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Contact electrification creates an invisible mark, overlooked and often
undetected by conventional surface spectroscopic measurements. It impacts our
daily lives macroscopically during electrostatic ascharge ard is equally relevant
on a nanoscale in areas such as selfithography, transfer, and printing. A new
conceptual approach is reported to study and utilize contact electrification
beyond prior surface force apparatus and poirdcontact implementdions.
Charge transfer and electrostatic adhesive forces are monitored through
controlled delamination between polydimethylsiloxane (PDMS)and other
common dielectrics. The studyevealschemically driven interfacial proton
exchangeasthe dominant charging mechanismand a phenomenological
relationship between short and long range interfacial forcesThrough molecular
surface functionalization, nanoscopicharge patternsare demonstratel at
densitiesthat exceed the dielectric breakdown strength of air yieling a long
range electostatic adhesive forceof 150 N/nf that is close to the theoretical limit
At this magnitude, theforce impacts thedepositionand transfer of

nanomaterialsall the way up to macroscopic objects
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Thebasic phenomenon of elecicétionby contact is well knowandcan be

attributed to three fundamental processes; material transfer, ion transfer, or electron
transfer Electron transfer dominates if at least one of the materials is a
semiconductor or a metal with free electr¢hsif both materials are insulators, the
fundamental charge transfer mechanismmot be explained on the basis of
electronegativity alone and requires the consideration of the chemical nature of all
functional group$2) This becomes increasingly complicatégolymeric electrets

are usedIn all cases, contact electrification leads neceampensategurfacecharges
thatimpact theforce ofadhesionFor example, surfaderce apparatus measurements
by Horn et al.3) demonstrated that the electrostatic force of adhesion between
crossed insulating cylinders can exceed 6 joules pevhith is comparable to the
fractureenergief covalently bonded materialShe values were exceptiohalarge
exceeding anything thaadbeenreported before. Considering the context of-soft
lithography(4), nanoimprint lithography, and nanotransfer printgsgthe formation

and fracture of conformal contacts have become magrstandareno longer limited

to single point contacts. This enables a new set of investigations into the fundamental
science and applications of contact electrification over extended suifings

multiple contacts of different size and shape

As a firg step in this direction we repash controlleddelamination experiments
to quantify the charge transfer and subsequent electrostatic force of adhesion.
addition to theeommonly used tabéof electronegativity wedentifiedthat proton
exchange reaains established in solution chemistry provide the best approach to
explain interfaciathargng between thaielectrics PDMS, PMMA, SUS8, PS, PAA,

and SiO2 that we investigatedrhe magnitude can be adjusted through surface
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functionalization to values @se to the physical limiCorresponding force distance
curves shova newphenomenologicaklationship betweeshort and longange
attractive forcewhere a controlled increase in the electrostatics equates to a stronger
adhesionThegained knowledgénds several applications: In the context of laterally
confined charge patterning extendspreviously reported serial scanning pr(@)e

and electric nanocontact charging technigzid®) as it can pattern samples that are
at least 100 times larger than what has been reported while eliminating the
requirement of applying an external voltage and use of conducting elecirbdes.
ionically charged surfacesmnbefurtherdeveloped into visible patterns using charge
directed gas phase deposition of nanopartittethe context of transfer printinthe
strong adhesive forcespact not only the nanoscale but can also be testdnsfer

20 um - 10 mm sizedemiconductingomponents from one substrate to anothad
lastly, the presencef uncompensatesurface chargean effecthe transport in

semiconducting device layers.

Figure lillustrates the basisanaontact electrificatioomeasurenent procedure.
PDMS waschosen as the primary contacting material because of itsusélin
todayos scientific wor |l gatterfrednbaseelear gi ng
throughmolding(7, 8 to provide small contact areas alongside an unchanged
reference. For transfer experimentslefe the surface flat and unpattern@a.
investigate the transfer of chargéectret coatedhips (PMMA, SU-8, PS,PAA, and
SiO2)with film thicknessesround 10200nm (11) were placedntothe PDMS
stamps ad left in contact fofl minute befordorced delaminationUntreated PDMS
substrates left residues on the contacted surfaces and did not provide reproducible

results To clean and activate the PDMS surfaeeusedh pure oxygen plasma etcher

exp
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(SPI Plasmaep Il) operating at 8000 watts at 100 mTofor 40 secondsThis
processs commonly used becausereats anenergetic, hydrophilic surface that

reduces transfer of uncured matedating contactvhen compared to untreated

PDMY(12-15).
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Figure 1: Contactelectrification process and measuripgpcedure A) A dielectric
coated substrate is placed in contact with an oxygen plasma treated, patterned PDMS
stamp. Charge transfer occurs at the areas of contact between both maRriafs.
electrometerecords the amount of accumulated image charges on metallic plates
holding both the substrate and stamp. A connected balance records the weight
reduction of the stamp as the charged substrate is separated, and then again during

reapproach(seefigure Sifor a photograph of the actual implementation)

To quantifythe level of contact electrification as a result of forced delamination
we analyzed all sampeisingKelvin probe force microscopy (KFMinmediately
after cleavageKFM records the surface potai distribution and provides direct

measure of the amount of electrification with respect to areas that have not been



Submitted to Scien¢éarch2008

contacted16). While the level and polarity varied becameapparenthatlocalized
electrificationoccurs at high levels when conformal contacts are delamiriateithg

the formation and delamination ess, o lateral frictional forces or sliding motion
wasapplied which is different from other more classiogblementations also aimed

at producing high levels of uncompensated chdfigires 24, B) illustrate the
associative effect of the electret maal, in this case®MMA versus SiQ, on the

polarity of the produced patterns. Specifically, PMMA charged positively at contacted
areas while Si@charged negatively. Figures@(D) reveal the effect gilasma

treatment of the PDMS on the charge conegian. Without plasma activation

(figure 2C) the highest level of charge was at least a factor of four smaller than that
achieved by contacting the samples with plasma treated stamps (figus® G,

H). The illustrated anocontact electrificatioreaults areconceptually new ankdave

been overlooked since commonly used spectroscopic measurements are not sensitive
to localized variation in surface charge.

The electrificatiorprocesscould in principle be attributed to a number of factors
including mateial transfer. To determine if material transfer played an important role
we conducted several atomic force microscopy (AFM) arayxphoton spectroscopy
(XPS) studies. No correlation was found. For example we found no measurable
material transfer betwegiasma treated PDMS and untreated PMMA which is
consistent with prior XPS studies done by Uhrich €18).179 This leads to the

conclusion that material transfer is not the dominant charging mechanism.
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Figure 2: KFM contact electrificatiorresults,charge transfer theoryand control
experimerg. (A-D) KFM images of 1 m pitched dot and line type patterns showing
the influence of material and plasma treatment on the polarity and charge
concentration(A) PMMA charged positively and8) SiO, charged negatively upon
contact with the same plasma activated PDMS st@np,) Plasma treatment of the

PDMS vyields & fold increasen the surface charge ddMMA. (E, F) Proposed



