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The	
  BNC	
  concept
 Engaging	
  interdisciplinary,	
  societal-­‐scale	
  challenges	
  and	
  

opportuni'es	
  in	
  healthcare,	
  informa'on	
  access,	
  energy,	
  and	
  the	
  
environment	
  with	
  approaches	
  enabled	
  by	
  nanoscale	
  science	
  and	
  
engineering

 Community	
  encompassing	
  a	
  very	
  broad	
  span	
  of	
  disciplines
 In	
  the	
  same	
  space	
  to	
  the	
  degree	
  possible
 The	
  best	
  in	
  facili'es	
  and	
  tools
 Everything	
  shared
 Fluid…no	
  “ownership”	
  of	
  space
 Sustainable	
  financial	
  model



•187,000	
  W2,	
  $58M	
  +	
  ~$35M	
  in	
  equipment
•First	
  integra'on	
  of	
  bio-­‐pharma	
  and	
  
semiconductor	
  cleanroom	
  	
  
•Excep'onal	
  quality	
  cleanroom	
  -­‐	
  25,000	
  W2;	
  45	
  %	
  
Class	
  1	
  (ISO	
  Class	
  3)

The	
  BNC	
  facility	
  –	
  
A	
  unique	
  instrument	
  for	
  nanoscale	
  research

•Low	
  Vibra'on	
  (NIST	
  A	
  in	
  
cleanroom	
  and	
  A-­‐1	
  in	
  Hall	
  lab)
•“Nanotechnology	
  Grade”	
  DI	
  
water	
  plant	
  (<15	
  ppt	
  boron)
•1,	
  0.1,	
  and	
  0.01°C	
  control
•Nanotech	
  research	
  	
  space	
  	
  
available	
  for	
  start-­‐up	
  companies



Research	
  strengths

 Nanometrology

 Nanoelectronics

 Computa'onal	
  nanotechnology

 Nanophotonics/plasmonics

 Energy	
  conversion

MEMs/NEMs	
  and	
  microfluidics

 Nano-­‐bio
 Nanobiotechnology

 Nanomedicine

 Implantable	
  microdevices



A	
  unique	
  instrument	
  for	
  nanoscale	
  research
•Scanning	
  Tunneling	
  Microcsopy	
  
(STM)

•NIST	
  A-­‐1	
  (Vibra'on	
  control)
•Temperature	
  control	
  (0.01°C	
  )
•Electromagne'c	
  Shielding

•Scanning	
  Probe	
  Microcopy	
  (SPM)
•Transmission	
  Electron	
  Microscopy	
  
(TEM)
•Atomic	
  Force	
  Microscopy	
  (AFM)
•X-­‐ray	
  Photoemission	
  Spectroscopy	
  
(XPS)
•Scanning	
  Electron	
  Microscopy	
  
(SEM)
•X-­‐ray	
  Diffrac'on
•Auger	
  Electron	
  Spectroscopy	
  (AES)
MUCH-­‐MUCH	
  More



M.C. Roco, NSF Nanoscale Science and Engineering Grantee’s Conference, Dec.7, 2009.

Top	
  15	
  Ins'tu'ons	
  by	
  Number	
  of
Ac've	
  NSE	
  Awards	
  in	
  2009



M.C. Roco, NSF Nanoscale Science and Engineering Grantee’s Conference, Dec.7, 2009.

Top	
  15	
  Ins'tu'ons	
  by
NSE	
  Ac've	
  Amount	
  in	
  2009



8

Wireless Harsh-Environment MEMS Sensors

 Maintenance of military aircraft 
consumes a large amount of 
time and resources 
o CH-53E requires > 44 hours 

of maintenance / hour of 
flight time

 Limited ability for condition 
monitoring

Data Acquisition

Analysis

Smart Bearing

Service



MEMS	
  .	
  .	
  .	
  
Micro-­‐Electro-­‐Mechanical	
  Systems

Applications . . .
- Bearing Life Monitoring
- Switches and Capacitors in RF Circuits



Lab-­‐on-­‐a-­‐chip	
  based	
  Biosensors
• Lab-on-a-chips fabricated using silicon 

microfabrication techniques
• Wet and dry etching, metal evaporation 

and SU-8 photolithography
• Sensor selectivity imparted through 

specialized chemical formulations coated 
on electrodes

• Voltage or current based sensing

CEL-C Biochip – Sensors for 
Measuring calcium concentrations 

around single cells

CHO Biochip – Sensors for measuring pH, 
carbonate and oxygen around cultured 

bacteria in space

• Applications
– Fundamental Biological/Biomedical 

Research
– Biomedical Diagnostics
– Environmental Monitoring
– Agriculture



Nano-­‐tetherball	
  biosensor

• Precisely	
  detects	
  glucose

• Nanotubes	
  have	
  a	
  diameter	
  
(2nm)~25,000x	
  thinner	
  than	
  
human	
  hair

• Sensor	
  requires	
  5x	
  less	
  
glucose	
  to	
  generate	
  a	
  signal

• Sensor	
  has	
  wider	
  range	
  of	
  
glucose	
  concentra'on

• SWNT	
  serve	
  as	
  electronic	
  
sensor



WEST LAFAYETTE, Ind. - Researchers at Purdue University have created a 
magnetic "ferropaper" that could be used to make low-cost "micro-motors" 
for surgical instruments, tiny tweezers to study cells, and miniature 
speakers.  The research is based at the Birck Nanotechnology Center in 
Purdue's Discovery Park.

In	
  the	
  press:
Magne5c	
  Ferro-­‐Paper	
  (Prof.	
  Babek	
  Ziaie,	
  ECE)



A	
  Portable	
  BioMEMS	
  Blood	
  Analyzer	
  for	
  NASA
Meggie	
  GraWon1-­‐3,	
  Lisa	
  M.	
  Reece2-­‐4,	
  Paul	
  W.	
  Todd5,	
  James	
  F.	
  Leary1-­‐4

1Weldon	
  School	
  of	
  Biomedical	
  Engineering,	
  2Birck	
  
Nanotechnology	
  Center,	
  3Bindley	
  Biosciences	
  Center,	
  
4Basic	
  Medical	
  Sciences,	
  Purdue	
  University	
  
5Techshot,	
  Inc.	
  (Greenville,	
  IN).	
  

This	
  NASA-­‐SBIR	
  funded	
  academic-­‐industry	
  
partnership	
  between	
  Purdue	
  and	
  Techshot,	
  Inc,	
  is	
  
addressing	
  an	
  urgent	
  NASA	
  need	
  –	
  rapid	
  	
  blood	
  
analyses	
  to	
  assess	
  the	
  health	
  of	
  astronauts	
  in	
  
space.	
  The	
  portable	
  BioMEMS	
  device,	
  being	
  
designed	
  and	
  fabricated	
  in	
  the	
  Birck	
  
Nanotechnology	
  Center,	
  analyzes	
  absolute	
  red	
  and	
  
white	
  blood	
  cell	
  numbers	
  as	
  well	
  as	
  assessing	
  the	
  
altered	
  immune	
  cell	
  status	
  of	
  the	
  astronauts	
  in	
  
micro-­‐gravity	
  environments.

Example	
  -­‐	
  Government-­‐Industry-­‐University	
  partnership:



BNC	
  Collabora'ons	
  Provide..
• Collabora'on	
  with	
  top	
  researchers	
  in	
  various	
  core	
  areas	
  of	
  

nanotechnology.

• Access	
  to	
  state-­‐of-­‐the-­‐art	
  equipment

• Resources	
  to	
  enhance	
  Funding	
  Opportuni'es	
  

– OVPR	
  Large	
  Proposal	
  Development	
  Services	
  (>1M)

– Proposal	
  Prepara'on	
  Resources	
  

– Seed	
  Grant	
  Programs	
  (Internal	
  to	
  Purdue	
  and	
  in	
  
collabora'on	
  with	
  IU	
  and/or	
  other	
  ins'tu'ons

– Possible	
  Cost	
  sharing	
  opportuni'es

• Research	
  Space	
  and	
  Office	
  of	
  Technology	
  
Commercializa'on	
  exper'se



29,000 ft2 of laboratory space for 
interdisciplinary life sciences & 

bioengineering 
Shared faculty offices

$15 million 2-story structure  
Skywalk to Birck Nanotechnology Center                                         

Flexible Research Space
•  Creates an open environment for interactive communication.
•  Allows for dynamic lab spaces rather than disciplinary-defined labs for:  

• Biomolecular technologies (esp. metabolomics and proteomics)
• Advanced imaging. cytometry, high speed cell sorting
• Biophysical analysis. physiological biosensor development
• Integrated screening (high content, chemical and biological screening, protein expression)
• Center for Global Research and Intervention in Infectious Diseases (cGRIID) 
• Center for Analytical Instrumentation Development (CAID) 
• Nanochemistry, biopolymer synthesis
• Computational biology, bioinformatics and systems biology

Bindley Bioscience Center



The Bindley 2010



Bindley Activities
Research projects Cancer research and biomarkers

Infectious diseases

Biofuels

Bionanotechnology

Instrument technology
Corporate interactions Expertise for corporate projects

Facilitate start-ups

Access to capabilities

Equipment & research 
capabilities

‘Omics technologies

Screening, detection 

Sensors, MEMS

Flow, sorting, imaging

Data integration

Engagement & outreach Regional corporate development

Global partnerships



Research areas - cancer

• ‘omics analyses – CPTAC (National Cancer Insitute), Cancer Care 
Engineering, Multiple Myeloma Reseach foundation funding

• methods development
• biorepository 
• flow/sorting
• screening & drug discovery

Bio-
repository



Research – infectious disease

• Center for global intervention in infectious disease, cGRIID
– viruses, vectors, structural biology, insecticide discovery with novel 

targets
• Method development for molecular detection
• Vaccine development
• Instruments for research and diagnostics/therapeutics



Research service (cores)
• Biological mass spectrometry

– small molecules, proteins: profiling and targeted analyses
• Biophysics

– molecular interactions, SPR, Isothermal calorimetry
• Flow cytometry, cell sorting and selection

– surface attached and suspension cell purification (BL2)
• Imaging (bioscience imaging facility)

– new and state-of-the-art: microscopic and whole animal
• Integrated screening technologies

– automation: high throughput screening and expression cloning
• In vivo pharmacology (swine)

– stress-free sampling and dosing: unique capability
• Informatics and data management

– custom approaches for handling and mining data



Bindley II addition – NIH C06 award $14.9M, 
April 2010 – occupancy expected Fall of 2013

A multidisciplinary cancer and disease research facility

Coming soon …



Directed Irradiation Synthesis: manipulating 
matter in nanoscale self-organized systems

J.P. Allain1,2,3

O. El-Atwani1,2, S. Suslov, S. Ortoleva3, B. Heim1, D.L. Rokusek, 
E. Yang, C.N. Taylor, A. Cimaroli, A. Suslova, N. Samuelson, 

E.K. Walker1, D. Zigon1

1School of Nuclear Engineering
2School of Materials Science and Engineering

School of Biomedical Engineering
3Birck Nanotechnology Center

Seminario Nanociencia 2010
Barranquilla, Colombia
21-23 October, 2010
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Outline

• Motivation for in-situ irradiated surface characterization
– self-organized vs disordered systems

• In-situ observation and manipulation tool set
• Case studies of irradiation-driven systems:

– nanolithography with 13.5-nm EUV radiation
– lithium-doped graphitic surfaces in fusion devices
– compound semiconductor nano-patterning

• Summary

24



Irradiation-driven vs thermal-activated systems: instabilities 
and self-organization at the plasma-surface interface

25

Courtesy of: B. Wirth and D.G. Whyte
PISCES!

PISCES!

At 1120 K, nano-structured layer thickness 

increases with He plasma exposure time. 

!""#$##############%"""#$############&!""#$############'"""#$############%%"""#$#

 Consistent He plasma exposures: Ts = 1120 K, !He+= 4–6!1022 m–2s–1, Eion ~ 60 eV 



Moving from a simplified view of the plasma-
surface interface to a more rich and complex

26

* Whyte and Wirth, unpublished!

The complexity of the extreme PSI environment requires a more complex
set of characterization tools that must probe dynamically ultra-shallow regions



Irradiation environments at near-sputter 
threshold energies

• In the plasma edge of a nuclear fusion reactor, the plasma boundary with the wall 
surface and sub-structure controls the inventory of hydrogen fuel

• Collector mirror surface of 13.5-nm light from high-density plasma sources
• Irradiation-driven nano-structures are primarily dictated by the sputter depth and 

surface relaxation mechanisms

27



Driving matter between disorder and self-
organization

• Irradiation of matter (stimulus) leads to modification of matter inducing self-
organized structures or disordered state (i.e. deterioration of properties)

• Understand how to manipulate matter (directed irradiation synthesis) to modify 
structure at nanoscale for new properties

28

simulating extreme environments:
ion-induced damage 

(e.g. fusion PMI*)

exploiting irradiation-
matter interactions
to synthesize new 

structures

*Plasma-material interface

N. Ghoneim, 2007



Spatial and energy scales of irradiation-driven 
systems under near-threshold sputter regime

29

Baldwin and Doerner, 2008

PISCES!

PISCES!

At 1120 K, nano-structured layer thickness 

increases with He plasma exposure time. 

!""#$##############%"""#$############&!""#$############'"""#$############%%"""#$#

 Consistent He plasma exposures: Ts = 1120 K, !He+= 4–6!1022 m–2s–1, Eion ~ 60 eV 

Sb, Ga

GaSb(100)

< 1-keV Ar+

E ~ 10-100’s eV
fluences = 
1016-1022 cm-2

E ~ 100-1000’s eV
fluences = 
1016-1019 cm-2

E ~ 10-100’s eV, fluences = 1014-1018 cm-2



Critical knowledge gap between “real” or “complex” systems and 
“isolated” systems in condensed matter

• Understanding of complex matter in low-dimensional state systems limited by 
“probing” and “manipulating” approaches

• Need for dynamic measurement of surfaces under controlled irradiation fields
• Indicates the need for complementary in-situ and in-vivo diagnosis to study 

coupling of irradiation-driven interface

30

O. Shpyrko, UCSD

surface/interface radiation field
(stimulant)

sub-surface

implantation and
mixing

indicates the need for complementary
in-situ and in-vivo diagnosis to study 
coupling of irradiation-driven interface



The Tool Set: In-situ characterization of an 
irradiation-driven surface

31

Ga, Sb

Ga-Sb

10-1000 eV, 1014-1018 cm-2 A+

θ

or mixture of A-B

probe the emitted species
(e.g. angle, energy, flux)

probe the surface and sub-surface
(e.g. composition, chemistry,
electronic and optical properties, etc...)

• amorphous layer: low-energy ion scattering spectroscopy (LEISS) in 
backscattering mode with 1.5-keV He ions

• sub-surface layer (1-5 nm) with XPS
• We combine the two techniques in-situ during irradiation with various 

modification sources

LEISS: 1-2 ML

XPS: 1-3 nm   



multiple, complementary diagnosis: electron 
spectroscopies for surface chemical analysis: 
XPS, EUPS and AES with ion spectroscopies: 
forward and backward scattering modes

“real-time” erosion rate 
measurement during analysis from 
surface with QCM-DCU system

32

J.P. Allain, et al. Rev. Sci. Instrum. 78 (2007) 113105



Modification ion sources with in-situ tool set

• Conditions: GaSb(100) samples irradiated by Ar+ at 50, 100 and 200 eV, normal 
incidence with 40-50 µAcm-2 for fluences up to 1018 cm-2

• We operate in the sputter threshold regime and study early stage growth
– e.g. ~ 1015-1017 cm-2

33

5-axis manipulator with e-beam 
evaporator and liquid N2 (77K-1200K), 
tilt for variation of incident angle

auto control on 
2 degrees of freedom

2 broad beam ion 
sources with 0.1-4 mA/
cm2, 30-1000 eV

Excitation sources for: 
LEISS, DRS, XPD, 
XPS, UPS, ARPES

2-D MCP/HESA 
detector/analyzer 
system dispersing 
energy and momentum

PRIHSM

!

SEM/PEEM column 
under development
with E. Stach



Case Studies: in-situ surface characterization 
of irradiation-driven surfaces

34

Sn, M

preferential sputtering, morphology

Ru, Pd or Rh

morphology, phase transformations, preferential sputtering

< 1-keV Sn+

1

2 3

Ru, Pd or Rh

thermal Sn Sn, M

Ru, Pd or Rh

< 1-keV Xe+

Sb, Ga

GaSb(100)

< 1-keV Ar+

reactivity of Li, C and D with oxygen

Li, C

graphite

< 1-keV D2+, He+

thermal Li

thermal Sn



Case Studies: in-situ surface characterization 
of irradiation-driven surfaces
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Sn, M

preferential sputtering, morphology

Ru, Pd or Rh

morphology, phase transformations, preferential sputtering

< 1-keV Sn+

1

2 3

Ru, Pd or Rh

thermal Sn Sn, M

Ru, Pd or Rh

< 1-keV Xe+

Sb, Ga

GaSb(100)

< 1-keV Ar+

reactivity of Li, C and D with oxygen

Li, C

graphite

< 1-keV D2+, He+

thermal Li

thermal Sn



EUVL-Scanner: schematic

Courtesy of: V. Banine, ASML

Plasma environment

36



Xe, Sn or Li
are candidate
13.5-nm fuels

37
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EUV reflectometry for grazing incidence mirror studies

 The In situ EUV reflectometry system in IMPACT diagnoses the 
reflectivity response of candidate mirrors during irradiation of Sn ions or 
thermal atoms and measurement of the chemical and elemental state of 
the mirror surface



In-situ surface elemental evolution and EUV 
reflectivity during exposure to thermal Sn

• Relative reflectivity at EUV decay is slower than theoretically predicted
• In-situ measurements indicate that this is due to partial coverage of Sn deposition on the 

mirror surface due to the coalescence of Sn islands during exposure

39

J.P. Allain et al. Appl. Phys. A 91 (2008) 13 



Probing spatial scales with complementary 
surface-sensitive techniques

• 1.3-keV Sn+ on Ru mirror surfaces implanted at 
normal incidence

• Note the distinct probing regions of XPS vs 
LEISS

!

!

!

40



Ion and atom balance induce complex 
nanostructures

• Balance of ion implantation with erosion against the 
thermal deposition of Sn atoms can aid in “tuning” Sn 
concentration on surface and EUV reflectivity loss

Absolute 13.5-nm reflectivity ex-situ
0.3 nm of Sn = 1 Sn ML

Sn, M

Ru, Pd or Rh

< 1-keV Xe+

thermal Sn

41



Case Studies: in-situ surface characterization 
of irradiation-driven surfaces

42

Sn, M

preferential sputtering, morphology

Ru, Pd or Rh

morphology, phase transformations, preferential sputtering

< 1-keV Sn+

1

2 3

Ru, Pd or Rh

thermal Sn Sn, M

Ru, Pd or Rh

< 1-keV Xe+

Sb, Ga

GaSb(100)

< 1-keV Ar+

reactivity of Li, C and D with oxygen

Li, C

graphite

< 1-keV D2+, He+

thermal Li

thermal Sn



Lithium coatings on graphite: surface effects on 
erosion, particle retention

43

• Lithium intercalates to the basal planes of graphite.  Difficult to maintain 100% 
lithium layers on top few ML.  Oxygen typically bound with lithium

• Substantial reduction of both physical  and chemical sputtering by D or He 
bombardment when comparing lithiated graphite surfaces to either pure Li or C

J.P. Allain, D.L. Rokusek, et al. J. Nucl. Mat. submitted 2008



In fusion reactors, manipulation of hydrogen isotopes in a 
region of a few 10’s of nm to order of µm’s

• Critical to the recycling of D when using lithium as a PFS (plasma-
facing surface) is the top layer of atoms

• Sputtered particles emanate from the first 2-3 ML of a metal surface 
(although the damage zone can be 10-100’s nm below)

• Recombination of implanted D occurs in the first few layers at the 
surface-vacuum interface dictating recycling to the plasma edge

44

peaks grow 
as function 
of D dose

“weakly-bonded” 
deuterium peak

No lithium

Lithium-coated

C 1s XPS spectra

Critical Li-C-D and Li-O-D chemical state 
elucidated by in-situ XPS together with TDS 
analysis provided corroborated evidence of a 
weakly-bonded state of D in Li-C-O



Self-organization under nuclear fusion reactor 
conditions for He irradiation of tungsten

• Self-organized nanostructures 
under near-threshold energies 
(damage/sputtering)

• What are the consequences of 
such structures at the plasma-
surface interface?
– structures are in the spatial scale of 

implantation
– effect on retention/recycling of 

hydrogen/helium
– effect on erosion, recombination, 

surface diffusion

• New radiation resistant materials

45

Nucl. Fusion 49 (2009) 095005 S. Kajita et al

revealed that there existed nanometre-sized helium bubbles
inside the structure [8]. Shortly afterwards, the growth kinetics
of the nanostructured layer was discussed by Baldwin and
Doerner [4] based on the experiments in the PISCES-B plasma
device. The thickness of the layer was characterized by a t1/2

dependence, and it was thought that the helium was supplied to
the bulk W from the plasma interacting surface. However, the
formation mechanism of the nanostructure is still not entirely
clear. It is thought that the formation and growth of the
nanostructure is deeply related to helium bubbles; they were
not observed directly. Moreover, the growth speed of the
nanostructure could not be explained by the diffusion of helium
nor that of void/bubble in tungsten [4].

In this paper, based on the current experimental data
and new results in the divertor simulators, we will show
the necessary condition for the nanostructure formation and
discuss the formation process. Furthermore, it is shown that
the nanostructure is also formed on molybdenum surface by
the helium irradiation.

2. Formation condition of tungsten nanostructure

Figure 1(a) plots the surface temperature against incident
ion energy in the helium irradiation experiments conducted
in the NAGDIS-II [7, 10–15] and PISCES-B [4]. Closed
markers represent the cases in which the nanostructure
was formed, while open markers represent the cases
where the nanostructure was not observed. We added
several unreported new data from the NAGDIS-II. The grey
coloured region and the hatched region correspond to the
conditions in which fibreform nanostructure and large helium
bubbles, respectively, are observed after helium irradiation.
Figure 1(b) shows typical SEM (scanning electron microscope)
micrographs under different irradiation conditions, (i)–(iv),
shown in figure 1(a).

We can identify that the nanostructure is formed, as
shown in figure 1(b-ii), when the surface temperature is in
the range 1000–2000 K. When the surface temperature is
higher than 2000 K, fibreform structure disappears and a rough
micrometre-sized structure with many pinholes is formed
(see figure 1(b-iii)). On the other hand, when the surface
temperature is lower than 1000 K, a rough structure appears
on the surface, but neither pinhole nor fibreform structure is
observed on the surface (see figure 1(b-i)). We speculate that
the upper bound appears because the roughness is modified
by the rapid surface diffusion and the lower bound appears
because the speed of the bubble growth becomes slow [16].
We will discuss it later in more detail.

In the energy range of <20 eV, the nanostructure is not
observed when bulk tungsten material is used even though
many holes appear on the surface (see figure 1(b-iv)). Note that
the nanostructure was formed on tungsten coating on graphite
at the incident ion energy of 12 eV [3]. The difference may be
attributed to the fact that the tungsten layer on carbon, which
was formed by the plasma spray technique, contained several %
of porous structure. The results indicate that the nanostructure
may also be formed on bulk tungsten even when the incident
ion energy was lower than 20 eV, but the formation efficiency
must be low.

Figure 1. (a) The surface temperature was plotted against the
incident ion energy for helium irradiation experiments conducted in
the divertor simulator NAGDIS-II [7, 10–15] and PISCES-B [4].
Closed markers represent the cases in which the nanostructure was
formed, while open markers represent the cases where the
nanostructure was not observed. (b) SEM micrographs under the
conditions of (i)–(iv) shown in (a).

It has been reported that the rate of growth of the
nanostructure layer was independent of the ion flux above
∼1022 m−2 s−1 [17] presumably due to helium saturation on
the tungsten surface. However, even at the helium ion
flux of ∼1023 m−2 s−1, which corresponds to the expected
maximum helium ion flux on the divertor plate in ITER,
the nanostructure was formed in a short time period (several
minutes) [7]. Therefore, the nanostructure formation seems
to be inevitable in future fusion devices when the condition
is in the formation domain shown in figure 1(a). In actual
situations, it is noted that tungsten is exposed to a deuterium–
helium mixture plasma rather than pure helium plasma. It
has been confirmed that the nanostructure is also formed even
when the helium concentration is 10% in the deuterium–
helium admixture plasma [17]. Also, it has been reported that
small amounts of contaminants such as beryllium and carbon
hindered the growth of the nanostructure [17]. Although the
impurity experiments in [17] were performed at a low incident
ion energy of 15 eV and the question still remains for higher
ion energy cases, it is expected that such suppression effect

2

S. Kajita et al, Nuclear Fusion, 49 (2009) 095005



Case Studies: in-situ surface characterization 
of irradiation-driven surfaces

46

Sn, M

preferential sputtering, morphology

Ru, Pd or Rh

morphology, phase transformations, preferential sputtering

< 1-keV Sn+

1

2 3

Ru, Pd or Rh

thermal Sn Sn, M

Ru, Pd or Rh

< 1-keV Xe+

Sb, Ga

GaSb(100)

< 1-keV Ar+

reactivity of Li, C and D with oxygen

Li, C

graphite

< 1-keV D2+, He+

thermal Li

thermal Sn



∂h(x, y)
∂t

= υo + ν∇
2h − D∇2 ∇2h( ) + λ

2
∇h( )2 +η(x, y,t)

Self-organized structures and directed irradiation 
synthesis

• Forces and mechanisms driving self-organization in nano-structures.
• Pathway for ion-beam nanopatterning and functionalization of surfaces

47

E. Chason et al. 2001. Nucl. Instrum. Methods B 178: 55-61.

326 J. Muñoz-Garcı́a et al.

incidence geometry. Moreover, it can be used to produce functional surfaces and
isolated structures [177]. Thus, IBS becomes a versatile, fast and cheap technique
for surface nanopatterning.

The ability of IBS to induce submicrostructures on surfaces was reported more
than forty years ago by Navez et al. [130]. In that work, they reported the produc-
tion of periodic nanoripples on glass surfaces. In Fig. 1b we show ripples obtained
on a silicon surface immersed in an argon plasma. These ripples indeed remind us
of those formed on sand dunes by the wind or on the sand bed close to the water
edge by the water flow (Fig. 1a). As we will show below, this similarity is more than
merely visual as the theories dealing with both types of (macro and nano) structures
share many conceptual aspects. In the pioneering work of Navez and coworkers the
authors did report important morphological observations, such as the change of the
ripple orientation when the ion incidence polar angle is larger than a threshold value.
Later, similar findings were reported for other materials that have been reviewed
elsewhere [21,112,127,177]. Usually, the length scales involved in these patterns
lie in the submicrometer scale, rather than in the nanometer scale. Moreover, the
traditional field for ripple applications had been that of optical gratings [86]. From
the theoretical point of view, the first advances for understanding IBS nanostructur-
ing was made by Sigmund [154] as he showed that local surface minima should be
eroded at a faster rate than local maxima (i.e., the sputtering rate depends on the
local surface curvature), leading to a surface instability, which is the origin of the
nanostructuring process. Based on this work, Bradley and Harper (BH) proposed
later the first continuum model describing ripple formation [13]. In recent years,

Fig. 1 (a) Ripples on a sand dune in Morocco. Photograph courtesy of J. Rodrı́guez and E. Blesa.
(b) 3.7 × 6.7 µm2 top view AFM image of a Si surface immersed in argon plasma. (c) “Dots” on a
sand dune in New Mexico, USA. Copyright Bruce Molnia, Terra Photographics. Image Courtesy
Earth Science World Image Bank http://www.earthscienceworld.org/images. (d) 1 × 1 µm2 top
view AFM image of a GaSb surface irradiated by 0.7 keV Ar+ ions under normal incidence

temporal evolution of 
surface height

surface relaxation due
to diffusion (both thermally
activated and ion-induced)

avg erosion
velocity

ion-induced eff.
surface tension

λ: tilt-dependent 
erosion rate, governs
long-term order effects

white noise parameter: 
stochastic nature of ion 
sputtering

Kuramoto-Sivashinksky (KS) equation*:

(a) Ripples on sand dunes in Morocco, (b) 3.7x6.7µm AFM 
image of Si surface immersed in argon plasma, (c) “dots” on a 
sand dune, (d) 1x1µm2 AFM image of GaSb irradiated by
0.7-keV Ar+ ions under normal incidence.*

*Javier Munoz-Garcia et al. 2009. Towards Functional Materials, Z.M. Whang ed.



Motivation
• Models are elucidating on more complex mechanisms driving nano-

patterning at low energies

• Erosion vs diffusive vs re-distributive mechanisms need to be better 
understood

• Correlation of surface nanopatterning to concentration evolution of multi-
component surfaces is poorly understood, in particular at energies 
approaching the sputter threshold (<100 eV)

• In-situ techniques may aid when coupled with computational modeling in 
deciphering the mechanisms that drive nanopatterning at energies 
approaching the sputter threshold

• What are the mechanisms driving nanopatterning of multi-component 
surfaces at energies at or below the sputter threshold?

– Ar+ on GaSb at normal incidence1: 

• Y (E=50eV) = 0.05; Y (E=100 eV) = 0.25
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Nanopatterning III-V semiconductors 

• Ion-induced morphology on semiconductor surfaces evolves and depends on 
irradiation fluence (dose) 

• 500 eV Ar sputtering with 400 µA/cm2 ion incidence at 40 degree-incidence on InP
• Ion sculpting can be used for surface templating or quantum dot fabrication

F. Frost and B. Rauschenbach, Appl Phys A 77, 1-9 (2003)

Fluence = 5 × 1016 cm-2 Fluence = 5 × 1017 cm-2
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Evidence of threshold energy-induced morphology is complex 
and likely not explained by BH models

• Defect kinetics in the damaged zone could be critical to driving of the nanoscale 
structure on surface

• For energies studied 50-200 eV, this region in GaSb is only 0.6-1.6 nm
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In-situ XPS results for irradiated GaSb(100)

• XPS gives clear indication of Ga oxide as well as Sb oxide on subsurface region.
• between 1016 and 1017 cm-2 clear indication that surface oxides are no longer 

dominant
• sub-surface shows only Ga-Sb bonding indicative of crystalline structure
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In-situ LEISS results for irradiated GaSb(100) 

• Early stages evidence of Ga oxide predominantly on the first few ML
• From 1016 to 1017 cm-2 a dramatic increase in Sb is evidenced
• Sb elastic lab cross section = 0.0065 A2/sr; Ga = 0.0102 A2/sr
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What happens with the irradiated samples 
exposed to atmosphere for analysis?

• Patterned sample exposed to air and returned for characterization after several days
• LEISS spectra for various tilts “probing” from the tip of the dot/pyramid to its sides
• When compared to non-contaminated data clear segregation of Ga to surface upon reduction 

of oxide (here the surface free energy is critical)
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analyzer

θ = 0˚ 17.5˚

Le Roy et al. PRB 2010

O Ga Sb



TEM and HR-SEM work on GaSb

• 13-15 nm nanostructures synthesized by 50 eV Ar+ at normal incidence
• Top 1-1.2 nm is an amorphous layer and dominated by Sb atoms (LEISS)
• Subsurface is crystalline structure with stoichiometric 1:1 composition (XPS)
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In-situ characterization elucidated on mechanism for nanostructure formation and 
the role of an ultra-thin amorphous top layer



Ar+ on GaSb and role of incident particle 
energy on nanopattern
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sputtering the characteristic length decreases slightly, by ap-

proximately 20%, whereas the dot diameter increases until

the dots touch each other. In this stage the dots have a hex-

agonal closed-packed arrangement on the surface and un-

dergo no further changes in the morphology during subse-

quent sputtering. The steady-state morphology observed in

our experiments supports the experimentally observed satu-

ration of the amplitude of ripple patterns.25 Besides the pre-

viously mentioned nonlinear term in the KS equation, differ-

ent mechanisms have been proposed for the amplitude

saturation.26,25

The characteristic wavelength lc was determined for ion

current densities in the range of 1!1015–4
!1015 cm"2 s"1 and sample temperatures of "60 °C and

#60 °C at an ion energy of 500 eV. The wavelength shows
no dependence on ion current density and sample tempera-

ture. This observation is a clear hint that the relevant smooth-

ing process is nonthermal up to #60 °C sample temperature
at the ion energies used in the experiments. It supports the

assumption that the effective ion-induced diffusion domi-

nates over thermal diffusion in this temperature range in the

dot formation process on GaSb.21

Figure 1 shows QD patterns on GaSb surfaces after ion

sputtering at energies of 100, 450, and 1500 eV, respectively.

The ion dose was calculated from the sputtering yield to give

a constant depth of the sputtered area of approximately 500

nm. The regular long-range hexagonal ordering is present in

all QD patterns. The insets show the corresponding distribu-

tions of the nearest-neighbor distance. At lower energies the

dots have a circular and uniform shape and are ordered in an

array with a narrow distribution of the nearest-neighbor dis-

tance !Figs. 1"a# and 1"b#$. At higher energies the shape of
the dots becomes asymmetric with a larger spread in the

distribution of their distance. This stage may indicate that the

process enters the kinetic roughening regime for longer sput-

tering !Fig. 1"c#$.
Figure 2 shows a double logarithmic plot of the charac-

teristic wavelength lc for GaSb and InSb QD patterns versus

the ion energy %. The data for the characteristic length for
GaSb patterns shows two regimes in the measured energy

range of 40 to 1800 eV. From 1800 eV down to 75 eV a

power-law dependence of lc on % with an exponent of 0.5
$0.02 is determined. This result is in excellent agreement
with the predictions for the characteristic length with effec-

tive ion-induced diffusion as the dominant smoothing pro-

cess. Thus, the lateral width of the distribution of the depos-

ited energy & increases according to Eq. "6# with m%0.25.
Below 75 eV the measured value for lc rises again. For the

three data points an exponent of "1.2 is determined. This
rise may be either due to an increased influence of thermal

diffusion challenging the effective ion-induced diffusion or

due to the fact that at these low energies m approaches zero,

resulting in a constant width & in Eq. "6#.
The power-law dependence of lc on % is also confirmed

by the three data points obtained for InSb. At the same en-

ergy the characteristic length of the patterns generated on

InSb surfaces are higher by a factor of 1.2 compared to

GaSb.

In Fig. 2 the calculated values for the characteristic wave-

length lc%!2'& with & simulated with TRIM are also

shown. The values show the same power-law dependence

between the characteristic length and % . There is a factor of 6
discrepancy between the calculated values and those ob-

FIG. 1. Scanning electron micrographs of quantum dot patterns

on GaSb surfaces induced by Ar#-ion sputtering with ion energies

of "a# 100 eV, "b# 500 eV, and "c# 1500 eV. The dots show a

hexagonal ordering with a characteristic wavelength that depends

on ion energy. The insets show the corresponding distribution of the

nearest-neighbor distance.
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Energy dependence of dot formation on GaSb

• Correlation between incident particle energy and characteristic “size” of 
nanostructures

• In this case “size” is measured as distance from center-to-center of the dots
• BCA based calculations (SRIM 2008) show damage region in first 1-2 nm,

57Conclusions and Future Work
The trend of decreasing characteristic length of structures with decreasing ion beam energies appears to
hold down to 50 eV for normal incidence Ar+ bombardment
The cause of the discrepancy between the experimental gallium enrichment at low energy irradiation and
the equal partial sputtering yields of gallium and antimony as calculated by SRIM must be tested
theoretically by comparison with dynamic binary collision approximation based codes and full molecular
dynamics codes
The use of the binary collision approximation based theories to describe structure formation at these low
energies requires further investigation and may be invalid
The mechanism behind the effects of thin film gold coatings on the structuring of silicon are unclear, and
requires further work as a function of gold film thickness and measurements of ion beam mixing at the
Au/Si interface
Extension of this work to even lower energies and higher fluences will establish the ultimate limits of
sputtering-based structure formation
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PL-10

GaSb(100) structuring

A decrease in characteristic length (i.e. the average feature-to-feature
distance) is clearly visible in the SEM images above

A possible mechanism for the continuing decrease in the GaSb feature
size is a decreasing breadth of the collision cascade as a function of
the surface composition

Abstract
Motivation

Under certain conditions ion beam irradiation of semiconductors
forms self-organizing surface structures from micrometers to tens of
nanometers in size. These nanopatterns can be made into quantum
dots which hold promise as a fundamental building block of nano and
optoelectronics. To date attention on directed irradiation synthesis has
primarily been at relatively high incident energies above 500 eV.
Lower energy ion beams deposit a greater fraction of their energy
near the surface thereby producing fewer defects below the surface.
Their use for structuring of surfaces is therefore of interest.

Objectives
Extend work on argon sputtering of gallium antimonide (GaSb) to
energies below 500 eV with a focus on the sub-100 eV region
Investigate the modification of silicon structuring due to gold coatings

3 Si(100) structuring4

Experimental Methods
Setup

In-situ work was performed in the Particle and Radiation Interaction
with Hard and Soft Matter (PRIHSM) facility at Purdue University
with a focus on directed irradiation synthesis
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100 eV ~18 nm200 eV ~24 nm 50 eV ~15 nm Silicon without gold Silicon with 20 nm gold

Partial sputter yield calculations 
from a static binary collision 
approximation simulation using the 
SRIM code are inadequate to 
explain the change in Ga to Sb
ratio measured by XPS
At these low energies the 
approximation may not hold which 
would invalidate the models that 
rely on it2-4

Facsko et al1 did a survey of 
normal incidence Ar structuring of 
GaSb to attempt to extend existing 
semi-empirical theories to this 
regime2-5

They attribute the decrease in 
feature size exclusively to the 
change of straggle of the collision 
cascade with energy

1

There is a clear difference between the Si and Au/Si structures
The uncoated Si sample structures are attributed to irradiation-
deposited impurities totaling ~7% of the surface species from
inadvertent sputter deposition from various surfaces in vacuum
High argon concentrations stored in the silicon after irradiation may
play a significant role in nanopatterning through modification of the
collision cascade from that in an amorphous, homogeneous target
assumed in current models2-5 or through bubble-induced suppression
of back sputtering
Possible explanations for
the Au-induced structure 
formation include: 

preferential sputtering
effects from mixing of Si
and Au at the interface,
Au to Si pattern-transfer
effects, and
modified Au/Si interface 
straddling collision 
cascadesModification

Samples were irradiated at base 
pressures below 4x10-8 Torr
using a broad beam ion source 
with a current density of 10-40 
A/cm2

GaSb(100) nanopatterning was 
studied from 50-200 eV beam 
energy at a fixed fluence of 
1x1018 Ar+/cm2 with sample 
cooling at ~10 °C
Si(100) nanopatterning was 
studied at a fixed beam energy 
of 200 eV with and without an 
approx. 20 nm Au coating at 
4x1017 Ar+/cm2

Characterization
Surface composition was probed 
pre- and post-irradiation with in-
situ X-ray photoelectron 
spectroscopy (XPS)
Surface morphology was imaged 
with an ex-situ scanning electron 
microscopy (SEM)

Si Au Ar Cu Ni Fe W Mo
Si pre 99.82% 0.00% 0.00% 0.08% 0.00% 0.08% 0.00% 0.00%
Si post 81.85% 0.00% 11.57% 0.85% 2.00% 0.95% 2.69% 0.08%
Au/Si pre 0.00% 100.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
Au/Si post 86.94% 0.00% 6.30% 0.97% 1.10% 2.99% 1.46% 0.22%

E = 50 eV



Si(100) surface nanopatterning
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Au, Si

Si (100)

200 eV Ar+PRIHSM

20-nm Au film

• Thin layers of Au deposited on Si(100) using MBE with various thicknesses from 
3-30 nm.

• Au used as an immiscible component to study nanopattern formation on Si at 
normal incidence and near sputter-threshold energies (~50-200 eV)

• Irradiation up to 1018 cm-2 and study with in-situ XPS, ex-situ SEM, AFM

growth cluster
chambers (IPVD, MBE, ALD)

modification and in-situ characteriz.



Nanopatterning of Si(100) with ultra-thin Au 
films irradiated with 200 eV Ar+ 

• 2D detector allows us to observe a macroscale-resolved scan.  Half of Si(100) 
sampled masked and other half coated with thin Au film

• Irradiation at 200 eV Ar+ for 1018 fluence and normal incidence yields 
nanostructures only on region coated with gold

• In-situ XPS allows us to confirm that structures are not gold
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view normal to 
analyzer axis

XPS spectra in 2D
integrated on single axis

Au/Si

Si



Formation of silicide induced nanopatterning of 
silicon elucidated by complementary surface-
sensitive techniques
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O. El-Atwani, J.P. Allain et al. Appl. Phys. Lett (2010) Submitted



Si ordered nanostructures self-organized 
under low-energy irradiation

• 200 eV Ar+ ions are used at normal incident to the sample surface yielding at a 
threshold fluence of about 1017 cm-2 (i.e. in only a few seconds...)

• One could scale up technique to combine nanopatterning and multi-layer 
coating deposition with ultra-thin films
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FIGURE 1 Example of diversity of pattern formation on Si (a, b, d–g, i, m) and Ge (c, h, k, l) surfaces by low-energy ion-beam erosion. Beginning with
top left, the following surface topographies measured by AFM are shown: (a) ultra-smooth surface, (b, c) meshworks of randomly arranged troughs, (d)
domains of hexagonally ordered dots, (e) highly ordered ripple pattern, (f) coexistence of dots and ripples, (g) long range square ordered dots on Si, (h) long
range hexagonally ordered dots, (i, k, l, m) curved ripples. The individual patterns are formed under various erosion conditions (ion energy between 500 eV
and 2000 eV; ion species used Ar+, Kr+, Xe+; ion incidence angle between 0◦ and 75◦ with respect to the surface normal, partly with simultaneous sample
rotation). All experiments were performed keeping the samples at room temperature

beam erosion was given. Depending on sputtering conditions,
features like holes, ripples, dots, and smooth surfaces can
evolve. However, from particular interest, the main subject of
the work was the formation of ripple and dot patterns.

As already described, for the given experimental condi-
tions ripple patterns can be formed for ion incidence angles
between ∼ 5◦ and 30◦, whereas dot patterns occur at 75◦ with
simultaneous sample rotation. For both cases the influences of
ion energy and ion fluence on the size of the structures and
their ordering were systematically investigated. The ion en-
ergy was varied between 500 and 2000 eV and ion fluences
up to 4 ×1019 cm−2 were applied. The ion fluence equals the
total number of ions hitting the surface per unit area. For
a given ion flux (typically a flux of 1.87 ×1015 cm−2 s−1 was
used), the ion fluence is equivalent to the sputter time or to the
thickness of the removed surface layer.

Summarizing these studies, the most important results are:
(i) the ion energy basically determines the size of the evolving
ripples and dots. The period or wavelength of the structures
increases with ion energy and their amplitudes also increase.
Typically, periods between 30 and 70 nm are measured. The
behavior is in accordance with theory, assuming that non-
thermal surface relaxation processes like ion-induced viscous
flow or ballistic drift mechanisms are dominant. Neverthe-

less, a definite identification of the smoothing process, solely
based on the limited energy range, was not possible. (ii) For
both types of patterns (ripples and dots, respectively) the in-
fluence of ion energy on the degree of ordering of the nanos-
tructure is negligible. As a measure of ordering the system
correlation length was used. This quantity has been calcu-
lated from the full width at half maximum of the first-order
peaks of the PSD curves (see also Fig. 2). Minor changes
in this correlation length are attributed to the secondary ion
beam parameters which are slightly changed with ion en-
ergy. (iii) For both types of pattern (ripples and dots, respec-
tively) the wavelength/size of the structures is constant with
respect to the ion fluence. In contrast, the amplitude of the
pattern exponentially grows until a saturation for ion fluences
of 1 ×1018 cm−2 is observed. The amplitude saturation is in
accordance with current models and points to nonlinear mech-
anisms that start to act for these fluences. (iv) Specific for
the time evolution of the dot pattern is a saturation of order-
ing with increasing ion fluence equivalent to the saturation
of the size of the individual domains. In contrast, the de-
fect density in the ripple pattern decreases continuously. For
the highest fluence applied in this work (4 ×1019 cm−2, cor-
responding to a total erosion time of 6 h) the pattern with
a ripple wavelength of 50 nm has an average defect density

F. Frost, B. Ziberi, et al. Appl. Phys. A 91 (2008) 551

By controlling near-threshold damage ion irradiation of surfaces one can attain a 
variety of nano-patterned surfaces.  Simply varying incident angle, energy, species 
in a scalable and parallel nano-manufacturing approach



Summary
• In-situ surface characterization during particle irradiation 

can elucidate on relevant mechanisms of irradiation-driven 
self-organization

• Limiting factors of experimental approach lies on spatial 
and temporal scales probed
– Use of complementary surface diagnostics
– Complement with computational simulations

• Case studies demonstrate importance of ion-induced 
surface modification and implications on surface 
functionality (i.e. the case for 13.5-nm reflectivity)

• Correlating ion-induced nano-patterning to surface 
chemistry and elemental evolution can elucidate underlying 
mechanisms at particle energies near sputter threshold
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Extra Slides

64



Thank You for your Attention
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