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The motivation
Non-equilibrium statistical processes B Complex spatiotemporal structures

Complexity : hierarchical behavior, broken symmetries (in between order and
chaos), scaling, emergence, self-organization, long-range correlations

Complexity in spatiotemporal domain

/\

Time domain Spatial domain

Nonlinear dynamics (Spatial complexity)
Chaos, strange attractors,
Phase space structures,
Sensitivity to initial conditions
Determinism vs. randomness

(Multi)Fractality, stochastic geometry
point pattern analysis, pattern recognition

avotexvohoyiag



Spatial complexity : The multi-scale faces N B
Galaxies

* Hierarchical structures
* Web-like geometry

» Presence of large roundish
underdense regions (the Voids)

Mg b

Simulated star distribution DTFE (Delaunay Tessellation Field
Estimator) image of star distribution Aragon et al. Astronomy and Astrophysics, 2013



Spatial complexity : The multi-scale faces

Earth

Geocomplexity = > Geostatistics
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Spatial complexity : The multi-scale faces
Cities

Point patterns (Crime positions in London, 2014)

Fabio Veronesi, R-news 2015
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Asimakopoulos et al. SigmaPhi 2017 (Wednesday, 11.00) ¢


https://www.r-bloggers.com/author/fabio-veronesi/
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Spatial complexity : The multi-scale faces TR}
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Material Nanostructures

Nanowires
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Nanostructure morphlology resemble larger scale structures in cities, earth and universe



In this talk, | will focus on

* the spatial complexity of nanostructures (or
simpler nano-complexity)

 Nanotechnology and Nanosurfaces
 Complexity and Fractal/Multifractal analysis

 Applications of fractal/multifractal analysis in
nanotechnology




How do we get data of nanospatial complexity?

1st . Explosion of nanofabrication ‘ 2nd : Advancements in Microscope
techniques technology (accuracy, functionality)

flood of images with a vast variety of nanostructures
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WhY do we need nanocomplexity characterization?

Understanding of nanostructure fabrication and functionality
Control and optimization of nanostructure performance

Provide metrics to nanometrology to evaluate
nanomanufacturing

Reliability and traceability of nanomanufacturing

How 77?7




To face up the challenge
. B

Inspiration from other related fields - Synergies

Geostatistics
(stochastic geometry)

Roughness theory

Spatial
complexity

Information science
methods

Fractal geometry

Complex network
theory

Pattern
formation

Navosmaniiung



“‘Complexity frequently takes the form of hierarchy”

“One path to the construction of a nontrivial theory of complex systems is by
way of a theory of hierarchy”

(The architecture of complexity, H. Simon, 1962)

Complexity

4

Hierarchy

4

Scaling analysis

1

Fractal/Multifractal
theory

12



QpAKTaA TTPOTEYYION

PPAKTAA YEWUETPIA : H YEWUETPIO TWV AUTOOUOIWY dOHWY dNA. TWV AVAAAOIWTWYV
uTTé aAAayr KAipakag (scaling invariance)

N H yewUETpia TNG CUUMPETPIAG TNG auToouoIoTNTaG (self-similarity
symmetry)

‘Evvolec-kAeLldia otnv fractal yewpetpia
e AutoopolotnIa
e Nopog duvapunc (power law)

e MopdokAacpatikn (Fractal) Siactaon

(N akEpara)

» AuToopoIOTNTA TiVOG TTPAYHOTOG;;;
» NoOpog duvapung HETOSU TTOIWV HEYEBWV;;;
» Mop@okAaouaTiki didoTaon;;;
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PpdkTaA TTPOCEYYION

MéyeBog XapakTnpIouoU

MeTaBAnTn KAipakag TNG EMQAVEIOG

ATTO0TOCON ONUEiWV Yyog — Alapopd upwv
XWPIKN ouxvoTnta KAion

[MAeupd TETPAYWVOU AIOKUUAVOEIG
Tunuarotroinong

e 2UVAPTNAN CUOXETIONS DIAQOPAC UWWYV
* Metaoxnuatiopég Fourier

e TummkA atrékAIon cuvapTACEI KAINOKAG

14



e 2UVAPTNON CUOXETIONG OIAPOPAS UYPWV
(atréoTaan — diaPopa UYwv)

MNa pia ypapun h(x) pe Tpaxutnta

X

H(r) = <(Ah)?> = <(h(x+r)-h(X))?> (Height difference correlation function)

> SuvapTnNon ouoxéTiong uwwv : G(r) = VH(r)  (Height-height correlation function)

[1a @PAKTAA eTIQAVEIEC 1] YPAUMES - H(r) ~r?* 3 G(r) ~ r®

a: €KBETNC TpaXUTNTAC,

Baoikr 1016TNTA : a=2-d, d: ppdakTaA didoTaon

<Ah(r)> ~ra@ ‘
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* Metaoxnuartiopog Fourier / @dopa 1ax00¢
(ouxvoTnTa — UYog)

LATENET
3. ikx ~ Ko+0.5 QMME
F() = o fo h(x)e™™ dx  mEEE)  F(K) ~ k05 (YPAUMEQ)
F(k) ~ kot (ETTIQPAVEIEQ)

a: €kBETNC TpaAXUTNTAC,
a=2(3)-d, d: @pakTaA dilacTaon

* Tumkn amrékAion (rms value) auvaptioel KAipakag
(TTAEUPA TETPAYWVIKAG TUNUATOTIOINONG — JIAKUUAVOEIQ)

’ﬁ I@ ﬁﬁﬁﬂ
BT w(l) ~ I°

BN gl a: ekBETNG TpaxUTNTaG,
P a=2(3)-d, d: ppakTaA didoTOoN



TUTTIKA aTTOTEAECUATA ATTO TTPAYMATIKES ETTIQAVEIES
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PpAKTAA TTPOCEYYION

dpAKTAA NpaypaTikn eNIPAaveia

G(r) (nm)

w=1.05 nm
a=0.5
€=100 nm

o S o
r (nm)

e TUMIKA anokhion w (kaBeTn TpaxUTnTa, rms value)
e ekOETNG TPpaXUTNTAC @

(divel To OXETIKO BAPOC TWV UWIoUXVWV
MapdueTpol TPaXUTNTAG < OlaKUKAVOEWY OTNV TPaxuTnTa,

a=3-d (2-d) , d: n fractal diaoTacon)

* UNKOG OUOXETIONG &

(yia r>& Ta onueia TNG enpaveiag eivai
“—  QOUOYETIOTA)
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2. OpdkTaA TTPOCEYYION

1-D auToOUGOXETICOMEVEC EMIPAVEIEC E DIAPOPETIKA W,a,E

1. AlagopeTIKO W , id1a a,§

:
o w=1 1
- ]
780 100 =00 =00 400 SO0 [=l=l=] Foo

so0 =00 T=late) =) =Ta} =00 =00 o0 =00 so00 oo [=TaT=] S00 I=TaTe)
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2. Ala@opeTIKO a , idia w,&

a=0.2

o 100 =00 So0 ao0 S00 SO0 oo S00 SO0 1000

3. Ala@opeTiko &, idla w,a

£=50
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DpdakTaA TTPOCEYYION

«  OPAKTOA YEWUETPIO OE TTPAYMATIKEC OOUEC =>
=> «XoAdpwon» TNG Bewpiag o€ Tpia onueia :

1. Ox1 akpIfri¢ autoouoIdTNTA: OTATIOTIKI) QUTOMOI
= TuXaia rj oTaTioTIKA fractals.

g€ Mia TTEPIOXN) TOUG

2. AutoopoloTnTa OXI 0€ OAEG TIG KAIMAKEG aAAG ﬁ, g 3
N
29

3. AutoouoIoTNTa JE DIAYOPETIKOUG CUVTEAEDTEG - '
OMiKpuvong o€ OIAPOPETIKEG OIEUBUVOEIC: ;ﬂ’
avIoOTPOTIN autoouoldTnTa (self affinity)

TEXNHTO AENTPO MPATMATIKO AENTPO
AkpiBrc autoopoidtnTa LTauouKr autoopoiétnta



2. ®pakral TTpociyyion

2.0vOEQN JE TA TTPONYOUMEVA :

Fractal yewpeTpia o€ TTpayuaTiKEG dOPEG =>
=> «xaAdpwan» TNG Bewpiag o€ Tpia onueia :

1. 2T1amoTiKA autoopolotnTa (random fractals) VEVIKEUGT TOU OpIGHOU
2. Mepiopiopévng KAIJaKag auTOOHOIOTNTAS box counting dimension

3. Aviootpotrn autoouolotnta (self-affinity) => Ah~ro |

2L



DPPAKTAA YEWNETPIA KAl EPAPIOYEG:
1. NavonAekTpOoViKr):

ElNAPA2H TH2 TPAXYTHTA2 2THN
NEITOYPI'IA ENO2 TPAN2I2TOP

D



>To mpoPAnpa TNC WAEUPIKAC TpaxuTnTac otnv wUAN €vOC TpavoioTop
(Line Edge Rooughness (LER) or Line Width Roughness (LWR) problem)

Line Edge Roughness Top down view of a gate or resist line
The ideal case The real case
gate
(line)
3 c O §=
Q| (line) | © 3 % é S
LER

TTAeupikn Tpaxutnta (LER) : ‘Eva andé Ta onpavrikdTepa mpopAnpara
oTn Ploynxavia ngiaywywv yid Tnv wapaywyn tpavoiotop <50nm

23



Baoikd pey£Bn AciToupyiag evog TpavaioTop :
a) H tdon Aeitoupyiag (V)
B) To pebpa pndevikig Tdong Adyw eaivopévou ofippaydg (I ¢¢)

MeBodoAoyia : 2D TTpoTuTToTToinaNn TNG AEITOUPYIAG TOU TPAVCIOTOP

l Svith, . (CD, ;) =—C,e~P™! (""" —1) +
/ (k _1)Cze—CDnom/2I (eCDileZI _1)

Gate CD,; the length of the j-th subtransistor of
the i-th transistor

Tale Ids,i (Vgs) =
— i DW /JC (Vt)z exp Vgs 8 (Vth,ideal +AVthi,j (CDIJ))
=== = CDnom+CD,; "~ n Vt

W

AR T

Vth,ideal =V, (CDnom) = _Cle—CDnom/I + (K _1)C2e—CDnom/2|




correlation length § (nm)

ArnoteAéopara : Ewnidpaon Tng ppaktaA didotaong (roughness
exponent) kai Tou punkoug ouoxériong (correlation length) ornv

a. AmokAion Tng Vy, amé tnv
OVOUAOTIKA TIHA

Threshold Voltage Shift AVth (mV)
sigmaLWR(inf)=5 nm

AVth (mV)
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B. EUpog Twv amokAioewv Tng V,, amé
TNV OVOUAOTIKA TIUA
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2. UuTepdopara :
1. Tho 1oxuph n emidpaon TnG PPAKTAA d1AoTACNC OTA HeYdAA HAKN CUOXETIONC
2. TTi6 onpavTikA n emidpacn Tou HNKOUC OUGX ETIONG
3. Mikpd a, => o al16moTn AsiToupyia Tou TpavaioTop
25



DPAKTAA YEWUETPIA KOl EPAPLIOYEG:
2. BiovavoreyvoAoyia:

ETNIAPA2H TH2 PPAKTAN TPAXYTHTA2 2THN
NMPO2®PY2H KAPKINIKON KYTTAPON

26



Programmable Fractal Nanostructured Interfaces for

Specific Recognition and Electrochemical Release of Cancer
Cells

(P. Zhang et al. 2014)

Makee AATERTALS
e’ .
WWW.| M!;alsvbmcom 5in
a) LFAuUNS b) MFAuUNS C) HFAUNS

Figure 3. Characterization of the topographical interaction between
MCF7 cells and anti-EpCAM—coated flat Au and FAuNS interfaces. Typical
environmental SEM (ESEM) images of captured MCF7 cells on a) flat Au
interfaces, b) LFAuNS interfaces, c) MFAuUNS interfaces, and d) HFAuNS
interfaces. The cells captured by the FAuNS interfaces exhibited more
filopodia at the cell/substrate interface than the cells on flat Au. As the
fractal dimensions of the FAUNS increased, the captured cells stretched
out more filopodia.

Figure 1. Schematic images (top), scanning electron microscopy (SEM) images (middle), and enlarged SEM images (bottom) of a) a low FAuNS
(LFAuUNS), b) a moderate FAUNS (MFAuNS), and c) a high FAuNS (HFAuNS). The different hierarchical structures of the FAuNSs can be clearly
observed.

A/



DPPAKTAA YEWNETPIA KAl EPAPIOYEG:
3.NavouAika:

TTONYMOP®PORKNAZMATIKH ANAAY2H
TNNOAYMEPQN ETIPANEION

28



Fractality in real surfaces

surface morphology

1-D height-height correlation function 3 circularly averaged Fourier transform
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From fractals
to multifractals



Water droplet

P T wr Tw

Solid substrate

Microscale
Megative Surface

Contacting Aspenties




[TOAUOPQOKAQOUATIKN AVAAUGH ETTIQAVEIWV
(MOPPOAQYIKI) ETEPOYEVEIQ)

TR Sb:80 SEM SEI 20KV X20000 WD39mm  1Tum




M£Bodoi MoAupop@okAaouatikng avaAuong EmiQaveiwy

MéyeBog XapakTnpIouoU

MeTaBAnTA KAipokag NG EMIPAVEING

a. ATtooTaon onueEiwv 1. "Ywog — Ala@opd ugwv

b. XwpIk ouxvoTnTa 2. KAion

c. [MAgeupd TeETPOAYWVOU 3. AlaKUAvOoEIG
Tunuarotroinong

« MéEBodoc¢ katapéTpnong kouTtiwv (multifractal Box counting) (c-1)
« Mé£Bodo¢ avaluong diakupdavoewy Xwpic Taon (multifractal DFA) (c-2)
« MgEBodOoG ouvapTnOoNnG cuoxeTioewv diaPopas uwoucg (Height Height

Correlation Functiom) (a-3)



NoAuMop@okAaguariky) avaAuan KATAPETPNONS KOUTIWV
(AlaBadpiopévn avaAuon KAIHAKWaONG EIKOVAG/ETTIQAVEIQG)

BRua 1° :Alauepifoupe TNV €IKOVA O€ i0a Kal Jn
AAANAETTIKOAUTTITOPEVA TETPAYWVA

BrApa 2°:ABpoifoupe OAEC TIC TINEG QUTEIVOTATAG EVTOG TOU
TETPAYWVOU dlauépiong TTAEUPAC s, opifovTag €101 TNV
mlavornTa:

Yic1 M(y_1)s+i
P(s,v) =
( ) Zc’il Zf=1 M(v—l)s+i

Brua 3°: Opifoupe Tn ouvaptnon €TmPEPICUOU
x(s,q) = £,2, P(s,v)1

BAua 4° : Av n oxéon TnG KAipakag diauépiong Kai Tng ouvaptnong
ETTINEPIOUOU aKOAOUBEl évav vopo duvaung x(s,q)~s™@ orou o
eKBETNG T(q) €CapTdTal atmrd 1o q pE TPOTTO dlAPopo Tou g-1 TOTE
EXOUME TTOAUMOPQOKAQOUATIKH CUMUETPIAL.

DAaoua yeVIKEUPEVWYV t(q) Singularity a=d(t(q))/dq

PPAKTOA SIACTATEWV: Dl g—1  Spectrum  f(a)=ag-1(q)

MeydAo BeTiké  (MIKPOS a) : CUNTTEPIPOPA KAIHAKWONG TWV UWNAWYV onuEiwy TNG
ETTIPAVEIAG (KOPUPWV)

ApvnTIKa g (MEYAAO a) : CUNTTEPIPOPA KAIHAKWONG TWV XAUNAWY TTEPIOXWYV TNG
ETIPAVEIAG (KOINGOWV)



Multifractal spectra
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log,,(x)n

Problem :

Deviations from power law at valleys

results at q<0
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An alternative method — Q-positive MF-BC analysis

N VW VWV Ve

Reverse surface

Normalsurface  +—
-AAMAN MA b)

<

mf scaling of peaks mf scaling of valleys
(g-positive spectrum of normal surface) (g-positive spectrum of reverse surface)
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An alternative method — Q-positive MF-BC analysis
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Application in surface roughness evolution

Material : PMMA (polymethyl methacrylate)
Processing : Dry etching with O, plasma vs. etching time
Measurement: AFM images

e e e e e

: . Etching time (min)

Standard (moment) analysis
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f(a)
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Multifractal spectrum 135
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v Multifractality (Af) is maximized at the transition (5-8min)
from smooth (periodic-like) to very rough PMMA surfaces

v Multifractality (Af) quantifies the scaling heterogeneity of
surfaces

v Multifractal Roughness (Aa) goes up almost similarly to rms 40



Nanocomplexity solutions
fractal/multifractal, entrop
anisotropy scaling, ...)

Algorithms
Software

I° NoOmetelsis

NANO-
INDUSTRY

Applied research and industry
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s Summary

Evvotes/ MBodol

XwpLlkn moAumAokotnta
Navotexvoloyia
MoAupopdoKAAoUATLK ovaAuon
Epappoyec otn vavotexvoloyla

?

?
?
?
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INCreases.
Complexity first increases, then decreases.

EuxapioTw TTOAU!!!
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