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C
harge transfer upon contact be-
tween the surfaces of two electri-
cally neutral materials through con-

tact electrification is a well-known

phenomenon that can be attributed to

three fundamental processes: transfer of

electrons, ions, or charged material. Con-

tact electrification leads to uncompensated

surface charges that significantly impact the

force of adhesion. These forces can be very

large. Measurements using point contacts

between crossed cylinders recorded record

levels where the electrostatic forces ex-

ceeded 6 J per m2, which is in the range of

fracture energies for covalently bonded ma-

terials.1 Considering the context of soft

lithography,2 nanoimprint lithography, and

nanotransfer printing,3 the formation and

fracture of conformal contacts have be-

come mainstream and are no longer lim-

ited to single point contacts between

crossed cylinders. Many techniques cur-

rently exist for the patterning of charges

on a surface including direct writing4

charges by AFM, parallel patterning5 by

contact with a thin flexible gold electrode,

exposure to electron6 and ion7 beams, ap-

plying the photovoltaic8 effect, and jet

printing9 of a charged solvent. The applica-

tions for these charged surfaces have been

directed primarily toward the assembly of

oppositely charged nanoparticles from the

gas and liquid phases. When immobilized in

a predetermined location, nanoparticles

could form the building blocks of next

generation nanoelectronic devices that

take advantage of nanoparticle proper-

ties including high crystallinity and large

surface area. This motivates a new set of

investigations into the fundamental sci-

ence and applications of contact electrifi-

cation at these interfaces over extended

surfaces using multiple contacts of differ-

ent size and shape.

This article reports a first set of experi-

ments and results of high levels of contact

electrification which occurs between poly-

(dimethylsiloxane) (PDMS) stamps that are

brought in contact with silicon dioxide

(SiO2) and poly(methyl methacrylate)

(PMMA). The experiments yield charged sur-

faces and associated fields that exceed the

breakdown strength of air leading to strong

long-range adhesive forces. Proton ex-

change reactions established in solution

chemistry are proposed to explain the ob-

served interfacial charging. The process

finds several applications. It is applied to

the printing of charge, printing of nanopar-

ticles, and charge-based doping to shift the

threshold voltage of thin film transistors.

Regarding the charge patterning applica-

tion, the chemically driven process elimi-

nates the need for prior5,10�12 conducting

electrodes and external voltages to deliver

and pattern charge. The charge patterns at-

tract nanoparticles and support �100 nm

resolution prints containing �50 nm Ag

particles. Finally, in the context of printable
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ABSTRACT This article reports patterned transfer of charge between conformal material interfaces through

a concept referred to as nanocontact electrification. Nanocontacts of different size and shape are formed between

surface-functionalized polydimethylsiloxane (PDMS) stamps and other dielectric materials (PMMA, SiO2). Forced

delamination and cleavage of the interface yields a well-defined charge pattern with a minimal feature size of 100

nm. The process produces charged surfaces and associated fields that exceed the breakdown strength of air,

leading to strong long-range adhesive forces and force�distance curves, which are recorded over macroscopic

distances. The process is applied to fabricate charge-patterned surfaces for nanoxerography demonstrating 200

nm resolution nanoparticle prints and applied to thin film electronics where the patterned charges are used to shift

the threshold voltages of underlying transistors.

KEYWORDS: nanocontact electrification · transfer printing · nanoxerography ·
flexible printable electronics · charge patterning
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electronics, it is demonstrated that a contact with PDMS
leads to high levels of uncompensated surface charge
which affects transport in nearby semiconducting de-
vice layers which is measured in terms of transistor
threshold voltage shifts, which exceeded 500 mV in
the MOSFET devices that have been tested.

RESULTS AND DISCUSSION
Figure 1 illustrates the nanocontact electrification

process between insulating surfaces. PDMS was cho-
sen as the primary contacting material and was either
patterned in topography through molding5,10 to pro-
vide small contact areas surrounded by unchanged sur-
face areas or it was left flat to lay down a uniform layer
of charge. To clean and activate the PDMS surface (Fig-
ure 1a), we used a pure oxygen plasma etcher (SPI
Plasma Prep II) operating at 80�100 W at 10 Torr for
40 s. This process is used because it creates an ener-
getic, hydrophilic surface that reduces transfer of un-
cured material during contact when compared to un-
treated PDMS.13�16 Untreated PDMS did not result in
high levels of charge transfer. As electrets, we tested
PMMA and SiO2. The PMMA was spin-coated and baked
according to standard procedures to produce a film
thickness of 200 nm. The SiO2 layer was a 160 nm thick
and was generated by dry thermal oxidation. The nano-
contact electrification process involves bringing the
two dielectric surfaces in conformal contact (Figure 1b),

leaving the surface in contact to react for 1 min, and

delamination. The delamination process (Figure 1c)

yields oppositely charged surface patterns on each side,

which are characterized using Kelvin probe force

microscopy (KFM).17 In addition to the KFM measure-

ments, we used a balance to record long-range electro-

static attraction as a function of separation. The bal-

ance (Ohaus Adventurer) was used in combination with

a micromanipulator to record force�distance curves

described later. In the force measurement experiments,

the contacting structure is mounted onto the plate of

a microbalance, which records a weight reduction after

forced delamination.

Figure 2 depicts the KFM images of (a) PMMA ver-

sus (b) SiO2 surfaces after being brought in contact

Figure 1. Contact electrification process. (a) Dielectric coated
substrate is placed in contact with an oxygen plasma
treated, patterned PDMS stamp. (b) Charge transfer occurs
at the areas of contact between both materials and leads to
an increase in short-range adhesion. (c) Forced delamination
yields oppositely charged surfaces and long-range attrac-
tive force.

Figure 2. KFM contact electrification results and charge
transfer theory. (a,b) KFM images of 1 �m pitched dot pat-
terns showing the influence of material on the polarity.
(a) PMMA charged positively and (b) SiO2 charged nega-
tively upon contact with the same plasma activated PDMS
stamp. The edge of the stamp-contacted region was re-
corded to determine the extent of lateral charge diffusion.
(c) Proposed proton exchange reaction. In the case of PMMA,
hydrogen protons dissociate from the PDMS surface and at-
tach to a deprotonated carboxylic acid or carbonyl site
within the ester groups on the PMMA surface. The situation
is reversed for SiO2 due to the abundance of hydroxyl groups
on the SiO2 surface.
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with PDMS and our hypothesis of the charging mecha-
nism. Experimentally, we find that PMMA charged posi-
tively at contacted areas, while SiO2 charged nega-
tively. Localized electrification is observed after
conformal contacts are delaminated. The edge of the
stamp-contacted region was recorded as well since it is
an area where the periodic potential is disturbed. Even
this region shows minimal lateral charge diffusion; how-
ever, no charge patterns are observed in regions where
the PDMS did not contact. The uncontacted substrate
areas serve as control areas for reference to the charge
patterns in the contacted areas. The recorded potential
difference in KFM studies can be used as a first-order es-
timate of the trapped surface charge density. In the il-
lustrated example, we recorded �250 mV potential dif-
ference for the 200 nm thick PMMA film, which
represents a charge density of 3.25 nC/cm2 and �300
mV for the 160 nm thick SiO2 film which represents 7.3
nC/cm2.18 The charging could, in principle, be attrib-
uted to a number of factors including material transfer.
To determine if material transfer played an important
role, we conducted several atomic force microscopy
(AFM) and X-ray photon spectroscopy (XPS) studies
(shown in Supporting Information Figure S1). We found
no measurable material transfer between plasma
treated PDMS and untreated PMMA, which is consis-
tent with prior XPS studies by others.13�16 Yet PMMA
charges highly upon contact, as shown in Supporting
Information Figure S2. In the case of SiO2, things are
more complicated and are more sensitive to the de-
tails of oxygen plasma treatment. We tested two types
of plasmas with different oxygen concentrations and
pressure. Specifically, a 1 min 100% oxygen plasma
treatment at 100 mTorr, which is used for etching (STS
RIE etcher), was found to lead to covalent bonding be-
tween the PDMS and SiO2 with a detectable amount of
PDMS transferred upon forced delamination. Yet these
PDMS stamps did not provide the highest level of
charge and could not be used repeatedly. In contrast
at 10 Torr, air-based 20% oxygen plasma treatment (SPI
Plasma Prep II) for the same time allowed delamina-
tion of the PDMS from SiO2, producing high charge lev-
els and low material transfer. The latter PDMS stamps
could be used multiple times to charge a surface, as will

be discussed in Figure 3. The lack of correlation be-

tween charge and material transfer combined with the

ability to support successive charging leads to the con-

clusion that material transfer is not the dominant charg-

ing mechanism.

The working hypothesis for the charging mecha-

nism is illustrated in Figure 2c and involves hydrogen

proton exchange at the interface. It is known that

plasma treatment attacks the Si-CH3 bonds on the sur-

face of the PDMS, leaving very reactive silyl radicals that

capture O, OH, COOH, and oxygen radicals, forming a

mildly acidic and highly polar surface.13,15 PMMA on the

other hand can be considered as being “less acidic”

than plasma treated PDMS because it contains fewer

surface hydrogen atoms. This creates a chemical poten-

tial difference that allows hydrogen protons to transfer

during contact. After separation, the hydrogen atoms

remain trapped on the PMMA surface, leaving these ar-

eas positively charged. In accordance with this hydro-

gen proton exchange reaction theory, silicon dioxide

was tested as it should yield the opposite polarity since

the oxidized surface of the SiO2 substrate has an abun-

dance of hydroxyl groups making it “more acidic” than

PDMS.

In terms of the degradation of the charging ability

of the PDMS as a function of use, we found that plasma

activated PDMS can be used multiple times before it

needs reactivation; no measurable degradation was ob-

served after 10 charging experiments. This observation

can be explained if we compare the estimated surface

charge densities (3�7 nC/cm2) with the intermolecular

spacing of the reactive sites that are available. The

7 nC/cm2 is a high level of charge which appears to be

self-limited by the dielectric breakdown strength of air,

as will be discussed below. From a molecular stand-

point, however, 7 nC/cm2 is only one elementary charge

per 40 nm � 40 nm sized area. For example, the area

per silanol group is estimated to be 0.7 nm � 0.7 nm.

This leads to an abundance of surface groups on the

PDMS that can continue to take part in the reaction. The

large quantity of surface groups supports the observa-

tion that the PDMS can be used as a charge source mul-

tiple times.

Figure 3. Cumulative donated charge from a single piece of PDMS to PMMA and SiO2 at 6 and 30% relative humidity. Re-
peated contact to fresh PMMA and SiO2 surfaces resulted in continued charge transfer. The average charge per contact and
standard deviation per contact are displayed next to their respective lines.
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Figure 3 plots the resulting amount of charge that
was donated by a single piece of PDMS over succes-
sive contacts. The amount of charge that is donated in
each step can be monitored by placing each freshly
charged sample on a Faraday cup. The Faraday cup is
connected to a Keithley 6517A electrometer that
records the induced image charge which provides a di-
rect measure of how much charge has been donated
to the two dielectrics, PMMA or SiO2. Each time, the
same piece of PDMS contacted a fresh dielectric sur-
face. The figure shows PMMA in the upper half and
SiO2 in the lower half. The results show that increas-
ing the humidity from 6 to 30% increased the
amount of overall charge transferred. It has previ-
ously been reported that water plays an important
role in triboelectric charging of toner particles and
polymers,19�21 where faster charging was ob-
served22 at higher relative humidity. A similar trend
was observed in a more recent and unrelated study
that reported that surface can be charged through
gas-surface reactions. The authors changed the rela-
tive humidity23,24 and found higher levels of uncom-
pensated surface charge at raised humidity. In our
case, the increased charge levels could be explained
by the polymeric amorphous and hydrophilic struc-
ture of oxygen plasma treated PDMS, which leads to
a greater uptake of water and ionic species to par-
ticipate in the ion transfer.

Using the KFM-based estimated 3�7 nC/cm2 of un-
compensated surface charge, we can evaluate the re-
sulting electric field, E � �/�0, where � is the surface
charge density, and �0 is the permittivity of air gap that
is formed. The estimated values for the electric field
are 3.5 � 106 V/m for PMMA and 8 � 106 V/m for SiO2,
which exceeds the dielectric breakdown strength of air
(�3 � 106 V/m) published for macroscopic electrodes.
The closeness of these values to the theoretical limit
raises the issue if the observed charge levels are lim-
ited or self-regulated by dielectric breakdown strength
of air. In principle, it could be possible that electrostatic
discharge takes place during charge separation, which
limits the charge level to the reported values. Short-
range discharge phenomena between separating sur-
faces have been reported by Horn et al.1 using surface
force apparatus measurements; the observed abrupt re-
ductions in the Coulomb attraction were attributed to
a stepwise reduction in the remaining uncompensated
charges. These types of discharges occur over short dis-
tances and may therefore not be accompanied with
light flashes and popping sounds that can be detected
by simple observation. While discharges may be
present and self-limiting, they did not result in local-
ized pockets where complete neutralization took
place.

A consequence of separated charges at the inter-
face will be an attractive force which can be estimated
using F/A � �2/2�0, where A is the contact area. The es-

timated electrostatic attraction based in KFM data ex-

ceeds 100 N/m2, suggesting that the charged surface

could lift �9 kg/m2. To directly measure this estimated

attraction, we mounted the contacting structure on a

balance that monitors the produced lift force after sepa-

ration. Figure 4a shows the force�distance curves that

were measured by recording the weight reduction as a

function of separation for SiO2 substrates after contact

with untreated and oxygen plasma treated PDMS. The

reference is untreated PDMS, which provides low levels

of contact electrification and low Coulomb attraction.

The left side of the graph plots the overall adhesive

force before separation occurs (no airgap, short-range

force scale to the left). The right side of the graph plots

the attractive Coulomb force as the substrates reap-

Figure 4. (a) The right side depicts the recorded long-range Cou-
lomb attractive force as a function of separation which is fit to a
stray capacitance model (dashed lines) that accounts for induced
image charges in nearby conductors. (b,c) As the two surfaces
are separated CAir(d) is reduced and the field distribution changes
to involve the stray capacitance to nearby grounded surfaces, re-
sulting in a separation-dependent electric field and potential dis-
tribution. (d-f) Provides the mathematical steps to derive the
force distance curve in the given case where the PDMS was
mounted onto a grounded copper plate and the electret was a
spin coated layer on a grounded Si substrate.
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proach the previously contacted PDMS surfaces (with

airgap, long-range force scale to the right). The required

force to pull the two plane-parallel surfaces apart (left)

is typically 2 orders of magnitude larger than the maxi-

mum long-range attractive force with an airgap in place

(right). At present, the long-range attractive force across

an airgap reaches 50 N/m2 before the two surfaces

snap into contact. This is the highest possible data point

we have recorded so far. The last data point is difficult

to record as it depends on how parallel the surfaces are

when they reapproach each other, which may also ex-

plain the discrepancy between this �50 N/m2 value and

the KFM-based estimate which predicted 	100 N/m2.

However, both KFM and direct force measurements

confirm that the values for the charge density, electric

field, and forces are near the theoretical limit set by the

dielectric breakdown of air.

In our force�distance measurements, the PDMS

and electret surfaces were mounted on grounded

copper plates, as depicted schematically in Figure

4b, which act as Faraday cups that provide the abil-

ity to monitor image charges. Image charges are a

direct result of stray capacitances to nearby conduc-

tors and dielectric materials that surround the

charged layers. Figure 4c shows that any stray ca-

pacitance will reduce the measured long-range force

of adhesion as the separation is increased. In other

words, the force is not constant as suggested by the

previously discussed equation where the force den-

sity F/A � �2/2�0 is independent of separation d. A

more accurate model for the force�distance curves

can be found following Figure 4d,e. The result is

shown in Figure 4f using F/A � �2/2�0 � 1/(1 � Cstray/

[�0A/d])2, where Cstray is related to stray capacitance

of the charged surfaces to both grounded copper

plates. The model is derived by applying the inte-

gral form of Gauss’ law around the top and bottom

electrodes followed by superposition of the respec-

tive electric fields. For the d � 0 limit case, the force

reduces to the equation F/A � �2/2�0 discussed ear-

lier to estimate transferred charge densities, and

the image charges in the nearby copper mounting

plates are negligible.

Figure 5 discusses applications of uncompensated

surface charges. Figure 5a shows an application where

the recorded charge pattern (left, KFM image) is used to

attract nanoparticles (right, SEM image). In the given ex-

ample, �50 nm sized negatively charged silver par-

ticles were deposited directly from the gas phase us-

ing a previously reported nanomaterial source.10,11 The

image demonstrates that the field is strong enough to

attract the particles to the charged areas with 200 nm

resolution.

Figure 5b shows that contact electrification can

also be used to alter electronic transport in nearby

semiconducting device layers. In the demonstrated ap-

plication, patterning of charge is used to alter the

threshold voltage of thin film Si transistors from one

area to another. Figure 5b shows a device schematic be-

fore (left) and after contact (right); full fabrication de-

tails are described in the Methods section. The IDS ver-

sus VGS transistor curves shown were taken using the

handle wafer as a back gate. We used the x-axis inter-

cept of 
IDS versus VGS line to evaluate the threshold

voltage.25 For SiO2, the threshold voltage applied to the

back gate shifts to a 580 mV higher voltage, which is

consistent with the expected presence of negative sur-

face charge on the SiO2 surface.

Figure 5. Applications of contact electrification in nanoxerography
and thin film electronics. (a) KFM charge images and corresponding
200 nm resolution nanoxerography nanoparticle prints. (b) Thin film
electronics application showing schematic, optical microscope image,
and 
IDS vs VGS plot of charge-patterned MOSFETs achieving a
threshold voltage shift of 580 mV.
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CONCLUSION
In conclusion, the cleavage of conformal con-

tacts, which has become a common procedure in ar-
eas of soft-lithography and other soft-printing pro-
cesses, typically leaves behind large amounts of
surface charge as the surfaces are delaminated.
While these surface charges remain undetected with
most commonly applied spectroscopic measure-
ment techniques including XPS and FTIR, direct evi-
dence can be gained through Kelvin probe force mi-
croscopy and force�distance curve measurements.
The recorded charging levels can be very high, and
the upper levels seem to be self-limited by the di-
electric breakdown strength of air. The separated
charges give rise to an electrostatic force of adhe-
sion that can be detected over millimeter distances,
exceeding 50 N/m2 in some cases. The correspond-
ing force�distance curves depict a phenomenologi-
cal relationship between short- and long-range at-
tractive forces. The presented explanation suggests

a two-step process whereby the formation and
delamination of interfaces bonded by ions precedes
contact electrification and the generation of long-
range electrostatic forces. SiO2 and PMMA are com-
monly used in the processing of semiconductor de-
vices. We therefore expect that our findings will
impact areas which go beyond the demonstrated
charge-directed assembly and transfer applications.
Specifically, the emerging field of printable and flex-
ible electronics could be impacted, where contact
printing methods and delamination of interfaces are
used to print and transfer materials. We anticipate
that the presence of high levels of uncompensated
charges may alter the functionality of various elec-
tronic devices including FETs unless models take
these extra gate charges into account. The addi-
tional challenges are particularly relevant in the
context of flexible electronics where thin semicon-
ductors, polymer insulators, and conformal contacts
are widely employed.

METHODS
PDMS Fabrication and Surface Treatments: PDMS fabrication for

this study was unaltered from the commonly accepted tech-
nique. Specifically, we mixed 30 g of elastomer (Sylgard 184)
and 3 g of curing agent (also Sylgard 184) together for about
2 min at room temperature. Mixing caused gas bubbles to form,
so uncured PDMS was degassed in a vacuum chamber at �30
Torr for 20 min. The uncured PDMS was poured onto silanized
silicon, then degassed again for 1 h at �20 Torr. (The silicon may
also be patterned with S1813 photoresist prior to treatment
with octadecyltrichlorosilane if features were desired for the fin-
ished PDMS.) The degassed PDMS is cured in a convection oven
at 60 °C for 12 h. The cured PDMS was inserted into a commer-
cially available plasma cleaner (SPI, model Plasma Prep II) for oxy-
gen plasma treatment. The system was purged with 99.99% oxy-
gen, then the 80�100 W 13.56 MHz RF plasma was operated at
10 Torr for 40 s.

Thin-SOI MOSFET Fabrication: Fabricating the charge-sensitive
thin-SOI MOSFETs involved n-well doping, mesa etching, con-
tact deposition, annealing, and insulator deposition. Each step
used a pattern and etch-back process to avoid any debris that
may be caused by liftoff processes. Beginning with 150 mm di-
ameter p-type Si on insulator wafers (SOITEC, inc.) with a 100 nm
Si device layer on a 200 nm buried oxide, we deposited 300 nm
SiO2 by PECVD at 340 °C. To define the dopant mask, S1805
photoresist was photolithographically patterned then given a
30 s oxygen plasma descum, and the underlying SiO2 was etched
in 10:1 buffered oxide etch (a mix of HF and NH4F in H2O) for
150 s. The photoresist was removed by rinsing with acetone,
methanol, and isopropyl alcohol. Phosphorus containing n-type
spin-on dopant was spun on the wafer and then driven in by
rapid thermal annealing at 900 °C for 10 s under 6 sLpm flow of
10% oxygen in nitrogen. The oxidized spin-on dopant was
stripped in 49% HF for 120 s. The sample was coated with 50
nm SiO2 by PECVD at 340 °C to prevent metal from contacting
p-Si, then windows to the n-wells were opened in the SiO2 by
photolithography, 30 s oxygen plasma descum, and etching 30 s
in 10:1 BOE. Photolithography and oxygen descum were used
to define ribbons of p-n-p silicon, then 10:1 BOE removed the ox-
ide; a 30 s 20 W 40 mTorr SF6/Ar/O2 plasma etch removed sili-
con down to the buried oxide, and the photoresist was removed.
Metal contacts were deposited by DC sputtering using a quartz
crystal monitor to measure the film thicknesses. Both top(source/
drain) and back(gate) contacts were 150 nm Au with a 5 nm Cr
adhesion layer. The contacts were patterned by photolitho-

graphy, oxygen plasma descum, etching 25 min in 10:1 DI H2O/
GE-6 gold etchant and a 60 s dip in 4:1 DI H2O/CR-12S chrome
etchant. The contacts were annealed by RTA at 400 °C for 20 s in
8 sLpm forming gas (5%H2/95%N2).
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Note Added after ASAP Publication: This article was published
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Supporting Information Available: XPS study of material trans-
fer, AFM topography of contacted samples with corresponding
KFM charge images. This material is available free of charge via
the Internet at http://pubs.acs.org.
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