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ABSTRACT. Adhesion between microgripper end-effe@nd a nano/micro-object is a main topic for

manipulation in micro- and nanoscale. Tuning tloiscé is a great challenge. Adhesion force is direct
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linked to the chemical composition and the surfemeghness of both, the object and the gripper.
Recently, we proposed a multispheres Van der Waate model able to predict this force. The surface
used was structured by an array of polystyrenersgheith radii from 35 nm to @m. The experimental
pull-off forces have confirmed our model. In thiegent work, we analyzed other innovating structure
such as non-closed packed polystyrene (PS) splmrésorganized Si Nanostructures, formed by
chemical etching. The adhesion values of the pfifesce measured on these structures were very low
(in the range of 2 to 10 nN), and suggest thatetlmesv structures have non-adhesive propertieswA ne
model taking in account the roughness and the argéon of the PS spheres and Si Nanostructures has

been developed to predict these new properties.

INTRODUCTION
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The assembly and micromanipulation of nano/micnoyogonents is a major issue. Manufactured
products are getting smaller while they combine anand more utilities. The major issue lies in the
drastic reliance of the micro/nano-objects behasiwd the surface forcésThe manipulation of these
objects involves the handling, positioning, aneasing while avoiding any disturbances of the serfa
forces such as capillary, van der Waals, or elstidtiz force<. Several application fields are concerned
such as telecommunications, bioengineering, or llysual Micro-Electro-Mechanical Systems
(MEMS). In the microworld, surface forces are nauligible compared to volume forces (weight,
buoyancy, etc.). Microhandling methods are mostygea on two general approaches which consist in
exploiting the surface forc&s (e.g. capillary grippers) or reducing the surféoees (e.g. reducing
adhesion on tweezers). This paper deals with thenskechallenge and especially on the reduction of
adhesion between tweezers and the grasped olij@et.approach to reduce the adhesion force has been
developed in liquid and dry medium by surface stmiog®® or chemical functionalizatioh’* Surface
nanostructuring is able to reduce the contact beteveen the gripper and the objects, and therefore
decreases the contact area and van der Waals.fomgesapproaches allow the surface structuring: top
downt* ** and bottom-up approach&s'’. There are also methods based on the combinafitoth
approache&®® Among these methods, the nanospheres lithogrébhgs received great consideration
as a result of its simplicity compare to convengiotithography techniques. Using this methods,
patterning of a wide variety of solid substratess hbeen achieved including metal&!
semiconductor§>?’ and ceramic&®

Recently, we reported the influence of the struotursurface by closed-packed polystyrene (PS)
spheres on the adhesion forces. We proposed asphéties van der Waals force model which may
suggest the existence of an optimal value of tierspradius that would minimize the adhe$idrhis
model has been extended to demonstrate the exéstérec minimum independent of the diameter and
the nature of the spherksn this paper, and in order to understand theiérfte of organization, nature

of nanostructures and roughness on adhesion piegenmeasurement has been performed on non-

organized Nanowires (NWs), non-closed packed af&5 spheres and organized Si NWs produced by
3
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metal induced chemical etching. The measurememwslioat these new structures have non-adhesive
properties. A new model has been developed to giréte adhesion force between a rough non-closed
packed and a microsphere. The pull-off forces ptday the model are compared to experimental data

and are concordance.

EXPERIMENTAL SECTION

Materials

Commercially available PS microspheres suspensien900 nm, 2.53 wt% aqueous dispersion, and d
~ 200 nm, 2.53 wt% aqueous dispersion) was usedys€lehces, Inc., Eppelheim, Germany) as
received. Acetone, toluene, hydrofluoric acid (HFB %), Ammonium hydroxide (NXDH,25 %),
Sulfuric acid (HSOQ4, 98 %), sodium dodecyl sulfate> (99.0 %), Nitric acid (HN@ 70 %) ,
Hydrochloric acid (HCI, 37 %)and Hydrogen perox{#O,, 30 %), were purchased from Aldrich. p-

type Si wafers (> 10 .cm), (100) crystal orientation from Silicon Matds, USA.

Synthesis of non-organized and non-structured NWs

P-type Si wafers were used as substrates. Pripati@rning, the Si specimens were pre-cleaned in
acetone to remove the organic contaminants, ane Wem heated in air at 600 °C for 10 min to
increase the thickness of the oxide layer. Thetsafieswas then treated with a 1:1:5 solution of,8H

(25 %), HO, (30 %), and water at 80 °C for 15 min to obtaihydrophilic Si surfacé® Hydrophilic
surfaces were formed by the terminal silanol (Si@kups. After this pre-treatment, a monodisperse
suspension of PS microspheres was spin coatedtloatsubstrate. The suspension was dried in air at
Room Temperature (RT), and the spheres arrangeaséiees into a closed-packed structure of two-
dimensional ordered lattices due to attractive Izapiforces. In order to fabricate an Au thin film
pattern, the dense packed PS spheres are useshadav mask. Thin Au films were deposited onto the
Si substrate through the PS honeycomb shadow nsisk @ Balzers SCD 040 sputter coater at a

discharge current of 25 mA in a vacuum with presdqiglow 1 Pa for the desired time. After sputtering

4



hal-00719432, version 1 - 19 Jul 2012

the PS mask was removed by immersing the specimedig % toluene in an ultrasonic bath. Finally,
the specimens were annealed at 1000 °C for 1 Hirflgesate 10 °C mif) under vacuum and then

cooled down to RT.

Structured surfaces: Organized non-closed pack of #spheres

The two dimensional (2D) PS sphere ordered lattieese achieved by self-assembly using
commercially available PS spheres suspension oh@®@nd 200 nm of diameter onto silicon substrate.
In a standard procedure, Si wafers were cut irfocin? pieces and were pre-cleaned in acetone for 5
min and in 1 wt% HF for 5 min to remove both orgacontaminants and the native oxide. Additionally,
the specimens were immersed ig(AH,SO, solution for 10 min and afterwards treated byplasma

to produce a hydrophilic surface. After this preatment, a monodisperse suspension of 10 puL of PS
spheres was released onto the substrate. Theratheles was immersed into deionized water. Two
droplets of sodium dodecyl sulfate solution (10Wé)ye deposited onto the water surface and the sampl
was removed out of the water, holding tilted in eardo remove PS spheres in excess to the PS
monolayer. After the complete drying of the sulistréhe spheres were reduced by Reactive lon Ejchin
process (RIE) in order to obtain a non-closed paclieay of spheres. The spheres were finally stunck

Si substrate by a thermal treatment at 100 °C Gamih.

Structured surfaces: Organized non-closed pack ofi$ISs

A non-closed packed array of spheres was prepareteationed before. A thin Au film was deposited
then by sputtering. The sputtering was carriedabat discharge of 25 mA in a vacuum with the pnessu
below 0.1 mbar. By this Physical Vapor Depositi®?VD) step a mask of Au was obtained and the
thickness of this layer was measured around 40betmveen spheré$.The specimens covered by Au
were etched in a solution of HF/B, (4 M/0.88 M) in water at room temperature. Aftemoving the
metal with aqua regia (HN{HCI in a volume ratio of 1:3) solution and immagithe sample into

toluene at 50 °C to dissolve the PS spheres, Solsamnwere dried and fully characterized.
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Characterization
Samples were characterized by Scanning Electrorostopy (SEM, Hitachi S-4800), and energy

dispersive X-ray spectroscopy (EDX, Genesis 4000 ED

Force Distance Measurement by Atomic Force Microsgiy

Characterization of the pull-off force was perfochweith a commercial atomic force microscope (AFM,;
stand-alone SMENA scanning probe microscope NT-MBR{dssian). The experiments were done under
a controlled environment with a laminar flow (humyd30 % and 25 °C) on the Nanorol platform

(http://nanorol.cnrs.fr/events.phprhe rectangular silicon AFM cantilever, whosifrséss is 0.3 N/m,

was fixed, and the substrate moved vertically. 3dmme kind of cantilever was used for all experiment
As the objective of this work is to improve theiabllity of micro-object manipulation, interactions
have been studied between a micrometric sphereaatdictured surface. Measurements were in fact
performed with a cantilever where a sphere (radiusvas glued in place of the standard AFM tip. In
order to measure interaction forces in an experisd@omparable to micromanipulation framework, the
radius fof the sphere glued on the AFM is 5um. The fordbdidion was performed for each cantilever
with its resonance frequency, and 10 measuremesns @one at different locations on the same sample

with a driving speed of 200 nm/s.

RESULTS

Synthesis methods and Morphologies

Non-organized NWs.In order to understand the influence of organizated Si NWs on their
adhesion properties, non-organized NWs has beetthesiped as reported elsewh&eSEM
characterizations show the formation of a foresNw¥s (Figure 1). EDX characterization shows that

these NWs are composed of oxidized silicon.



hal-00719432, version 1 - 19 Jul 2012

Non-closed pack of PS spherdstom one closed-packed PS sphere arrays on sa)steateral non-
closed-packed arrays were produced by reducingmiti@ sphere diameter with RIE process (Figure 2)
900 nm diameters were shrunk to 800 nm, 710 nmns60495 nm for respectively 1 min, 2 min, 5 min

and 7 min of RIE process (Figure 2a-e).

Non-closed packed of organized Si nanostructurééon-organized Si nanostructures has been
synthesized as reported elsewhér€igure 3 shows the regular pattern of Si NWs sysitted by
selective metal inducing chemical etching proc&b& advantage of this method as compared to other
lithographic methods is that it is simple and fastaddition, both diameter and density of PS sploan
be controlled to a certain extent, so that patt@nmtions can be easily achieved. By modifying stz
of the PS spheres, the dimension of the Si NWstheil spatial density can be changédrigure 3
shows Si NWs arrays resulting from the use of Pigegs with diameters of 200 nm, and 900 nm
respectively. The diameter of the resulting Si Ni/80 nm (Figure 3a) and 400 nm (Figure 3b) and the
spatial density is ~2.89 x 1@m? (Figure 3a) and ~1.43 x i@m? (Figure 3b-d), respectively. By
decreasing the size of the PS spheres used iretfiertiing, we decrease the dimension of the Si NWs
and increase their density. We note here that &lgs possible to tune the diameter of the NWs by
conserving the same spatial density using diffei@nditions of RIE as well as the length using
different immersing times during metal assistednulcal etching (Figure 3c,d). EDX measurement

shows the presence only of oxygen and siliconensihecimens.

Adhesion measurement

Organized and non-organized Si NW§he pull-off force was measured by AFM for differesilica
types: wafer, non-organized and organized NWs. ddtession curves were presented in Figure 4. The
pull-off force was influenced by the texture of thidéica (wafer or nanowire). The adhesion force is
lower on surface with nanowires than on silica wafde reason is the decrease of the contact surfac

On the non-organized nanowires curve (Figure 4®,release between the probe and the surface is
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performed step by step and the curve presents disoous jumps. This phenomenon is already
observed in the case of adhesion force measureomenarbon and boron nitride nanotub&%' The
previous measurements are summarized and compétesdilcon surface in Table 1.

The adhesion force with silica layer as homogenewulslWs decreasing the pull-off compares to
silicon surface which is near 250 nN. The surfadé wrganized nanowires has a pull-off force irderi
to the other silica materials. The Si NWs valuethefpull-off force are very weak close to the dets
limit of the AFM. Consequently the comparison begwehe different sizes of Si NWs cannot be done
due to the lack of accuracy for this range of valll#owever the low pull-off forces from NWs surface
confirm that nanostructure decreases greatly thesadn forces. In addition, the diameter and thgtle

of the Si NWs seem to have no effect on the pulfate value.

Non-closed pack of PS spherdswas found in a previous study on closed pacR®fspheres arrays
that the sphere size influences the pull-off foftiee decrease of PS spheres size reduces the @uhesi
force near 100 times as compare to uncoated stdstke can expect the same behavior with the non-
closed pack of PS spheres. The force measuremerte mon-closed packed samples are presented in
Figure 5 and are summarized in Table 2. The pdlfmte, after shrinkage, is lower than that of the
initial sphere. Indeed, for 900 nm diameter, thbesibn is 149 nN and decreases up to 10 nN with

spheres of 495 nm of diameter.

DISCUSSION
Non-organized NWs

Compared to organized Si NWs, non-organized NWsgntea different behavior in term of adhesion
force. The discontinuous jumps observed in Figuead be explain by two phenomena depending on
the contact number between the probe and the N#kisl number is one, i.e. just one nanowire is

attaching to the probe; the discontinuous jump xplaned by Ishikawaet al. . The number of

8
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discontinuous jumps increases with the length efNlVs. The first jumps are a mesoscale peeling. The
small stick-slip behaviors are also observed asthpe, which exhibit a nanoscale intermittent imggel
without sliding. After, the jump corresponds to enformational transition of the nanowires. The
following slope, with no stick-slip behaviors, iset sliding of the contact point between the nanewir
and the silicon substrate or the stretching ofNk¢. In the work reported by Ishikavet al.?, just one
slope without stick-slip has been observed. Ineperiment the graph of Figure 4 shows three slopes
without nanoscale intermittent peeling. This firglioould be related to the fact that the probe is in
contact with several NWs and the adhesion forgeeiformed between the AFM cantilever and several
NWs. In this case, the retract curve (Figure @xglained as previously, mesoscale intermittenliqpge
(B-C) then conformational transition or first brokeip (C-D). These two steps are followed by
nanoscale intermittent peeling (D-E) before thekbroof the contact between the probe and the NWs,
nanowire by nanowire. The steps from F to J, issdrae that D to F with an uncertainty on the jump G
H which is either a conformational transition, orbeoken link. In order to confirm exactly the
phenomena, the experiments should be performedunisside a SEM but the incertitude on the
mechanism does not modify the conclusion on the INg for the micromanipulation. The schema of

Figure 6 resumes the different steps of the Fidareith no conformational transition.

Non-closed pack of PS spheres

The pull-off force measured between a sphere a8 atructured surface by AFM can be simulated
by van der Waals monospheres model establishedefgubt al.® because the radius of the PS sphere
is superior to 100 nm. The authors modeled thegdtifiorce between a structured surface and a gpher
whatever the nature and the size of both sphesgecévely deposited on the surface and glued en th
tipless cantilever extremityWe suggest to modify and to expand the model éreloto determine the
pull-off force for a non-closed pack of PS sphefidge typical model of van der Waals force on smooth

spheres is reported below (equation 1):
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)
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where § is the sphere radius glued on the tipless camtilextremity,  is the initial PS sphere radius
respectively\ is the PS radius sphere reduction coefficienttdude etching process, e Hamaker
constants of materialsg the contact distance.

The simulation results and the comparison with ékperimental measurements are summarized in
Table 2. The simulated pull-off force is superiorthe experimental measurements for all the non-
closed packed PS spheres. This phenomenon catribatet to the spheres roughness increasing after
shrinkage process.

Actually whereas the polymer sphere size is reducsggen plasma bombardment causes also
roughness on the PS sphere surface. The roughndased by plasma etching has been widely
reported®” Figure 1e shows the etched PS spheres of 495 dumed from 900 nm. Although the initial
spherical surface is smooth and clean (Figurerfa)pscale roughness appears on the spherical surfac
after the plasma etching. The roughness is morgeaaitle with longer etching process time. The
surface roughness has been attributed to microsaipinhomogeneous etchifg>*

Again when the roughness increases, the contaathatsveen the two surfaces (probe and substrate)
decreasés and in turns this decreases the contact surfadett@nvan der Waals forces. All studies
conducted to observe the influence of roughneshemull-off force converge to the same conclusion:
the higher the roughness, the smaller the pulfafie is.***? Tormoenet al. *** reported that if the
size of the asperities is of the same order of nagd@ as the particle, the contact area as wethas
pull-off forces decreases. The roughness playsaismportant role in the error sources for thd-pfil
force measurementd This error increases with the roughn&s¥.In conclusion, the surface roughness
would decrease the bond strength; neverthelessutdabe more difficult to predict the forces sinte

becomes very noisy.
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The modeling of the roughness could be done ireufit ways from fractal modeling to simplified
geometries®*** The first modeling is based on a complete définitof the roughness profile,
enabling the construction of a precise model whmzsameters are still difficult to identify in a ptecal
case. The second modeling based on simplified geprnsebased on assumptions on the roughness
geometry but contains few parameters (or at le@gtane). In order to discuss the impact of rougisne
on the adhesion forces, we chose to simulate stethia roughness by a simplified geometry congjstin
in a collection of nanospheres (radiuy,on the PS spheres periphery. The relative positeiween the
probe and the spheres respectively the roughness ithe sphere,ris described in Figure 7. As the
pull-off force is a direct consequence of van deadl¥ force between both objects, the experimental
pull-off measurements can be compared with vanVdaals models. In the previous papers, we have
shown that when the radiug s greater than 100 nm, the pull-off force candbaulated by the
interaction between the probe and only one or tepgeeres on the PS sphere depending on the initial
position of the probe against the substrates. 8o ifderaction cases between the probe and the PS
spheres are possible (Figure 7):

_Case 1: The probe is aligned and in contact withasperity on one PS sphere, Figure 7a

_Case 2: The probe is in the middle of three agpsridn one PS sphere and in contact with them,
Figure 7b

_Case 3: The probe is in the middle on the thresgt@res and in contact with one asperity on each
PS sphere, Figure 7c

_Case 4: The probe is in the middle on the threettgres and in contact with three asperities on

each PS sphere, Figure 7d.

The four total forces F between a PS sphere witghoesszyand the probe is described below:

ZZ
A12r1r2 r3+ZO+E
> .

i‘i 62ijmin (r3 + Ii) r3 + ijln + [

case 1T~

(2)
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Where ¢ and 3 are the projection of the distance between theecesf the sphere (0;0) and the

sphere (i;j) on the z axis angler R; on the plan (xOy) depending on the case. So tHistances are

done by:
dij =M, - (Mz -I‘3)2 - rijz -G (8)
D;=Ar,- (Mz'rs)2 - Rﬁ - - Dy 9)

= 26412+ - ] (10)

RijZZE\/iZJ“J'Z'iJ"J'Jf% (11)
_ 2 4I’32
Dgo= Al - 4[(Ar,-1a)" - =5 r, (12)
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This interaction model between a spherical prole amough sphere has been simulated using the
Matlab Simulink software. The evolution of F asuadtion of the interaction case and of the etching
time is drawn in Figure 8a,b respectively.

In Figure 8, the first points on the right-handtloé Figure are the pull-off force without roughness
(when g = r3). The result deals with the determination of aimum of the interaction force which
represents an optimum of adhesion reduction inayalicative field of micromanipulation. In our
experimental case, the optimum radigigirorder to minimize the adhesion is between Gamoh 10 nm.
This optimum is reached for radius 10 times smaHan in a case of a structured surfagéth a force
also ten times smaller. This value depends (i) fm ihteraction case between the probe and the
asperities; (ii) on the borosilicate sphere radjluged to the cantilever (nature and size) and diii)the
initial radius p of the sphere. If the radiusis lower than this optimum (10 nm), more and nepkeres
should be considered in the sum (eq 5), thus isargdhe force.

Particular asymptotic convergences can be obsemdte right-hand part of the Figure, cases 2 &nd
are converging to the same values. In this caseptbbe is in interaction with only the sphere(s) a
distance g In the cases 1, 2, 3 and 4, the sphere(s) numlogeraction with the probe are 1, 3, 3 and 9
respectively. So the adhesion force is the samérases 2 and 3. In the left-hand part of tigarEi
case 1 and 2 and case 3 and 4 are converging samhe values respectively. In this case, the radisis
lower than this optimum, and more and more sphetesild be considered in the sum and the
arrangement of the spheres is near to a planecsutiaus increasing the force. The sphere number on
the sum is so important (more than 300 fgrlrnm) that the number of sphergdgmr contact has no
influence, and only the number of sphershiould be taken into consideration. So the casesl13 are
similar to the cases 2 and 4 respectively.

In Figure 8, the force decreases from 2 to 15 byaoropriate roughness of the PS sphere. This
modeling range is in agreement with the experimentasurement, Table 2 with a decrease from 3 to

7. An important roughness is also observed on azgdnSi NWs. However, it is due to the chemical

13
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etching process. It has been reported that medakced chemical etching results in roughness alodg a
on the top of Si NWs>"*® This roughness on the silicon NWs leads to a smaloff force which is

similar to one on the PS sphere after etching.

Potential application on micromanipulation

As all the experiments and the models have beeabledted on micrometer spheres=Gum), the
application of the structurations of the surfacenisromanipulation can be directly discussed.

The multi-contact release observed in non-organid®@és is able to disturb the micromanipulation.
Indeed it appears difficult to predict the distaneguired to release of all the contact. Despigef#rct,
that the adhesion is sensibly reduced, it seemsecuently not applicable in micromanipulation
application framework. The uncertainty on the distarequired to the release is linked to the non-
organization of NWs. Organized NWs or spheres cbeldnother approach.

So, for manipulation, the two processes can be tséeécrease the adhesion and improve the object
release, with a preference for the Si NWs becafigbeir best stability. Indeed, the PS spheres are
deposited by spin coating and could left the serfdgring the micromanipulation tasks whereas the Si

NWs are engraved on the silicon wafer.

CONCLUSION

In conclusion, experimental pull-off forces haveebheneasured by AFM with a borosilicate sphere
glued on the tipless cantilever, on both non-clgseck of PS spheres and organized Si NWs produced
by metal induced chemical etching. The adhesionesgsbbtained for both are very low, close to the
detection limit of the AFM. Thus, the nanostructiresed can be seen as non-adhesive surfaces. The
adhesion of these non-closed packed materialsdes dtbmpared to non-organized NWs. A new model
has been developed to predict these new propeBeedor manipulation, the two processes can bd use
to decrease the adhesion and improve the objezse] with a preference for the Si NWs because of

their best stability. A wide range of applicatiomsthe field of telecommunications, bioengineeriagd

14
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more generally speaking MEMS can be envisaged&sd non-adhesive substrates. Experiments are in
progress in order to investigate other organized mon-organized 1D nanostructures such ZhO,

BN, *sic>° Ssic@CNTs? and SiNg>*
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fabrication to assembly); and by the French Natidagncy (ANR) under NANOROL, Contract ANR-

07-ROBO0-0003, (Nanoanalyse for micromanipulation).

FIGURES.

15



hal-00719432, version 1 - 19 Jul 2012

Figure 1. a) SEM image of non-organized Si@Ws (scale bar = 1Qm), b) High resolution SEM

image of a selected area (scale banm)
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Figure 2. a) SEM images of closed-packed PS spheres arrays®oh®0of diameter; SEM images of
non-closed packed PS spheres after RIE for 1 n@i@,rn (b), 2 min, 710 nm (c), 5 min, 560 nm (d)

and 7 min, 495 nm (e); (scale bars gr).

17



hal-00719432, version 1 - 19 Jul 2012

Figure.3 SEM images of different non-closed pack organiZid NWs used for the adhesion

measurements synthesized used PS spheres of 2@0 and 900 nm (b-c); (scale bars grih)
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Figure 4. Adhesion force measurement: a) on silica wafengldurve) and non-organized nanowires

(red curve) and b) on organized Si nanowires (tveasarements are presented).
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Figure 5. Pull-off force measurements on closed pack of fteies (900 nm, line) and non-closed pack

after shrunk to 800 nm (lozenge or diamond), 71Q0(ecnwss), 560 nm (square), 495 nm (circle).
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Figure 6. Schema of the adhesion between several NWs amgheres probe with the part of the

adhesion curve corresponding.
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Figure 7. Description of the different interactions (a) casé) case 2, c) case 3, d) case 4) between the

probe § and the PS spheres roughnessnrPS sphere.r

a)lo*’
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* 5 min, 560 nm
A 7 min, 495 nm

10° 107
Roughness,r3, of the PS sphere (m)

107
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Figure 8: Theoretical pull-off forces as a functmiPS sphere roughnessfar the different interaction
cases (a) and for the different etching time (lh)e Ppoints are the theoretical values for the dsffier

cases and the pink zone are the experimental values

TABLE

Table 1. Adhesion force values of different type of Si N@rsays.

N° Sample Spatial density Si NWs diameter S! NWs lengths — Pull-off

sample Name [cm] [nm] (] [nN]
1 Si NWs 2.89 x 10 70 100 -3+2
2 Si NWs 1.43 x 10 300 520 -7+5
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3 Si NWs 1.43x 10 320 850 -9+7

4 Si NWs 1.43x 10 460 1200 -10+8

5 Si wafer - - -250+ 30

Table 2. Experimental and simulated pull-off force of nae#d packed PS spheres.

PS spheres Experimental pull- Simulated pull- Foul ot /
~lsmulated
diameter off force (NN) off force (NN) Pull ~Offexperimenta
800 nm 26 + 14 91 35
710 nm 12+5 81 7
560 nm 10+6 65 6
495 nm 13+6 58 4
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We report on the adhesion measurement on innovatingtures such as non-closed packed PS spheres
and organized Si NWs. The adhesion values of tHeofftforce measured on these structures were very
low (in the range of 2 to 30 nN), and suggest tiese new nanostructures have non-adhesive

properties.
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