plasma
treatment of surfaces improves the dispersion of colloidal mask particles on InP surfaces.
Cl2/H2/CH4 based etch chemistry is used to fabricate nanopillars with varied sizes by dispersing
colloidal SiO2 with different sizes on the sample and/or by reducing size of particles after
dispersion. Size reduction of silica particles after dispersion is used to overcome lag effect
observed during etching of closely packed particles. Nanopillars with improved surface
morphologies and aspect ratios in excess of 15:1 have been obtained. Addition of Ar to this
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chemistry indicates rougher surface morphologies and required surface passivation to improve
the PL.
Author Contribution: Major part of sample fabrication, SEM characterization, Data
analysis and writing of the paper.
S. ANAND, “HIGH OPTICAL QUALITY
INP-BASED NANOPILLARS FABRICATED BY A T OP-DOWN APPROACH,” NANO LETT. 11 (11), 4805–
4811 (2011).

PAPER C: S. NAUREEN , R. SANATINIA, N. SHAHID,

AND

Supporting information: nl202628m_si_001.pdf, pp.1–6.
This paper demonstrates the fabrication and characterization of dense nanopillar arrays on
epitaxially grown InP and InP/InGaAsP/InP quantum well structures. Nanopillars in InP and
with InGaAsP disks show exceptionally good optical properties both at RT and 77K. Measured
PL intensities and linewidths which are a measure of fabrication quality of nanostructures, are
comparable to as grown epitaxial reference. The uses of InGaAs layer below InP pillars, as
blocking layer to stop PL signal from substrate and sacrificial layer to obtain substrate free
nanopillars is demonstrated as well. A transferring technique based on a PDMS soft stamp is
introduced to transfer nanopillars with arbitrary densities onto other substrates.
Author Contribution: Fabrication of nanopillar samples (major part), PL characterization
(major part), SEM characterization, development of PDMS stamp and methodology for
transferring nanopillars, and writing of the paper.

PAPER D: S. NAUREEN, N. SHAHID, A. GUSTAFSSON, V. LIUOLIA, S. MARCINKEVICIUS

AND

S.

ANAND, “CARRIER DYNAMICS IN INP NANOPILLAR ARRAYS FABRICATED BY LOW -DAMAGE
ETCHING ,” SUBMITTED TO APPL . PHYS . LETT .

This

paper

presents

micro-photoluminescence

(μ-PL),

time-resolved

PL

and

cathodoluminescence (CL) measurements to probe the optical quality of InP nanopillars (NPs)
fabricated by a top down approach. Experimentally determined 77K and room-temperature PL
intensities, carrier lifetimes and diffusion lengths are used as quality indicators. Both PL linewidth and carrier lifetime in NPs are as good as of starting epitaxial layers. Carrier feeding to
underneath InGaAs layer is indicated by double exponential PL decay and is confirmed through
CL mapping. Carrier recombination lifetime of over 1 ns indicate low surface state density.
Appreciably long diffusion lengths support that these NPs are suitable, both in the radial and
axial junction solar cells.
Author Contribution: Sample fabrication, stamping, PL characterization, data analysis
and writing of the paper.
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PAPER E: R. SANATINIA, K. M. AWAN, S. NAUREEN, N. ANTTU, E. EBRAERT,
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AND

S. ANAND,

“GAAS NANOPILLAR ARRAYS WITH SUPPRESSED BROADBAND REFLECTANCE AND HIGH OPTICAL
QUALITY FOR PHOTOVOLTAIC APPLICATIONS ,” OPTICAL MATERIALS EXPRESS , 2 (11), 1671– 1679
(2012).

Fabrication of GaAs nanopillars with different shapes and geometries and their optical
properties are studied in this paper. Tapered structures with conical and frustum conical shapes
are investigated for their reduced surface reflectance both experimentally and with FDTD
simulation in order to understand and design nanopillar photovoltaic devices in GaAs. Surface
passivation, based on wet chemical process, is used to recover the PL linewidth and enhance the
PL intensity by more than 12 times.
Author Contribution: Part in sample fabrication, development of passivation process, part
of data analysis, and part in writing of the paper.
PAPER F: S. NAUREEN, N. SHAHID, R. SANATINIA, AND S. ANAND, “TOP-DOWN FABRICATION OF
HIGH QUALITY III-V NANOSTRUCTURES BY MONOLAYER CONTROLLED SCULPTING AND
SIMULTANEOUS PASSIVATION ,” ADV. FUNCT. MATER. DOI: 10.1002/ADFM.20120220.

Supporting information: adfm_201202201_sm_suppl.pdf, pp.1–8.
This paper demonstrates a robust wet chemical treatment using sulfur (S)-oleylamine (OA)
solution, which etches III-V materials in an inverse epitaxial fashion and simultaneously
passivates their surfaces. This process is used to push the limits of top-down nanofabrication and
high optical quality nanowire arrays, both vertical and in–plane, with aspect ratios more than 50,
and nanostructures with new topologies in InP based materials are realized. The findings are
relevant for other III–V semiconductors and have potential applications in III–V device
technologies.
Author Contribution: Process development, major part of samples fabrication, SEM, PL
and AFM characterization, data analysis and paper writing.
PAPER G: S. NAUREEN, N. SHAHID, A. DEV, AND S. ANAND, “GENERATION OF SUBSTRATE FREE
III-V NANODISKS FROM USER-DEFINED MULTILAYER NANOPILLAR ARRAYS ”, SUBMITTED TO ACS
NANO.

Supporting information: pp.1 – 4
This paper demonstrates the fabrication of nanopillars using “user defined” multilayer
structures and subsequent generation of high optical quality nanodisks of different materials by
preferential removal of a selected material from the stack. The process is developed and
optimized to fabricate the nanodisks with minimal surface damage. The generated nanodisks are
transferred onto Si substrate with desirable densities by use of a PDMS soft stamp. High optical
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quality as monitored by PL and dimension metrology studies (surface roughness and physical
dimensions) by AFM and SEM, confirm the high quality of processing to generate
nanostructures for potential integration with Si.
Author Contribution: Process development, major part of samples fabrication, SEM, PL
and AFM characterization, data analysis and major part of paper writing.
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