

















Figure 6-6. Schematic and results of programmable selected area gas-phase
electrodeposition after 2 min (4) and 30 min (B) deposition. The pad region in (A, bottom
inset) shows the level of uniformity transitioning from a large (150x150 um?) single
domain to spatially separated 5um wide lines. Deposition occurs only on grounded
areas, floating conductors and insulating surfaces remain empty. Increasing the size of
the empty regions from 15 um (A) to 80 um (B) maintains this selectivity. The optical
microscope image (B) depicts a spiral interspaced with 7 empty ones that were left

floating yielding a single 2 um wide, 3 um tall, and 3 mm long Au line.
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6.3 Conclusions

Comparable to liquid phase electrodeposition, the reported gas phase analogue can
deposit material into addressable areas forming vias, interconnects, or patterned
multimaterial films in a programmable fashion. The process was tested using a limited set
of technologically relevant functional materials including Au, Si, Ge, TiO,, and ZnO at
sizes of 20nm and below as confirmed by TEM, SAED, EDX, and XRD. We anticipate
that the process can be extended to other materials and gas phase systems with some
alterations. The uniformity on a macroscale is presently limited by diffusion since we use
a single point source fixed in space. Scaling to larger sample areas would require the use
of either multiple sources or translational motion analogous to what has been used in
other gas phase deposition systems. The ability to maintain uniformity when developing
arbitrary patterns on a nanoscale requires a sufficiently small Debye length which in turn
favors higher pressure aerosols to provide a high concentration of charged particles/ions
and deposition rate. The estimated values are sufficient to support selected area
programmable deposition of a variety of different patterns including text, connected and
disconnected structures. Operating a system at atmospheric pressure has the advantage of
simplicity since neither vacuum pumps nor high pressure enclosures are required.
Pressurized systems, however, would likely further increase the area selective deposition
rate beyond the current 100 nm/min value. The current area selective rate is in between
the 10 nm/min rate of non-selective vacuum deposition systems and typical 1 pm/min
rate of area-selective electroplating methods. Variations in the film thickness, extension
to large area deposition using multiple spatially separated discharge regions, passivation
of surface and interface states are important aspects that will require further research and
new and improved designs.

A potential future application of the gas phase electrodeposition technique can be found
in the field of printable electronics. It contrasts the use of solution processable electronic
inks and inkjet type printing concepts to deposit nanomaterials. Current inkjet based
deposition systems have low resolution and throughput. The inks require surface
functionalization to stabilize the particles which often interferes with the desired
electronic properties. Alternatively the discussed in-situ gas phase synthesis and

deposition system offers a more parallel route to the formation, deposition and integration
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of higher performance materials than liquid phase concepts. High temperature processes
can be used to produce the materials that can then be deposited onto low temperature
substrates eliminating any extra processing steps or a transition into the liquid phase. As
such the present technique is highly parallel and does not require the use and alignment
of scanning nozzles or the formulation of stable liquid particle suspensions. These

advantages come at the cost of needing pre-patterned substrates to direct the deposition.
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6.4 Experimental Section

Nanoparticle deposition system: The apparatus was enclosed in a sealed polypropylene
desiccator to prevent nanoparticle inhalation and to provide an inert experimental
environment (Ar, He, and N, gases). We used a 10kV 100mA controlled current power
supply (Gamma High Voltage Research Inc., 1kW model RR5-120R/CPC/M994) to
ignite and maintain a 1-100W DC arc discharge between two identical consumable
electrodes. For consumable electrode materials we used Au, Ti, Zn in wire form (2 to 5
mm in diameter) and Si and Ge wafer segments 4 cm long and 1 cm wide. The materials
were attached using a slit type clamp cut into 15 mm diameter copper rods that allowed
us to adjust the separation.

Substrates for selected area deposition: Patterned PMMA layer (A,B) and 500 nm thick
S1805 photoresist sections were used to define the resist openings. A brief 30s 49% HF
wet etch was used to remove the native silicon oxide layer. Samples were thoroughly
rinsed with deionized water and blown dry by ultrahigh purity nitrogen (99.998%) and
allowed to rehydrate for up to 15 minutes in ambient humidity environments typically
ranging from 10% to 20% as measured by a humidity probe (Fisher Scientific, model
S11120). Results in Figs. 6-3 and 6-4.

Substrates for programmable selected area deposition: PECVD was used to coat a Si
substrate with 500nm SiO,. The SiO, layer was patterned by photolithography and
plasma etched by a mix of CF4, CHF3, and Ar at 150W power. The plasma etch was used
to generate the trench features, such that even at the bottom of the trenches SiO;
remained. The photoresist was finally stripped. Following SiO, patterning, the substrate
was covered with a thick layer of P3HT, which was carefully etched back by O, plasma
RIE until only P3HT in the trenches remained. Results in Figs. 6-5A,B.

Substrates for multimaterial sensor formation: 20nm Cr/200nm Cu was evaporated onto
a photolithographically patterned pyrex wafer. Undesired Cr/Cu was removed by liftoff
with acetone acting as the resist stripper and sonication to aid the process. The remaining
metal was rinsed with methanol and IPA. Then the substrate was exposed to an oxygen
plasma descum to remove any resist residue. Finally, the substrate was rinsed with
deionized water and N, blown dry to remove any dust particles before nanoparticle

collection. Results in Fig. 6-5C.
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6.5 Supplementary Information

EDX (Energy Dispersive X-ray Spectroscopy) of the nanoparticles produced using the
Ge, Ti show the presence of oxygen in addition to the electrode material (Figure 6-S1).
The XRD (X-ray Diffraction) data which is sensitive to material deeper than the surface
shows strong Ge peaks and absence of any significant GeO,, suggesting that the Ge
particles have crystalline Ge cores with GeO, surfaces. This contrasts the case when Ti
electrodes where used; here XRD suggests nearly complete oxidation forming TiO; in the
semiconducting rutile crystal form. XRD for Au was omitted since EDX showed no
oxygen peak.

This section provides details on a second control experiment to determine the polarity
of the particles and other supporting measurements which were omitted from the main
part in the interest of brevity. The additional measurements include the measurement of
the floating point potential and effective charge density n, above the sample used to
calculate the Debye length. The experimental procedure employs a Langmuir probe
shown in Figure 6-S2. A Langmuir probe is classically used in the field of plasma
physics to characterize the plasma through measurement of charged particle fluxes to the
walls as a function of probe voltage but can also be used within the aerosol to determine
both the polarity and concentration of free charges. We fashioned our probe from a steel
wire and inserted the wire through a tapered glass tube such that approx. 1.5mm of wire
extended through the opening. The other end was connected in series to a 10MQ resistor,
followed by a DC power supply, and finally to ground. A digital multimeter was used to
measure the voltage drop over the resistor yielding the current through the probe as a

function of applied DC voltage.
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Figure 6-S1. EDX, XRD data for Ge, TiO,, and Au.
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Figure 6-S2. Langmuir probe measurement used to determine the polarity of both the ion

current and floating point potential.

We first determined the floating point potential V), of the aerosol at the location where
the sample would be located in an actual deposition experiment. The floating point
potential is the required external potential which needs to be applied to the probe to null
the recorded probe/ion current. Recorded values were always positive and were 50V and
3V, 10 mm and 2 mm away, respectively. A positive value means that the electrostatic
potential of the particles is above ground level within this region. A grounded sample that
is introduced to this location will be surrounded by a sheath of space charge. Such a
sheath was illustrated in the schematic of figure 2 in the main body describing the
deposition process.

A second part of this measurement was to record whether both negative and positive
particles contributed to the current at this region or not. At distances exceeding 4 mm and
a favorable positive bias of 50 V for electron collection (A) we were not able to draw a
negative current from the region, suggesting a strong depletion of electrons. Appling a
negative polarity (B) yielded >15 nA of positive current which suggest strong
accumulation of positive charge. The strong asymmetry and depletion of electrons was
relaxed at shorter distance. At 2 mm (C,D) the pair of currents were -5nA and +20nA for
+50V and -50V bias, respectively. The detection limit was 0.05nA. The combination of

the results of the first and second measurement, confirms that the aerosol at distances
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Icm away from the arc has (i) a positive potential with respect to ground, and (ii)
contains positively charged particles, being depleted of negative particles including
electrons.

Finally we carried out another current measurement to estimate the effective volume
number concentration n, in the aerosol region using known space-charge limited ion

velocities.[146] We used "1 . *1A to approximate the ion velocity where
lil.=1 for assumed thermal equilibrium in the room temperature aerosol. We then
back-calculated n; from our measured ion current density j; using /i =mn. =i to yield a

range of n; depending on position variant values of j; as discussed previously.
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7.1 Introduction

Charge transfer upon contact between the surfaces of two electrically neutral
materials through contact electrification is a well known phenomenon which can be
attributed to three fundamental processes; transfer of electrons, ions, or charged material.
Contact 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 exceeded
6 joules per m® which is in the range of fracture energies for covalently bonded
materials.[147] Considering the context of soft-lithography,[148] nanoimprint
lithography, and nanotransfer printing,[149] the formation and fracture of conformal
contacts have become mainstream and are no longer limited to single point contacts
between crossed cylinders. Many techniques currently exist for the patterning of charges
on a surface including direct writing[16] charges by AFM, parallel patterning[150] by
contact with a thin flexible gold electrode, exposure to electron[27] and ion[151] beam:s,
applying the photovoltaic[152] effect, and jet printing[153] of a charged solvent. The
applications for these charged surfaces have been directed primarily towards 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 properties
including high crystallinity and large surface area. This motivates a new set of
investigations into the fundamental science and applications of contact electrification at
these interfaces over extended surfaces using multiple contacts of different size and
shape.

This article reports a first set of experiments and results of high levels of contact
electrification which occurs between poly(dimethylsiloxane) (PDMS) stamps that are
brought in contact with silicon dioxide (SiO;) and poly(methyl methacrylate) (PMMA).
The experiments yield charged surfaces and associated fields that exceed the breakdown
strength of air leading to strong long range adhesive forces. Proton exchange reactions
established in solution chemistry are proposed to explain the observed interfacial
charging. The process finds several applications. It is applied to the printing of charge,

printing of nanoparticles, and charge based doping to shift the threshold voltage of thin
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film transistors. Regarding the charge patterning application, the chemically driven
process eliminates the need for prior[150, 154-156] conducting electrodes and external
voltages to deliver and pattern charge. The charge patterns attract nanoparticles and
support ~100 nm resolution prints containing <50nm Ag particles. Finally, in the context
of printable electronics it is demonstrated that a contact with PDMS leads to high levels
of uncompensated surface charge which affects transport in nearby semiconducting
device layers which is measured in terms of transistor threshold voltage shifts which

exceeded 500mV in the MOSFET devices that have been tested.

7.2 Results and Discussion

Figure 7-1 illustrates the nanocontact electrification process between insulating
surfaces. PDMS was chosen as the primary contacting material and was either patterned
in topography through molding[150, 154] to provide small contact areas surrounded by
unchanged surface areas or it was left flat to lay down a uniform layer of charge. To clean
and activate the PDMS surface (Figure 7-1A) we used a pure oxygen plasma etcher (SPI
Plasma Prep II) operating at 80-100 watts at 10 Torr for 40 seconds. This process is used
because it creates an energetic, hydrophilic surface that reduces transfer of uncured
material during contact when compared to untreated PDMS.[157-160] Untreated PDMS
did not result in high levels of charge transfer. As electrets we tested PMMA and SiO,.
The PMMA was spin-coated and baked according to standard procedures to produce a
film thickness of 200 nm. The SiO; layer was a 160 nm thick and was generated by dry
thermal oxidation. The nanocontact electrification process involves bringing the two
dielectric surfaces in conformal contact (Figure 7-1B), leaving the surface in contact to
react for 1 minute, and delamination. The delamination process (Figure 7-1C) yields
oppositely charged surfaces patterns on each side which are characterized using Kelvin
Probe Force Microscopy (KFM).[161] In addition to the KFM measurements we used a
balance to record long range electrostatic attraction as a function of separation. The
balance (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.
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Figure 7-1. Contact electrification process. (4) 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 attractive force.
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Figure 7-2. KFM contact electrification results and charge transfer theory. (A,B) KFM
images of 1 um pitched dot patterns showing the influence of material on the polarity. (4)
PMMA charged positively and (B) SiO; charged negatively upon contact with the same
plasma activated PDMS stamp. The edge of stamp-contacted region was recorded 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 attach to
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a deprotonated carboxylic acid or carbonyl site within the ester groups on the PMMA
surface. The situation is reversed for SiO; due to the abundance of hydroxyl groups on

the SiO; surface.

Figure 7-2 depicts the KFM images of (A) PMMA versus (B) SiO; surfaces after
being brought in contact with PDMS and our hypothesis of the charging mechanism.
Experimentally we find that PMMA charged positively at contacted areas while SiO,
charged negatively. Localized electrification is observed after conformal contacts are
delaminated. The edge of 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, however 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 estimate of the trapped surface charge density. In the illustrated
example we recorded +250 mV potential difference for the 200 nm thick PMMA film
which represents a charge density of 3.25 nC/cm” and -300 mV for the 160 nm thick SiO,
film which represents 7.3 nC/cm”.[46] The charging could in principle be attributed 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 supplemental figure 7-S1). We found no
measurable material transfer between plasma treated PDMS and untreated PMMA which
is consistent with prior XPS studies by others.[157-160] Yet PMMA charges highly upon
contact as shown in supplemental figure S2. In the case of SiO, things are more
complicated and are more sensitive to the details of oxygen plasma treatment. We tested
two types of plasmas with different oxygen concentrations and pressure. Specifically a 1
minute 100% oxygen plasma treatment at 100 mTorr which is used for etching (STS RIE
etcher) was found to lead to covalent bonding between the PDMS and SiO, 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 delamination of the PDMS from SiO, producing high charge levels
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and low material transfer. The latter PDMS stamps could be used multiple times to
charge a surface as will be discussed in figure 7-3. The lack of correlation between
charge and material transfer combined with the ability to support successive charging
leads to the conclusion that material transfer is not the dominant charging mechanism.

The working hypothesis for the charging mechanism is illustrated in Figure 7-2C and
involves hydrogen proton exchange at the interface. It is known that plasma treatment
attacks the Si-CH3 bonds on the surface of the PDMS leaving very reactive silyl radicals
that capture O, OH, COOH, and oxygen radicals, forming a mildly acidic and highly
polar surface.[157, 159] PMMA on the other hand can be considered as being “less
acidic” than plasma treated PDMS since it contains fewer surface hydrogen atoms. This
creates a chemical potential difference that allows hydrogen protons to transfer during
contact. After separation, the hydrogen atoms remain trapped on the PMMA surface
leaving these areas positively charged. In accordance with this hydrogen proton exchange
reaction theory; silicon dioxide was tested as it should yield the opposite polarity since
the oxidized surface of the SiO; substrate has an abundance 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 observed after 10 charging experiments.
This observation can be explained if we compare the estimated surface charge densities
(3-7 nC/cm®) with the intermolecular spacing of the reactive sites that are available. 7
nC/cm’® 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 standpoint,
however, 7 nC/cm? is only one elementary charge per 40 nm by 40 nm sized area. For
example, the area per silanol group is estimated to be 0.7 nm x 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 observation that the PDMS can be used

as a charge source multiple times.
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Figure 7-3. Cumulative donated charge from a single piece of PDMS to PMMA and
Si0; at 6% and 30% relative humidity. Repeated contact to fresh PMMA and SiO,
surfaces resulted in continued charge transfer. The average charge per contact and

standard deviation per contact are displayed next to their respective lines.

Figure 7-3 plots the resulting amount of charge that was donated by a single piece of
PDMS over successive 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 which records the induced image charge
which provides a direct measure of how much charge has been donated to the two
dielectrics, PMMA or SiO,. Each time the same piece of PDMS contacted a fresh
dielectric surface. The figure shows PMMA in the upper half and SiO, in the lower half.
The results show that increasing the humidity from 6% to 30% increased the amount of
overall charge transferred. It has previously been reported that water plays an important
role in triboelectric charging of toner particles and polymers[162-164] where faster
charging was observed[165] 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 relative humidity[166, 167] and found higher
levels of uncompensated surface charge at raised humidity. In our case the increased
charge levels could be explained by the polymeric amorphous and hydrophilic structure
of oxygen plasma treated PDMS which leads to a greater uptake of water and ionic

species to participate in the ion transfer.

73



g

_—
et
—

6000 appljroachmg
4—
& 4000 ) Y sl YN S e e 410 &
E | lwfxﬂ!s‘ T "'"L"“_—'_" £
> 2000 | St Z
= 4-50 =
8 o 8
o —
= 4-100 £
“g’, 2000 Contact to SiO, by: g
© - ®
1‘_:, 4000 —/\— untreated flat PDMS 1150 ©
E 6000  _ __. ., —{— O, plasma treated flat PDMS 1 g
5 g 2 {-200 S
-200 5
-8000
-10000 L - L - L = -250
-20 200 400 600 800
Distance (um)
(b) (d)
41 2 —Q(cﬂ S (C)
C.nmis L C
+Q (d) PDMS
E—
21 = 00 0, -0,
= V — =0 i
V¥ @ | T (d)
EEEE— - - Atr
) - -0, +0,(d)

-0,(d) 0,(d)

Cs i ! Va="2—
% +0,(d) Cs

il

(e) ZV 0=>V,pus+Vs =V, tofind:

o, 2
0,(d) = -
1 + CAI'? ( 1 1 ) AI’ (d)
CPDMS CSi CSrra}
_(©@-0@) |Fu o)
o 2-d- CA!'? (d)

1
A 260 (1+ CSrmy 2
@D

Figure 7-4. (A) A force distance curve for conformal contact between SiO; and plasma

treated PDMS next to untreated PDMS. The left side depicts short range adhesive forces.
The right side depicts long range Coulomb attraction and is fit to a stray capacitance
model (blue and red dashed lines). As the two surfaces are separated (B,C) charges in
nearby grounded copper plates are drawn resulting in a separation-dependent electric
field. (D) The potentials on these surfaces can be related capacitively to the plate charges
such that (E) applying Kirchhoff’s voltage law allows an estimate of the reduced electric
field and (F) corresponding reduction in force.
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Using the KFM based estimated 3-7 nC/cm® of uncompensated surface charge we can
evaluate the resulting electric field E=6/¢y where o is the surface charge density, and & is
the permittivity of air gap that is formed. The estimated values for the electric field are
3.5 x10° V/m for PMMA and 8x10° V/m for Si0, which exceeds the dielectric
breakdown strength of air (~3x10° V/m) published for macroscopic electrodes. The
closeness of these values to the theoretical limit raises the issue if the observed charge
levels are limited 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 surfaces have been reported by Horn et al.[147] using surface force apparatus
measurements; the observed abrupt reductions in the Coulomb attraction were attributed
to a stepwise reduction in the remaining uncompensated charges. These types of
discharges occur over short distances 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 localized pockets where complete
neutralization took place.

A consequence of separated charges at the interface will be an attractive force which
can be estimated using F/4 = o’/2gy where A is the contact area. The estimated
electrostatic attraction based in KFM data exceeds 100 N/m” suggesting that the charged
surface could lift ~9 kg/m?. To directly measure this estimated attraction we mounted the
contacting structure on a balance which monitors the produced lift force after separation.
Figure 7-4A shows the force-distance curves which were measured by recording the
weight reduction as a function of separation for SiO, 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 reapproach 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 two orders of magnitude larger than the maximum long

range attractive force with an airgap in place (right). At present the long range attractive
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force across an airgap reaches 50 N/m? 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 surface are when they reapproach each other
which may also explain the discrepancy between this ~50 N/m? value and the KFM based
estimate which predicted >100 N/m’. 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 7-4B which act as Faraday
cups which provide the ability to monitor image charges. Image charges are a direct
result of stray capacitances to nearby conductors and dielectric materials that surround
the charged layers. Figure 7-4C shows that any stray capacitance 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
density F/A=6"/2¢, is independent of separation d. A more accurate model for the force-
distance curves can be found following figure 7-4D and 7-4E. The result is shown in
figure 7-4F using F/A= /2y * 1/ 1+ Cray/ [soA/d])Z where Cygy 1s related to stray
capacitance of the charged surfaces to both grounded copper plates. The model is derived
by applying the integral form of Gauss’ law around the top and bottom electrodes
followed by superposition of the respective electric fields. For the d=0 limit case the
force reduces to the equation F/4=6"/2¢y discussed earlier to estimate transferred charge
densities and the image charges in the nearby copper mounting plates are negligible.

Figure 7-5 discusses applications of uncompensated surface charges. Figure 7-5A
shows an application where the recorded charge pattern (left, KFM image) is used to
attract nanoparticles (right, SEM image). In the given example, <50 nm sized negatively
charged silver particles were deposited directly from the gas phase using a previously
reported nanomaterial source.[154, 155] The image demonstrates that the field is strong

enough to attract the particles to the charged areas with 200nm resolution.
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electronics.

nanoxerography nanoparticle prints.
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Figure 7-5. Applications of contact electrification in nanoxerography and thin film

(A) KFM charge

. : . . N
schematic, optical microscope image, and VP vs. Vgs plot of charge patterned

MOSFETs achieving a threshold voltage shift of 580mV.
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Figure 7-5B shows that contact electrification can also be used to alter electronic
transport in nearby semiconducting device layers. In the demonstrated application
patterning of charge is used to alter the threshold voltage of thin film Si transistors from
one area to another. Figure 7-5B shows a device schematic before (left) and after contact
(right); full fabrication details are described in the methods section. The Ips vs. Vgs

transistor curves shown were taken using the handle wafer as a back gate. We used the x-

axis intercept of VLos vs. Vs line to evaluate the threshold voltage.[168] For SiO, the
threshold voltage applied to the back gate shifts to a 580mV higher voltage which is

consistent with the expected presence of negative surface charge on the SiO, surface.

7.3 Conclusion

In conclusion the cleavage of conformal contacts, which has become a common
procedure in areas of soft-lithography and other soft-printing processes, typically leaves
behind large amounts of surface charge as the surfaces are delaminated. While these
surface charges remain undetected with most commonly applied spectroscopic
measurement techniques including XPS and FTIR, direct evidence can be gained through
Kelvin probe force microscopy and force distance curve measurements. The recorded
charging levels can be very high and the upper levels seem to be self-limited by the
dielectric breakdown strength of air. The separated charges give rise to an electrostatic
force of adhesion that can be detected over millimeter distances, exceeding 50 N/m” in
some cases. The corresponding force distance curves depict a phenomenological
relationship between short and long-range attractive 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. Si0,, PS, PAA, PMMA, and SU-8 are all commonly used in the processing of
semiconductor devices. 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 flexible 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
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functionality of various electronic devices including FETs unless models take these extra
gate charges into account. The additional challenges are particularly relevant in the
context of flexible electronics where thin semiconductors, polymer insulators, and

conformal contacts are widely employed.

7.4 Experimental Methods

PDMS fabrication and surface treatments: PDMS fabrication for this study was unaltered
from the commonly accepted technique. Specifically we mixed 30g elastomer (Sylgard
184) and 3g curing agent (also Sylgard 184) together for about 2 minutes at room
temperature. Mixing caused gas bubbles to form, so uncured PDMS was degassed in a
vacuum chamber at ~30 Torr for 20 minutes. The uncured PDMS was poured onto
silanized silicon, then degassed again for 1 hour at ~20 Torr. (The silicon may also be
patterned with S1813 photoresist prior to treatment with octadecyltrichlorosilane if
features were desired for the finished PDMS.) The degassed PDMS is cured in a
convection oven at 60°C for 12 hours. The cured PDMS was inserted into a commercially
available plasma cleaner (SPI, model Plasma Prep II) for oxygen plasma treatment. The
system was purged with 99.99% oxygen, then the 80-100W 13.56MHz RF plasma was
operated at 10 Torr for 40 seconds.

Thin-SOI MOSFET fabrication: Fabricating the charge-sensitive thin-SOI MOSFETs
involved n-well doping, mesa etching, contact 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 150mm diameter p-type Si on insulator
wafers (SOITEC, inc.) with a 100nm Si device layer on a 200nm buried oxide, we
deposited 300nm SiO, by PECVD at 340°C. To define the dopant mask S1805
photoresist was photolithographically patterned then given a 30s oxygen plasma descum,
and the underlying SiO, was etched in 10:1 buffered oxide etch (a mix of HF and NH4F
in H,O) for 150s. 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 10s under 6sLpm flow of 10%
oxygen in nitrogen. The oxidized spin-on dopant was stripped in 49% HF for 120s. The
sample was coated with 50nm SiO, by PECVD at 340°C to prevent metal from
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contacting p-Si, then windows to the n-wells were opened in the SiO, by
photolithography, 30s oxygen plasma descum, and etching 30s in 10:1 BOE.
Photolithography and oxygen descum was used to define ribbons of p-n-p silicon then
10:1 BOE removed the oxide, a 30s 20W 40mTorr SF¢/Ar/O, plasma etch removed
silicon 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 150nm Au with a Snm
Cr adhesion layer. The contacts were patterned by photolithography, oxygen plasma
descum, etching 25min in 10:1 DI H,O:GE-6 gold etchant, and a 60s dip in 4:1 DI
H,0:CR-12S chrome etchant. The contacts were annealed by RTA at 400°C for 20s in
8sLpm forming gas (5%H,/ 95%N,).

7.5 Supplemental Information

The XPS studies of PDMS material transfer to PMMA by contact were performed by
tracking Si content. Supplemental figure 7-S1 depicts XPS data showing Si content on
(A) the PDMS surface with greatest intensity at 103.4eV which corresponds to the Si 2p’
peak. Since PMMA (chemical formula [CsHgO;],) contains no Si and PDMS (chemical
formula [C,HsOSi],) does contain Si it is possible to use XPS to track material transfer.
As a control sample Si was not detected (B) on the PMMA surface before contact.
Following contact with oxygen plasma treated PDMS (C) the surface still did not show
any Si-related peaks with the conclusion that no PDMS material transferred to the

PMMA.

80



(a) PDMS (b) PMMA Before Contact (c) PMMA After Contact

20x103
3
1010 15x10%
=2 8 15}
g 6 L 10
s 4
=5 9 3 St
— : e 0 r 0 [l
1000 800 600 400 200 0 1000 800 600 400 200~ 0 1000 800 600 400 200 0
; 50 i H
. n 20
2600} i
%‘ z i 40 10
I:i 5400 f i 30 0
E 2200 Vi 20| L :
(1 L e s I L iNo Si 2p? visible g i No Si 2p? visible
108 106 104 102 100 93 110 105 100 95 90 110 105 100 95 90
Binding Energyv [eV] Binding Energy [eV] Binding Energy [eV]

Figure 7-S1. XPS study of material transfer from PDMS (A) to PMMA (B,C) by contact.
Carbon and oxygen peaks are visible in each case, but only PDMS showed silicon peaks
below 200eV. (Top row) The overall traces were narrowed (red boxes, top row) to
determine peaks in the appropriate range (bottom row) for the binding energy range for
Si. The silicon content of PDMS [C:Hs0Si], is measurable as a 2p’ peak at 103.4eV (red
dotted line, bottom row). The plots show the lack of Si content on PMMA (B) before and
(C) after contact with PDMS so it is concluded that no PDMS material transferred to the
PMMA.

As shown in supplemental figure 7-S2 (top row) the AFM traces (A) for PMMA
contacted by PDMS show no topography which supports the lack of material transfer by
contact even with levels of transferred charge near +1V as measured by KFM (B). For the
case of SiO, we observed material transfer to depend strongly on plasma parameters such
that exposure to O, and N, containing air plasma for Imin or less reduced material
transfer below AFM resolution limits as indicated in the supplemental figure 7-S2
(bottom row).We found that higher plasma O, content and longer treatment times
resulted in increased PDMS material transfer to the SiO; such that the amount of material
was visible in AFM scans. These structures were not always charged and the PDMS
stamps could not be used repeatedly. Best charging results in terms of repeatability and
amount of charge transferred were achieved using a 10 Torr air based 20% oxygen
plasma treatment (SPI Plasma Prep II) for 1 minute which allowed clean delamination

and uniform charging as shown in the figure.
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Figure 7-S2. (4) AFM topography data with (B) corresponding KFM charge data for
PMMA (top) and SiO, (bottom) after contact with PDMS. Lack of topography in both
cases indicates minimal if any material transfer occurred during contact while the charge

patterns are well resolved and opposite in polarity.
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8.1 Introduction

The basic phenomenon of electrification by contact is well known and can 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 electrons.[103] If both materials are insulators, the fundamental charge
transfer mechanism cannot be explained on the basis of electronegativity alone and
requires the consideration of the chemical nature of all functional groups.[104] This
becomes increasingly complicated if polymeric insulators are used. In all cases, contact
electrification leads to uncompensated surface charges that impact the force of adhesion.
For example, surface force apparatus measurements by Horn et al.[105] demonstrated
that the electrostatic force of adhesion between crossed insulating cylinders can exceed 6
joules per m> which is comparable to the fracture energies of covalently bonded
materials. We note that the reported values [105] were exceptionally large, exceeding
anything that had been reported before and perhaps possible considering the breakdown
strength of air. Considering the context of soft-lithography[106], nanoimprint
lithography, and nanotransfer printing[107], the formation and fracture of conformal
contacts have become mainstream and are no longer limited to single point contacts. This
enables a new set of investigations into the fundamental science and applications of
contact electrification over extended surfaces using multiple contacts of different size and
shape.

As a first step in this direction we report on controlled delamination experiments
between polydimethylsiloxane (PDMS) and other common dielectrics to quantify and
monitor charge transfer and the subsequent electrostatic force of adhesion. In addition to
the commonly used tables of electronegativity, we identified that proton exchange
reactions established in solution chemistry provide the best approach to explain
interfacial charging between the dielectrics that we investigated so far. The dielectrics
include polymethyl methacrylate (PMMA), epoxy photoresist (SU-8), polystyrene (PS),
polyacrylic acid (PAA), and silicon oxide (SiO,). The magnitude of electrification can be
adjusted through surface functionalization of the PDMS and reach values close to the
physical limit near the dielectric breakdown strength of air. The uncompensated charges

yield a long range electrostatic attractive force of 150 N/m’. Corresponding force
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distance curves show a phenomenological relationship between long and short range
attractive forces where a controlled increase in the recorded long range electrostatic force
equates to a stronger short range adhesion. The gained knowledge finds several
applications: in the context of laterally confined charge patterning with sub 100 nm
lateral resolution, it extends previously reported serial scanning probe[16] and electric
nanocontact charging techniques as it can pattern samples that are at least 100 times
larger than what has been reported while maintaining the same high lateral resolution.
Moreover previous[12, 14-16, 108] charging processes required a conducting substrate
underneath the dielectric. The reported process eliminates this requirement as well as the
requirement that an external voltage has to be applied to the sandwiched structures to
inject and transfer charge at the interface. In the context of Nanoxerography, it is
demonstrated that the chemically driven charge patterned surfaces prepared by
nanocontact electrification can be developed into visible patterns using charge directed
deposition of nanoparticles. In the context of transfer printing, it is demonstrated that the
strong adhesive forces that stem from uncompensated surface charges can be used to
transfer semiconducting components from one substrate to another whereby the size of
the components can span 3 orders of magnitudes. Finally, in the context of printable
electronics it is demonstrated that a contact with PDMS leads to high levels of
uncompensated surface charge which affects transport in nearby semiconducting device
layers which is measured in terms of transistor threshold voltage shifts which exceeded
500mV in the MOSFET devices that have been tested. Threshold voltage shifts were
found to depend on the covering material such that threshold voltage was adjusted

positively (or negatively) after contacting Si0O, (or PMMA) covering the n-channel FET.
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8.2 Results and Discussion

Figure 8-1 illustrates the basic nanocontact electrification measurement procedure.
PDMS was chosen as the primary contacting material because of its wide use in today’s
scientific world. For lateral charge patterning experiments PDMS stamps were prepared
with raised posts through molding[12, 14] which provides small contact areas alongside
an unchanged reference. For transfer experiments we left the surface flat and unpatterned.
To investigate the transfer of charge, electret coated chips (PMMA, SU-8, PS, PAA, and
Si0;) with film thicknesses around 100-200 nm[169] were placed onto the PDMS stamps
and left in contact for 1 minute before forced delamination. Untreated PDMS substrates
left residues on the contacted surfaces and did not provide reproducible results. To clean
and activate the PDMS surface we used a pure oxygen plasma etcher (SPI Plasma Prep
IT) operating at 80-100 watts at 10 Torr for 40 seconds. This process is commonly used
because it creates an energetic, hydrophilic surface that reduces transfer of uncured

material during contact when compared to untreated PDMS.[170-173]
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Figure 8-1. Contact electrification process and measuring procedure. 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 materials. B) An
electrometer records 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 re-approach

(see Figure 8-S1 for a photograph of the actual implementation).
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Figure 8-2. KFM contact electrification results, charge transfer theory, and control
experiments. (A-D) KFM images of 1 um pitched dot and line type patterns showing the
influence of material and plasma treatment on the polarity and charge concentration. (4)
PMMA charged positively and (B) SiO; charged negatively upon contact with the same
plasma activated PDMS stamp.(C, D) Plasma treatment of the PDMS yields a 4 fold
increase in the surface charge on PMMA. (E, F) Proposed proton exchange reaction
between plasma treated PDMS and both PMMA and SiO,. In the case of PMMA,
hydrogen protons dissociate from the PDMS surface and attach to a deprotonated
carboxylic acid or carbonyl site within the ester groups on the PMMA surface. The
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situation is reversed for SiO, due to the abundance of hydroxyl groups on the SiO;
surface. (G, H) KFM control experiments to enhance charge transfer by pH surface
treatment of the PDMS stamp prior to contact. (G) pHO treatment increases the positive
surface charge on PMMA and (H) pH14 treatment increases the negative surface charge
on SiO,.

To quantify the level of contact electrification as a result of forced delamination, we
analyzed all samples using Kelvin probe force microscopy (KFM) immediately after
cleavage. KFM records the surface potential distribution and provides a direct measure of
the amount of electrification with respect to areas that have not been contacted.[174]
While the level and polarity varied, localized electrification is observed at high levels
after conformal contacts are delaminated. During the formation and delamination process,
no lateral frictional forces or sliding motion was applied which is different from other
more classical implementations also aimed at producing high levels of uncompensated
charge. Figures 8-2(A, B) illustrate the associative effect of the electret material, in this
case PMMA versus SiO,, on the polarity of the produced patterns. Specifically, PMMA
charged positively at contacted areas while SiO, charged negatively. Figures 8-2(C, D)
reveal the effect of plasma treatment of the PDMS on the charge concentration. Without
plasma activation (Fig. 8-2C) the highest level of charge was at least a factor of four
smaller than that achieved by contacting the samples with plasma treated stamps (Figs. 8-
2A, B, D, G, H).

The illustrated nanocontact electrification process could in principle be attributed to a
number of factors including material transfer. To determine if substantial material
transfer is required and involved we conducted several AFM topography measurement
and x-ray photon spectroscopy (XPS) studies. We found that no substantial material
transfer is required to cause charging as shown in Figures 8-S2 and 8-S3. For example,
no measurable material transfer after contact between plasma treated PDMS and
untreated PMMA was recorded which is consistent with prior XPS studies done by
Uhrich ef al.[173, 175]. Yet high levels of contact electrification was observed for this
interface as shown in Figure 2D which means that the charging cannot be explained by

simple material transfer. Since a measureable amount of material transfer (i.e. more than
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a single monolayer) is not required the process must be dominated by small molecular

changes such as interfacial ion or electron transfer.

The working hypothesis of the charging mechanism for the materials studied is
illustrated in Figures 8-2(E, F) and involves hydrogen proton exchange reactions at the
interface similar to acid-base reactions in solution chemistry. While we limit our
discussion to PMMA and SiOs, the other tested materials follow the same general theme:
chemically driven proton exchange more suitably explains the observed results than
looking at the macroscopic electronegativity alone. In this case, plasma treatment attacks
the Si-CH3 bonds on the surface of the PDMS leaving very reactive silyl radicals that
capture O, OH, COOH, and oxygen radicals, forming a mildly acidic and highly polar
surface.[170, 172] Many polymers, such as PMMA, contain polar end groups that can
participate in ionic charging and interfacial reactions. The ester end group in PMMA for
example is slightly positive. PMMA can also be considered as being “less acidic” than
plasma treated PDMS since it contains fewer surface hydrogen atoms. This creates a
chemical potential difference that allows hydrogen protons to transfer during contact as
illustrated in the schematic (left sides of Fig. 8-2E,F). After separation (Fig. 8-2F), the
hydrogen atoms remain trapped on the PMMA surface leaving these areas positively
charged as observed in Fig. 8-2A. In accordance with this hydrogen proton exchange
reaction concept; silicon dioxide (right sides of Fig. 8-2E,F) should yield the opposite
polarity since the oxidized surface of the SiO, substrate has an abundance of hydroxyl
groups making it “more acidic” than PDMS. The hydroxyl groups provide hydrogen ions
to react with the oxygen ions on the PDMS, leaving a negative charge on the SiO, surface
as observed in Fig. 8-2B. In short, the deprotonated PMMA accepts protons from the
PDMS while the SiO; donates protons to the PDMS.

We tested protonation/deprotonation further by loading the PDMS with acids and
bases. In the case of PMMA (proton acceptor), contact to a highly protonated PDMS
stamp (referred to as pHO treated) increased the amount of positive charge transfer to the

PMMA (Fig. 8-2@G). In the case of SiO; (proton donor), contact to a highly deprotonated
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PDMS stamp (referred to as pH14 treated) increased the amount of negative charge
transfer to the SiO, (Fig. 8-2H). In these depicted results we soaked the stamps for 1 hour
in an acidic buffer solution of 1M hydrochloric acid in water in one case (pHO treated)
and a basic solution of 1M sodium hydroxide in water in the other (pH14 treated). After
removing the stamp from the pH solutions we quickly (2 seconds) rinsed the surface with
deionized water and then blew it dry with nitrogen. The rinsing of the pH14 treated
PDMS stamp removes any potential salt residues which would otherwise prevent
formation of uniform conformal contacts. Our interpretation of the observed increase in
charging (Fig. 8-2G,H) is that the 2s rinsing step does not completely remove the level of
protonation/deprotonation acquired during the lh pH soaking step of the permeable
plasma-treated PDMS surface layer.

The recorded potential difference in KFM studies can be used as a first order estimate
of the trapped surface charge density. For example a recorded 1.5V potential difference
(Fig. 8-2G) for a 200 nm thick PMMA film represents a charge density of ~10
nC/cm®.[176] Faraday cup and force-distance measurements can also be used to confirm
these values. The electrometers and microbalance shown in Figure 8-1B and the
photograph Figure 8-S1 were added to the experimental process to measure the amount
of charge that is transferred at the interface and the subsequent electrostatic force of
adhesion. In the electrometer arrangement, both stamps and substrates are placed onto
metallic plates which act as Faraday cups that accumulate image charges equal but

opposite in sign to the charge on the surface of the materials.[177]
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Figure 8-3. Recorded charge levels on various materials and resulting short and long
range force. A) Average Faraday cup electrometer recordings at 6 and 30% relative
humidity for six different electret materials after contact electrification with oxygen
plasma treated PDMS. Electric field and adhesive force values estimated from the charge
density measurements are also displayed. B) Force distance curves have two regimes that
describe the force distance relationship up to the point of separation (left, short-range)
and during re-approach (right, long range). The curves show untreated, pHO treated, O2
plasma treated and pH14 treated PDMS that is brought in contact with SiO;. The long
range force distance curves follow a stray capacitance model (dashed lines) which
considers the coupling of the printed charges to nearby conducting surfaces which

reduce the attractive force as the separation is increased.
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Figure 8-3A provides a summary of the recorded charge levels for six different
electret materials (Si0,, PS, PAA at pH 3.5, PAA at pH 7.5, PMMA, and SU-8)
contacted by plasma treated PDMS at 6 and 30% relative humidity. Out of the six
different electrets materials SiO, charged the most negative and SU-8 the most positive.
Polyacrylic acid (PAA, from Sigma Aldrich) was used as an example where the polarity
of charge transfer can be altered. Polyacrylic acid was originally purchased in a pH 7.5
formulation and then the pH was adjusted to 3.5 by the addition of dilute hydrochloric
acid HCl as measured by a silver ion pH meter. We tested 100 nm of spin coated PAA
with a pH of 3.5 which predictably resulted in a negative charge on the PAA surface after
contact with PDMS (Fig. 8-3A); the more acidic PAA-3.5 has more hydrogen protons to
donate to the PDMS which means that contacted areas become negatively charged. In a
second experiment we reverse the contact charge polarity by using polyacrylic acid thin
film that was prepared using a PAA solution with an increased pH of 7.5. This can again
be explained because the now deprotonated PAA-7.5 receives hydrogen protons from

PDMS during contact resulting in the acquired positive charge.

As shown by the chart (Fig. 8-3A) the contact charging process depends on the
relative humidity. Increasing the relative humidity from 6% to 30% increased the charge
differential for all materials. The changes were not as dramatic outside the 6-30%
window. This dependence again points towards charging that is driven by ion exchange
rather than material or electron transfer; higher humidity will increase the amount of
surface water which mediates the diffusion of ions across the interface as the chemically
different surfaces are brought into contact. The chart also shows values for the estimated
electric field strength, E, and estimated electrostatic force of adhesion, F, which can be
directly calculated from the -electrometer measurements using E=o/& and F=
Ac’/e, where A is the contact area, ois the surface charge density, and &is the
permittivity of air. The calculated electric field strength based on the measured charge
density ranged between 1-4 times the dielectric breakdown strength of air (~3x10° V/m)
published for macroscopic electrodes. Interestingly the values for the charge levels are
very large but less than record levels by Horn et al.[105] that imply even higher electric
fields. We believe that the closeness to the breakdown strength of air in our case points to

a self-limiting behaviour. The closeness suggests that the upper level may be limited by
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partial discharge across the air gap as it forms; the existence of partial discharge has
previously been reported[105]. In our case the calculated electrostatic force of adhesion,
F= A 0%/, using the measured charge densities is estimated to exceed 500 N/m? providing
a lift of 50 kg/m”. This is a large force and it should be possible to measure this directly
using a balance. This was done by attaching the substrate chip to a balance /
micromanipulator arrangement (Figs. 8-1, 8-S1). This modified apparatus allows us to

record force-distance curves.

Figure 8-3B shows the force-distance curves for SiO, substrates after contact with
plasma activated PDMS at ~30% relative humidity. The curves were recorded by
measuring the microbalance weight reduction as a function of separation. The left side of
the graph plots the overall adhesive force after contact up to separation whereas the right
side of the graph plots the attractive Coulomb force as the substrate re-approaches the
previously contacted PDMS. The graph shows a phenomenological relationship between
short and long-range forces. Such a phenomenological relationship has been observed
before.[105] Specifically high levels of short-range force (adhesion) corresponds to larger
long-range force, but the short-range force is much larger in magnitude. The link has not
yet been explained. A possible explanation is that for an ionically bonded surface,
delamination results in separation of ions. Not every ion is separated, and gas discharge
always provides the upper limit to the level of remaining uncompensated ions and long
range electrostatic force that can remain. A higher final concentration of uncompensated
surface charge (and long range forces) would imply that it originated from a higher initial

concentration of ionic bonds (and short range forces).

Surfaces treated to enhance the strength of the long range electrostatic attractive
force are much harder to delaminate. The pH treatment resulted in an increase in both the
short and long-range forces for SiO, (Fig. 8-3B, green triangles). The recorded long-
range electrostatic force increased by a factor of 5 with a maximum value approaching
150 N/m?, leading to an estimated field of (~4.1x10° V/m) using E=o/. The value
remains higher than the breakdown strength of air but is about a factor of 2 smaller than

what we anticipated based on the charge measurement alone (Fig. 8-3A). Experimentally
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it is a challenge to record the last data point at the smallest separation before the surfaces

jump into conformal contact.

GND —

Figure 8-4. Electrode arrangement and coupling considering stray capacitance. Qg and
-Qy represents the respective charge on the insulating PDMS (top green) and SiO,
(bottom red) surface after contact electrification. Qy is fixed and not a function of the
distance. Image charges Q; are drawn into the conductive mounting plates which alters
the field distribution. The equivalent circuit model for the depicted capacitances is shown
on the right. The total charge on the red and green plates remains Qy. The value of Q;

depends on the separation d.

The recorded long range electrostatic force in figure 8-3 is a function of the
separation distance between the contacted surfaces which cannot be explained using a
simple parallel plate model where the attractive force density is commonly calculated
using F/A = 6°/2gy which is independent of distance. Instead the recorded data fits a
more accurate model that considers stray capacitances to nearby grounded plates which
reduce the electric field in the air gap in between the charged layers as shown in figure 8-
4. After contact electrification, image charges Qi(d) are drawn from ground to flow to
nearby metal plates. The amount of image charge Qi(d) increased as the separation d

increases. To understand the rebalancing of charges and fields it is important to consider
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how the capacitance changes as the air gap increases. For example the capacitance across
an increasingly large air gap drops while the coupling capacitances to the grounded metal
plates remains unchanged. Utilizing the grounded metal plates as boundary condition
with an electric potential of V=0 and applying Kirchhoff's Voltage Law yields a
relationship for the respective voltages V4i=VepustVsi. Using Vii=(Qu-Qia)/Caira)
Veoms=0iwy/Crpmus, and Vsi=Qiw/Cs; the equation expands to (Qp-Qiw)/Cairwy=
Oiwy/Cppus+ Qiwy/Cs; which yields the relationship for the image charges:

9 9
1+ CVAir/CYPDMS + C'Air /CSi 1+ CAir/CS

0, (d)= (8-1)

tray

as well as the charges Q¢p-Qi) which couple the PDMS surface with the SiO, surface as

the distance is increased:

G-0)=17 CStmchol J(64) (82)
The previously introduced equation F/4 = 6°/2gy = Q°/(2 &y A’) can now be applied if we
substitute @ with the relevant charge Qy-Qiy which is the charge that is responsible for
the electric field and force that couples the PDMS surface with the SiO, surface. The
substitution delivers the force per unit area as a function of separation d:
F, o, 1
A 2g (1+Cy,, d /(£,4))

(8-3)

Equation 8-3 provides an accurate model of the force versus distance curves. For very
small distances d it approaches a constant value of 6s° / 2&y which represents the
maximum force value that can be anticipated. At larger distances the force drops
inversely proportional to the square of the distance. Equation 3 was used to fit the
measured force-distance data (Fig. 8-3B, dashed lines) which provides values of the
actual stray capacitance of our system. The model represented by equation 8-3 is in good

agreement with the experimental data.
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Figure 8-5. Implications of forces originating from uncompensated surface charges on
objects spanning 4 orders of magnitude in size. A) Charge pattern as recorded by KFM
(left) which attracts 5-50 nm silver nanoparticles (right). (B,C) Two contact charging
steps showing selective transfer of micrometer and millimeter sized silicon chips from an
initial rigid substrate onto pHQ treated PDMS (using a low interfacial charge level) and
finally to pHI4 treated PDMS (using a high interfacial charge level).
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Figure 8-5 shows that nanocontact electrification can be used to produce laterally
confined charge patterns which can attract nanoparticles and large components. To give a
qualitative comparison to prior parallel charge patterning concepts,[12, 14, 15, 108]
nanocontact electrification provides a higher charge density with values close to the
breakdown limit. The process provides an equally high lateral resolution but eliminates
the need for fragile metallization on PDMS stamps that was previously required to
produce conformal electrical contacts to inject charge by applying an external voltage. As
a direct result the areas are no longer limited to 1 cm?’; we have tested 100 cm” samples
observing uniform patterns in the tested areas. Other differences are that the use of an
external bias voltage and a conducting substrate underneath the electret are also no longer
required. 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 observed after 50 charging experiments.
This observation can be explained if we compare a typical value of the recorded surface
charge density with the intermolecular spacing of the reactive sites that are available;
observed levels of charge of about 10 nC/cm” reflects about 1 elementary charge per 40
nm by 40 nm sized area. This is a large spacing from a molecular standpoint. For
example, the area per silynol group is estimated to be 0.7 nm x 0.7 nm. This leads to an
abundance of surface groups on the PDMS that can take part in the reaction and supports
the observation that the PDMS can be used multiple times. The plasma activated PDMS,
however, aged with time, losing most of the charging ability after 5 days. The aging can
be linked to an earlier unrelated study[178] and involves the diffusion of oligomers over
time from the bulk to the surface of the PDMS, returning it to its pre-treated state.

The reported process impacts areas from the nanoscopic up to the macroscopic range.
Figure 8-5A shows that the produced patterns of charge (left) can be develop into patterns
of printed nanoparticles (right). In the given example, 5-50 nm sized silver nanoparticles
were deposited directly from the gas phase using a previously reported nanomaterial
source.[14, 15] The strength of the effect is not limited to nanoscopic objects. Micro and
millimeter sized objects can be transferred from one substrate to another by tailoring the

electrostatic force of adhesion. For example, the adhesive forces exceeded the weight
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(1.6g) of the 2 x 2 cm, 4 mm thick PDMS stamps used in the experiments. After contact
and separation, the stamp can be picked up on re-approach without bringing it into
conformal contact. Figures 8-5(B, C) show more practical examples in the area of
flexible electronics that are selected based on the discussed force distance curves (Fig. 8-
3B). Silicon components with a native oxide were picked up from a donor wafer using an
initial piece of PDMS (pHO treated, low interfacial charging) and subsequently
transferred to another piece of PDMS (pH14 treated, high interfacial charging) that
showed the strongest force of adhesion. The components ranged in size from 1-5 mm
wide and 300 pum thick silicon blocks (Fig. 8-5B) to 20 x 20 um Si chiplets that were 2
um thick (Fig. 8-5C). The components were picked up and transferred over a 2 x 2 cm

area with yields of 100% and 99% respectively.
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Figure 8-6. Contact electrification impacting electrical performance of thin Si FETs. A)
Top-down optical microscope image next to a B) cross-sectional schematic of device. C)

Ips vs. Vps curves showing field effect sensitivity to the back gate. D) /1,¢ vs. Vgs plot
showing the threshold voltage shift before and after contact and delamination.

Figure 8-6 shows that contact electrification by touching electronic devices with
PDMS will affect transport in nearby semiconducting device layers which can be directly
witnessed in terms of transistor threshold voltage shifts. The optical microscope image
(Fig. 8-6A) shows a thin silicon-on-insulator field effect transistor (FET) which was used
as test structure. The device was fabricated using a commercially available silicon-on-

insulator substrate were the thin 100nm silicon device layer was supported by 200nm of
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buried silicon dioxide. Figure 6B shows a device schematic; full fabrication details are
described in the methods section. The device layer of the FET was coated with SiO; or
PMMA with respective negative and positive charging characteristics to observe if a
contact with PDMS would alter the threshold voltage. The Ips vs. Vs transistor curves

shown in Figure 6C were taken using the handle wafer as a back gate. We used the x-axis

intercept of ,//,; Vs. Vgs line to evaluate the threshold voltage which retains accuracy

even for added series resistances of SOI FETs.[168] For SiO, the threshold voltage
applied to the back gate shifts to a higher voltage which implies the presence of negative
surface charge on the SiO, surface. In other words the presents of negative surface

charges need to be compensated by an extra positive gate voltage to turn ON the device.

In the illustrated case (Fig. 8-6D) we recorded AV, of 127mV for a d=50nm SiO, film

which leads to a charge density of o =-¢(AV, /d)=-8.78nC/cm” by modelling the

surface potential as a floating body effect.[179] The sign and charge density agrees very

well with figure 3A recorded values (a range of -7 to -9 nC/cm” was observed). For a

48nm PMMA film AV, shifts negative by 60mV which means +2.76nC/cm’ of surface

charge. Again polarity and magnitude are in good agreement. For PDMS contact directly

to a silicon n-FET with only its native oxide, the threshold voltage increased by 580mV.

8.3 Conclusion

In conclusion the cleavage of conformal contacts, which has become a common
procedure in areas of soft-lithography and other soft-printing processes, typically leaves
behind large amounts of surface charge as the surfaces are delaminated. While these
surface charges remain undetected with most commonly applied spectroscopic
measurement techniques including XPS and FTIR, direct evidence can be gained through
Kelvin probe force microscopy and force distance curve measurements. The recorded
charging levels can be very high and the upper levels seem to be self-limited by the
dielectric breakdown strength of the air gap that forms as the materials are delaminated.
The separated charges give rise to an electrostatic force of adhesion that can be detected
over millimeter distances, exceeding 150 N/m* in some cases. The corresponding force

distance curves depict a phenomenological relationship between short and long-range
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attractive 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. SiO,, PS, PAA, PMMA, and SU-8
are all commonly used in the processing of semiconductor devices. We therefore expect
that our findings will impact areas which go beyond the demonstrated charge directed
assembly and transfer applications. Charge printing is likely possible for other
semiconductor substrates with a thin surface oxide including native oxides. For example,
we found that the native oxide on Si is still prone to charging despite the fact that it is
much thinner than the 160 nm thick thermal silicon oxide that was used in this study. The
results reported here are especially meaningful in the context of soft lithography where
PDMS contact to devices with thin oxides may result in altered threshold voltages.
Specifically the emerging field of printable and flexible 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 electronic devices including FETs unless
models take these extra gate charges into account. The additional challenges are
particularly relevant in the context of flexible electronics where thin semiconductors,

polymer insulators, and conformal contacts are widely employed.

8.4 Experimental Methods

PDMS fabrication and surface treatments: PDMS fabrication for this study was unaltered
from the commonly accepted technique. Specifically we mixed 30g elastomer (Sylgard
184) and 3g curing agent (also Sylgard 184) together for about 2 minutes at room
temperature. Mixing caused gas bubbles to form, so uncured PDMS was degassed in a
vacuum chamber at ~30 Torr for 20 minutes. The uncured PDMS was poured onto
silanized silicon, then degassed again for 1 hour at ~20 Torr. (The silicon may also be
patterned with S1813 photoresist prior to treatment with octadecyltrichlorosilane if
features were desired for the finished PDMS.) The degassed PDMS is cured in a
convection oven at 60°C for 12 hours. The cured PDMS was inserted into a commercially

available plasma cleaner (SPI, model Plasma Prep II) for oxygen plasma treatment. The

101



system was purged with 99.99% oxygen, then the 80-100W 13.56MHz RF plasma was

operated at 10 Torr for 40 seconds.

For pH treatment, the cured PDMS was immersed into a high molarity acid or base
bath. The bath was contained in a high density polymer (Nalgene) to minimize solvent-
container reactions and the bath was covered to minimize evaporation. We used 1M HCI
as a strong acid or IM NaOH as a strong base. Direct measurement of the solvent pH was
performed with pH indicator paper which showed pH <1 and pH >13 for HCl and NaOH
respectively. Brief exposures of an electronic pH probe to the highly acidic and basic
solutions support these pH values as well. For ease of reference we named the solutions
"pHO" or "pH14." Cured PDMS pieces were soaked in one of these solutions for one hour

before use.

Electrometer charge measurement: When determining the quantity of transferred
charge we removed the PDMS a distance of at least 10cm to ensure that printed charges
were electrostatically coupled only to the grounded metal mounting plate which was in
turn connected to the electrometer. The recorded level of uncompensated charge on the
sample using the electrometer is fairly constant and only drops slightly over time at a rate
which was less than 50pC per minute. The drop can be explained by the attraction of
charged species from the environment. The electrometer measurements were conducted
in a Faraday cage (shown in supplemental figure 8-S1) and the accuracy of the properly
shielded instruments exceeds 1pC (Keithley, Model 6517). Most substrates charged up by
at least InC which is well above the noise level of the instrument. Variations in recorded
values between experiments, however, were found to be larger than the noise level and
ranged between 20-300 pC. Variations in the recorded values repeating the same
experiments cannot be considered as a measurement error and are believed to be
associated primarily to partial discharge by attraction of gas ions from the gas
environment, handling, time and variations in the PDMS thickness which alters the
coupling to the grounded metal plates that act as faraday cups in the illustrated case. A
fully automated system that takes the human interaction out of the loop and places the

system inside a sealed environment to minimize airflow would allow a more accurate
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measurement. Such an improvement is not going to change the general trends found in

this study.

Delamination procedure: Separation of the PDMS was performed by pulling the
PDMS stamp upwards in a plane-parallel fashion. This leads to fast moving delaminating
fronts which break the conformal contact. Complete separation of the interface is
estimated to be in the range of 50-500ms. The plane parallel separation occurs faster than
conventional peeling and was chosen to minimize the risk of a partial discharge or arcing
across the forming gap due to the high electric field that will be present at low separation
distances. We have not observed the visual effects of arcing. We acknowledge, however,
that there might be a dependency between the level of the recorded charge and the peel
rate which has not yet been investigated in detail. An approach to determine this
relationship would be to use rolling cylinders with different roll speeds. Although
viscoelastic effects are well known to play a role in the physical adhesion of PDMS to
surfaces, we did not observe that the peel rate has a strong affect on the level of charge
transfer. Instead the properties of PDMS and the material being contacted played much
stronger roles as reported here. Moreover it would be interesting to control the
environment beyond the humidity and for example perform measurements under vacuum
or different gas environments to test if higher levels of charge are possible. This would
provide further insights into the process which limits the amount of charge across the
interface. Extending the present study in such a manner, however, would require the

installation of a completely different apparatus.

Si component fabrication: The fabrication of the Si components involved electron-
beam deposition of Si onto Au-coated pillars of SU-8. Specifically we first fabricated the
SU-8 pillars on a <100> p-type 4" Si carrier substrate. The carrier substrate was cleaned
for 15 minutes in a 120°C Piranha bath solution composed of 3 parts H,SO4 (99%) and 1
part H,O, (30% in H,0). The cleaned substrate was spincoated with Omnicoat (an SU-8
adhesion promoter) which a spinner speed of 2500RPM for 30s. The adhesion layer was
baked on at 200°C for 1 min. SU-8 was spincoated on top of the Omnicoat at 2500RPM
for 30s then softbaked at 65°C for Imin and then 95°C for 2min. The SU-8 was soft

contact exposed for 11s under about 12mW/cm® i-line illumination. The SU-8 was given
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a post exposure bake identical to the softbake and then developed for 4min in PGMEA
(propylene glycol monomethyl ether acetate). Excess Omnicoat was removed by
exposure to 100W 100mTorr oxygen plasma for 40s. Using an electron-beam evaporator,
20nm Cr and then 200nm Au were deposited on the SU-8 pillars. Then 2pm of Si were
deposited by e-beam evaporation on top of the Au coated SU-8.

The chemical bond of Si to the Au beneath is well-known to be weak. Increasing the
chemical adhesion of materials to Au typically requires an additional adhesion layer such
as the Cr used on the SU-8 pillars. In absence of any adhesion layer beneath the Si
components, the Si components are easily delaminated from the Au and picked up by the
weak electrostatic charge on the pHO treated PDMS. Following Si component pickup by
PDMS, an optical microscope confirmed that the gold layer remained on the SU-8 pillars.
The components then were transferred to a second piece of PDMS which was treated

with pH14.

Thin SOI MOSFET fabrication: Fabricating the charge-sensitive thin-SOI MOSFETs
involved n-well doping, mesa etching, contact 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 150mm diameter p-type Si on insulator
wafers (SOITEC, inc.) with a 100nm Si device layer on a 200nm buried oxide, we
deposited 300nm SiO, by PECVD at 340°C. To define the dopant mask S1805
photoresist was photolithographically patterned then given a 30s oxygen plasma descum,
and the underlying SiO, was etched in 10:1 buffered oxide etch (a mix of HF and NH4F
in H,O) for 150s. 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 10s under 6sLpm flow of 10%
oxygen in nitrogen. The oxidized spin-on dopant was stripped in 49% HF for 120s. The
sample was coated with 50nm SiO, by PECVD at 340°C to prevent metal from
contacting p-Si, then windows to the n-wells were opened in the SiO, by
photolithography, 30s oxygen plasma descum, and etching 30s in 10:1 BOE.
Photolithography and oxygen descum was used to define ribbons of p-n-p silicon then

10:1 BOE removed the oxide, a 30s 20W 40mTorr SF¢/Ar/O, plasma etch removed
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silicon 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 150nm Au with a Snm
Cr adhesion layer. The contacts were patterned by photolithography, oxygen plasma
descum, etching 25min in 10:1 DI H,O:GE-6 gold etchant, and a 60s dip in 4:1 DI
H,0:CR-12S chrome etchant. The contacts were annealed by RTA at 400°C for 20s in
8sLpm forming gas (5%H, / 95%N,). For the PMMA coated devices, the top SiO, was
removed by etching in 10:1 BOE then 495K molecular weight PMMA diluted in anisole
(roughly 1.5% mixture by weight) was spin-coated at 3000 rpm for 30s and softbaked at
180°C for 1 min. SiO, and PMMA thicknesses were monitored during processing by
ellipsometry.

The mobility of these devices was estimated using a linear fit to //,; vs. Vgs (Fig.

5D) for the SiO,-covered case, prer = 2/Cpox *(0+/1 s / 6Vc,s)2 =307cm*V!s™!. For the

PMMA-covered case ppgr after contact was found to be 125cm*Vis!. We expect the <1
order of magnitude difference in channel mobility is likely due to local chemical
reactions at the p-Si/dielectric interface since the PMMA was spin-coated and SiO, was
deposited by PECVD. An increased number of ionized traps in the PMMA case would

explain the lower mobility.
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8.5 Supplemental Information

For the arrangement shown in Figure 8-S1, electrometers record the initial charge on
the substrate and the stamp as well as the charge transfer after contact. The attractive
force between the charged surfaces is recorded using a microbalance. The microbalance
records the weight reduction of the stamp due to the attractive pull as the surfaces are
separated and then slowly reapproached. A micromanipulator was used to adjust the
separation with ~5 um accuracy and to reduce angular mismatch, azimuth and zenith to
be < 0.5° prior to contact. In addition, the setup was placed inside a Faraday cage to

increase accuracy of charge measurements.
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Figure 8-S1. Force-Distance experimental setup.
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Figure 8-S2. XPS study of material transfer from PDMS (a) to PMMA (b,c) by contact.
Carbon and oxygen peaks are visible in each case, but only PDMS showed silicon peaks
below 200eV. (Top row) The overall traces were narrowed (red boxes, top row) to
determine peaks in the appropriate range (bottom row) for the binding energy range for
Si. The silicon content of PDMS [C,HsOSi], is measurable as a 2p3 peak at 103.4eV (red
dotted line, bottom row). The plots show the lack of Si content on PMMA (b) before and
(c) after contact with PDMS so it is concluded that no PDMS material transferred to the
PMMA.

The XPS studies of PDMS material transfer to PMMA by contact were performed by
tracking Si content. Figure 8-S2 depicts XPS data showing Si content on (a) the PDMS
surface with greatest intensity at 103.4eV which corresponds to the Si 2p° peak. Since
PMMA (chemical formula [CsHsO;],) contains no Si and PDMS (chemical formula
[C,HsOSi],) does contain Si it is possible to use XPS to track material transfer. As a
control sample Si was not detected (b) on the PMMA surface before contact. Following
contact with oxygen plasma treated PDMS (c) the surface still did not show any Si-
related peaks with the conclusion that no PDMS material transferred to the PMMA.

As shown in Figure 8-S3 (top row) the AFM traces (a) for PMMA contacted by PDMS
show no topography which supports the lack of material transfer by contact even with
levels of transferred charge near +1V as measured by KFM (b). For the case of Si0, we
observed material transfer to depend strongly on plasma parameters such that exposure to
O, and N, containing air plasma for Imin or less reduced material transfer below AFM
resolution limits as indicated in the figure 8-S3 (bottom row). We found that higher
plasma O, content and longer treatment times resulted in increased PDMS material

transfer to the SiO, such that the amount of material was visible in AFM scans. These
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structures were not always charged and the PDMS stamps could not be used repeatedly.
Best charging results in terms of repeatability and amount of charge transferred were
achieved using a 10 Torr air based 20% oxygen plasma treatment (SPI Plasma Prep II)
for 1 minute which allowed clean delamination and uniform charging as shown in the

figure.
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Figure 8-83. (a) AFM topography data with (b) corresponding KFM charge data for
PMMA (top) and SiO; (bottom) after contact with PDMS. Lack of topography in both
cases indicates minimal if any material transfer occurred during contact while the charge
patterns are well resolved and opposite in polarity.
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Chapter IX

Conclusion

In summary, the reported ZnO nucleation and growth process provides a new route
towards the production of ZnO micro and nanostructures at known locations (0.7% STD)
with well defined dimensions (<1% STD). The process produces high quality ZnO where
deep-level radiative defects are eliminated. In addition to the demonstrated micro-LEDs
and micro-photovoltaic cells we anticipate that these two features are attractive for a
number of other applications that aim at integrating ZnO based devices such ultraviolet
LEDs[73-75], laser cavities[121],  waveguides[54, 110-112], high  gain
photodetectors[116], photovoltaic cells[113-115], sensors, piezoelectric actuators[120] or
micro-power generators[119] at exact known locations on a surface. Control over
location lead to the hexagonal light emission (Fig. 4-2B) and can ultimately be used to
study coupling of light and lasing. It supports the ability to individually contact single
ZnO crystals and learn how light propagates form one isolated domain to another.
Moreover, it was possible to transfer single crystal domains from one substrate to another
though interfacial delamination which finds applications in the field of flexible
transparent electronics.

Comparable to liquid phase electrodeposition, the reported gas phase analogue can
deposit material into addressable areas forming vias, interconnects, or patterned
multimaterial films in a programmable fashion. The process was tested using a limited set
of technologically relevant functional materials including Au, Si, Ge, TiO,, and ZnO at
sizes of 20nm and below as confirmed by TEM, SAED, EDX, and XRD. We anticipate
that the process can be extended to other materials and gas phase systems with some
alterations. The uniformity on a macroscale is presently limited by diffusion since we use
a single point source fixed in space. Scaling to larger sample areas would require the use
of either multiple sources or translational motion analogous to what has been used in
other gas phase deposition systems. The ability to maintain uniformity when developing
arbitrary patterns on a nanoscale requires a sufficiently small Debye length which in turn

favors higher pressure aerosols to provide a high concentration of charged particles/ions
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and deposition rate. The estimated values are sufficient to support selected area
programmable deposition of a variety of different patterns including text, connected and
disconnected structures. Operating a system at atmospheric pressure has the advantage of
simplicity since neither vacuum pumps nor high pressure enclosures are required.
Pressurized systems, however, would likely further increase the area selective deposition
rate beyond the current 100 nm/min value. The current area selective rate is in between
the 10 nm/min rate of non-selective vacuum deposition systems and typical 1 pm/min
rate of area-selective electroplating methods. Variations in the film thickness, extension
to large area deposition using multiple spatially separated discharge regions, passivation
of surface and interface states are important aspects that will require further research and
new and improved designs.

A potential future application of the gas phase electrodeposition technique can be
found in the field of printable electronics. It contrasts the use of solution processable
electronic inks and inkjet type printing concepts to deposit nanomaterials. Current inkjet
based deposition systems have low resolution and throughput. The inks require surface
functionalization to stabilize the particles which often interferes with the desired
electronic properties. Alternatively the discussed in-situ gas phase synthesis and
deposition system offers a more parallel route to the formation, deposition and integration
of higher performance materials than liquid phase concepts. High temperature processes
can be used to produce the materials that can then be deposited onto low temperature
substrates eliminating any extra processing steps or a transition into the liquid phase. As
such the present technique is highly parallel and does not require the use and alignment
of scanning nozzles or the formulation of stable liquid particle suspensions. These
advantages come at the cost of needing pre-patterned substrates to direct the deposition.

We also reported that the cleavage of conformal contacts, which has become a
common procedure in areas of soft-lithography and other soft-printing processes,
typically leaves behind large amounts of surface charge as the surfaces are delaminated.
While these surface charges remain undetected with most commonly applied
spectroscopic measurement techniques including XPS and FTIR, direct evidence can be
gained through Kelvin probe force microscopy and force distance curve measurements.

The recorded charging levels can be very high and the upper levels seem to be self-
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limited by the dielectric breakdown strength of the air gap that forms as the materials are
delaminated. The separated charges give rise to an electrostatic force of adhesion that can
be detected over millimeter distances, exceeding 150 N/m” in some cases. The
corresponding force distance curves depict a phenomenological relationship between
short and long-range attractive 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. SiO,, PS,
PAA, PMMA, and SU-8 are all commonly used in the processing of semiconductor
devices. We therefore expect that our findings will impact areas which go beyond the
demonstrated charge directed assembly and transfer applications. Charge printing is
likely possible for other semiconductor substrates with a thin surface oxide including
native oxides. For example, we found that the native oxide on Si is still prone to charging
despite the fact that it is much thinner than the 160 nm thick thermal silicon oxide that
was used in this study. The results reported here are especially meaningful in the context
of soft lithography where PDMS contact to devices with thin oxides may result in altered
threshold voltages. Specifically the emerging field of printable and flexible 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 electronic devices
including FETs unless models take these extra gate charges into account. The additional
challenges are particularly relevant in the context of flexible electronics where thin

semiconductors, polymer insulators, and conformal contacts are widely employed.
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