G. Palasantzas, F. Tajik, Z. Babamahdi, V.B. Svetovoy
Zernike Institute for Advanced Materials

"Ly , .
W university of
A / groningen




Naturelinspirese!

Gecko adhesive system

~ Macro Meso Micro Nanostructures

1000
Spatular

1 million
foot hairs
(setae)

Stickybot



Z-MAN project DARPA (Army):

Demo 2012: 16-inch? Geckskin >
support ~660 pounds

NASA: clean the trash in space
. T T e *“ w N

\~ ”}'9

Gecko anper st:ckmg power is
not affected by temperature,
pressure, or radiation



™. Upper

adapter

. Lower adapter

. Vehicle Equipment Bay

" (VEB)

_.- Cryogenic upper
Upper - | stage (ESC-A)

Composite

— - InterStage Structure

(part of ESC-A)

L}
#_ Solid Rocket
“~ Booster (EAP)

"I Cryogenic main core

stage (EPC)

W

-
PAYLOAD FAIRING
Diameter
Height
Mass

A. W. Rodriguez et al. Nature Photonics (2011)

Interaction area ~1 m?->

F

cas/vd

w~9x10°N[?] 5 tons!

Broer, PRB (2013)




Casimir force
is always there

MEMS examplés with stiction problems between
components as the arrows indicate



1=>Casimir /udW - Lifshitz Eorce..

QED says vacuum is full with fluctuating fields: “vacuum fluctuations”

o2y sy | gy HNE, @ SO/

H. Casimir (1948) ....Perfectly reflecting plates

For a pair of parallel plates
the force is described by:

c is the speed of light,
d the plate spacing
and A the plate surface area.

1909-2000

First high accuracy measurement in 1997 by S. Lamoreaux



No perfect reflectors in nature 2> “real

2

AN dissipative” matter: Lifshitz theory

A. W. Rodriguez et al. Nature Photonics (2011)

Fluctuation dissipation theorem (FDT): fluctuating currents < dissipation

Im[[2)([2])] Zero-point

Dielectric function energy



vdW & Casimir...

Lifshitz theory covers vdW (short range) & Casimir (long range)

regimes

d < 0.1

?

p[?

,

10 nm

vdW (non-retarded) regime

E.g. plasma wavelength metals |?

p

?

100-150 nm

d>0.1(?

p[?

,

20 nm

Casimir (retarded) regime

..these ‘two forces’ are ultimately derived from the same cause




power laws of the force...

The scaling exponent m of the Casimir force

versus separation distance, F' ~ d~ ™ for the sphere-plate

Interacting
materials /surfaces Separation range Exponent m

Au-Au3s 25—100 nm
Au-Au3s 160500 nm
500-750 nm
160-750 nm
Au0 08-300 nm
08200 nm
Getl 550-1500 nm
[TO42 200 nm
AIST (A% 55-130 nm
AIST (C)* 55—130 nm
Au?d 55-130 nm
Ayd5.46 350 nm
HOPG45.46 n—350 nm
Aut750 30-1000 nm

G. PALASANTZAS*T, V. B. .\\I]()\()\i and P. J. VAN Z\\v(,)l,";’: International Journal of Modern Physics B
Vol. 24, No. 31 (2010) 6013-6042



Real materials.....
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Optical properties

Electrostatic contact potentials

Surface roughness
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2->Optical properties...

dissipation ~ £"(w) is of
principal importance!
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Material optical properties: Fundamental constraints

o8]

2(  we'(w) | fa=ci2a
Indirect integral dependence on the physical frequency (i) = 1 + - I o 22
m] w4+ FEEn
° o

Important ¢ ~ (., butwhich @ are important? It depends on the material. _

5100

Formetals ¢"(w) > ——>» 1 when w— 0 | Direct consequence of Ohm’s law!
w

dr, o dmg
AXH=—j—-i-D, AxH=—iw(eo+i—)E,
C C + =) W
j = 0E, D=¢E Ao
Ohm'’s law static permittivity f(w)=¢g +i—, w-0
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Comparison with theory, Decca et al.

Decca et al, PRD 2007

vvvvvvvvvvvvvvvvvvv

8 70\ MEMS measurement
-10 — ((\0 $ i HHHIL
12 - ot

-14 _ P + + _[. H{- 2 ((\0

500 520 540Se 560 580 600
z (nm)

-

Drude Casimir [?] Plasma Casimir ?



Important contribution to Casimir force from imaginary frequencies > ., =¢/ 2a

0.1<=(,=10eVe— [0nm=a=1 um
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Svetovoy et al., PRB (2008)



Contact mode AFM
force measurement

N
Ideal flat

X

zwoll etal., PRB (2008) do: Distance upon contact due to roughness
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Zwoll et al., PRB (2008), Svetovoy-Palasantzas Adv. Coll. Interface Sci. 2016



Grass and trees model

Number of high peaks d, <h <dy . ¢ roughness

[2]: correlation length
Average distance between high peaks I >> [?]

If [ > d the peaks can be accounted additively === condition on d,

Typically d; = 3w, but close to 3w

Lifshitz “grass” contribution contribution of

(perturbation theory) high peaks

N/ .

Frough (d) = F(d) + AFPT (d) + AFHP (d)

Broer et al., EPL (2012), PRB (2008), Svetovoy-Palasantzas Adv. Coll. Interface Sci. 2016
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Electrostatics™contacdpatentialsymm

Fe1 = X(2)(V—V5)? Vo: Contact potential

Energy band diagram
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Topological Insulators.

Conduction band 0.0

Ey(eV)

Surface states

Energy

Valence band
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Signatures of the exotic metallic
surface states in topological
insulators. Theoretical ideal electronic
structure of Bi2Se3
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Dynamic actuation MEMS: Conservative system [2]=0

mi = k(Ly = x) = Fey(x) — €yx3%6F cos at.

e = (),
flat surface ©® s=======rough surface

Unstable saddle o ssemmmmr s
center

0.4 06 0.8 1 1.2 14 16 06 0.8 1 12 1.4 1.6

Stable center x/Lo x/Lo

A ¢ 30 i oo
300 x 300 mnitial conditions Broer et al., PHYSICAL REVIEW APPLIED 4, 054016 (2015)



Jynamic driven nononservative |V

mi = k(Lo — x) = Feu(X) — €y + €Fy cos wt. €e=1)

Melnikov analysis

0.03
= Non-Chaotic motion
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Chaotic motion “iv

Broer et al., PHYSICAL REVIEW APPLIED 4, 054016 (2015)



100
so - Scale bar: time elapses

6o until stiction occurs
40 within 100 oscillations.

20

300 x 300 initial conditions

More chaotic

2]

more stiction

0 0.5 1 1.5 06 08 1 12 14 16
x/Ly x/Lg

Chaotic system: can not long term actuation state

Broer et al., PHYSICAL REVIEW APPLIED 4, 054016 (2015)



Stronger Casimir force-> ...more chaoticity...

x T — T 7 r — Crystalline phase
103 High reflectivity
e Low resistance
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Phys. Rev. A 2010, New Scientist July 2, 2010, Adv. Funct. Mat. 2012
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Melnikov analysis

PCM coated plate
Tclct’(J 4}

d' Tcas

Au coated plate

Crystalline

Torsional MEM

Amorphous

1.5 2.0
Tajik et al., Phys. Rev. E (2017




Amorphous ' Crystalline

100 oscillations

decrease [?]

]

Increase chaoticity

Tajik et al., Phys. Rev. E (2017)




Higher conductivity material > More chaotic.....

Au, PCM, SiC
coated plate

Au coated plate

Drude model-> conductivity ratio: @/pT72 /
wlT

wlp plasma frequency

wlT damping factor

s wlp T2/ wlr|lAu(?2]1600 eV

s wip 12/ wlrt|lAIST(C)=10.1
eV

s wip 12/ wlt|lSiC=0.4eV

Tajik et al., Eur. J. Phys. B (2018)

Melnikov analysis

Au-PCM(C)

Au-SiC

Au-PCM(C)

Au-SiC




?] [?]> decreases

Voltage application > strong
effect depending on material

lo-007 \/>(O Auvhu

a=1



TABLE II. The Drude parameters determined by different methods described in the text. In all cases the
statistical errors in the parameters are on the same level: 0.01-0.03 meV for w, and 0.2-0.5 meV for w,.
The last column shows the values of the parameters averaged on different methods and the corresponding rms

CITOIS.

Sample Parameter Joint &', &" Joint n, k KK &' KK n Average

6.82£0.08

40521

] Wp [eV] 6.70 6.87 6.88 683
400 nm/Si o, [meV] 384 433 40.2 399

2 o, 6.78 7.04 669 680

200 nm/Si \ 40.7 45. 36.1 36.0

6.83%0.15

395144

3 , 1.79 7.80 7.84
100 nm/Si \ 48.8 52.( 474

784007
49.0+2.1
4 , ' 7.05 7.90

120 nm/Si \ 37. 41.: 29.2

8.00x0.16

S 8.38+0.08

WdTdde

[20 nm/mica




Sensitivity of chaotic behavior: Plasma-Drude model.........




Real materials are promissing for applications in
Casimir driven devices but many “ToDos” Still :

WD
N

.

Optical properties & theory uncertaities
Electrostatics

Surface roughness

Chaotic motion — Device predictability
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