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Submicrometer Patterning of
Charge in Thin-Film Electrets

Heiko O. Jacobs and George M. Whitesides

Thin-film electrets have been patterned with trapped charge with submicrome-
ter resolution using a flexible, electrically conductive electrode. A poly(di-
methylsiloxane) stamp, patterned in bas-relief and supporting an 80-nanome-
ter-thick gold film, is brought into contact with an 80-nanometer-thick film of
poly(methylmethacrylate) supported on n-doped silicon. A voltage pulse be-
tween the gold film and the silicon transfers charge at the contact areas
between the gold and the polymer electret. Areas as large as 1 square centi-
meter were patterned with trapped charges at a resolution better than 150
nanometers in less than 20 seconds. This process provides a new method for
patterning; it suggests possible methods for high-density, charge-based data
storage and for high-resolution charge-based printing.

Electrets are materials than can retain trapped
electrical charge or polarization (/). Patterns
of charge are used in photocopiers (xerogra-
phy) to develop images with 100 pm resolu-
tion (2). Systems that write and read patterns
of charge have been explored extensively,
because of their potential in rewritable digital
data storage (3—5). Current procedures based
on scanning probes achieve a writing rate of
100 kbits/s at an areal density of 7 Gbits/cm?
(120 nm bit size), and achieve a resolution of
100 nm (6, 7). Although this density is about
140 times the areal density of optical compact
discs, the writing rate is slow: patterning an
area of 1 cm? requires 24 hours. Here, we
describe a method that uses a flexible, mi-
cropatterned electrode to pattern an electret
thin film in a parallel process by injecting and
trapping charges over areas of ~1 cm?; we
call this method electrical microcontact print-
ing (e-n.CP). Because the electrode is flexi-
ble, it can make sufficiently intimate electri-
cal contact with a solid surface to produce
uniform pattern transfer by charging. The
resulting patterns were imaged using Kelvin
probe force microscopy (KFM) (8). We have
used e-wCP to pattern surfaces (>1 cm?)
with features ranging from 120 nm to 100 um
in size in less than 20 s; this combination of
area feature size, and writing time corre-
sponds to an increase of >10° in writing
speed compared to that obtained by a single
tip in serial scanning probe methods.

Figure 1 illustrates the procedure. The
stamp was poly(dimethylsiloxane) (PDMS),
patterned in bas-relief using procedures de-
scribed in (9); it was ~5 mm thick and
supported on a glass slide. The patterned
surface of the PDMS stamp was made elec-
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trically conducting by thermal evaporation of
7 nm of Cr (as an adhesion promoter) and 80
nm of Au onto it (0). Poly(methylmethacry-
late) (PMMA, an 80-nm film on a <100>
n-doped Si wafer with a resistivity of 3
ohmrcm) was the charge storage medium;
PMMA is commercially available and is an
electret with good charge storage capabilities
(11). The wafer was cut into 1-cm? squares.
To generate a pattern of trapped charge, we
placed the metal-coated PDMS stamp on top
of the PMMA film (without added pressure)
and applied a voltage of 10 to 20 V between
the Au on the PDMS and the back side of the
Si. During the patterning, we monitored the
current (typically 1 to 20 mA/cm?) and the
total charge transferred through the entire
junction (10 to 100 mC/cm?, 600 to 6000
electrons/nm?). After turning off the applied
potential, we removed the PDMS stamp by
hand.

Several representative patterns of local-
ized charge in PMMA generated by e-uCP
were recorded by KFM (Fig. 2). The mea-
sured topography (Fig. 2A) and the distribu-
tion of the surface potential (Fig. 2B; light =
positive potential) are shown for a surface
patterned in a way that simulates high-density
data storage [full width at half-maximum
(FWHM) <150 nm, density = 5 Gbits/cm?].
To write this charge pattern, we exposed the
PMMA film locally with a current density of
20 mA/cm? (18 V) for 10 s with the metal-
coated stamp having positive charge. The
trapped charges change the local potential at
the surface of the PMMA by about ~1 V,
whereas the topography of the surface of the
PMMA is not significantly changed. Figure
2, C and D, shows two areas of a common
surface that were charged in a single step
with patterns of different dimensions. The
stamps can be used many times: the 10-pm-
wide charged lines in Fig. 2E were patterned
with a stamp that had been used 14 times
previously. These patterns are representative

of those observed over large areas (>1 cm?).
Figure 2F shows an image of negative charge
in PMMA formed by a —20 V voltage pulse
of 15 s duration. The smallest charged areas
we have generated are about 150 nm wide. At
these scales, the transfer function of the
Kelvin probe limits the resolution (/2).

To investigate the temporal stability of the
charge, we compared the charge pattern im-
aged immediately after formation (Fig. 3A)
with the charge pattern of the same sample
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Fig. 1. Principle of electrical microcontact
printing (e-p.CP). (A) The flexible, metal-coated
stamp is placed on top of a thin film of PMMA
supported on a doped, electrically conducting
Si wafer. We used a 2% solution of 950 K
PMMA in chlorobenzene (MicroChem, Newton,
Massachusetts) and spin-coating at 6000 rpm
to form the film on the wafer. The film was
baked at 90°C for 1 hour under vacuum. (B) An
external voltage was applied between the Au
and the Si to write the pattern of the stamp
into the electret. Electrical connections to the
Au-coated PDMS stamp and the n-doped Si
were applied using silver paint (Aldrich) and
InGa (a liquid metal alloy, Aldrich), respectively.
Silver paint was applied to the interface be-
tween the glass support and the stamp to make
a good electrical contact between both surfac-
es. Silver paint was also used to connect the
glass substrate to the power supply with a
flexible Cu wire. InGa was spread over the back
side of the Si chips. The chips were then placed
on a Cu plate that was connected to the power
supply via an electrometer. (C) The stamp was
removed; the PMMA was left with a patterned
electrostatic potential.
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aged in air (Fig. 3B) and exposed to deion-
ized water (Fig. 3C). In air, at room temper-
ature, the amplitude of the potential de-
creased from 1.8 to 1.6 V over an interval of
2 months. Between measurements, the
PMMA was kept in a covered petri dish at
ambient conditions. The stability we ob-
served was larger than that reported for thick
(>100 wm) PMMA films charged by corona
discharge (/). We do not understand the
difference, but note that the mechanisms of
charging and the depth of charge injection
into the polymers are plausibly different and
noncomparable in these two procedures. In
deionized water, the potential decreased from
1.8 to 0.3 V within 30 min (/3). The patterns
appear not to diffuse laterally either on stand-
ing in air or on exposure to water. A posi-
tively charged pattern could be discharged
almost completely by applying negative ions
(primarily CO,”) from a corona discharge
using an electrostatic gun (Fig. 3D) (/4) or
by heating the PMMA to above its glass
transition temperature (/5).

The charging of the polymer electrets in
these experiments could, in principle, be ex-
plained by two different types of mecha-
nisms: (i) transfer of electrons (or, perhaps,
ions) from the electrodes to or from the film
or (ii) orientation of dipoles inside the film by

Fig. 2. KFM images of
patterns of positive and
negative surface po-
tential generated by IT

A

e-l.CP. (A) Surface to-
pography and (B) sur-
face potential distribu-
tion of a test pattern of
high-density data stor-
age with <150-nm-
sized bits (FWHM). The
pattern was generated
using a stamp carrying
150-nm-wide circular
posts that were 90 nm
high. (C and D) Sur-
face potential images
of ring-type charge
pattens generated us-
ing a stamp carrying
350- and 640-nm-wide
circular posts that were
slightly higher at the
edge than in the center.
(E) Surface potential im-
age of positively charged
parallel lines generated
using a stamp carmrying
10-um-wide  parallel
lines that were 850 nm
high. (F) Surface poten-
tial images of negative-
ly charged dots gener-
ated using a stamp
carrying 2.5-pum-wide
circular posts that were
850 nm high. The am-
plitudes of the surface

REPORTS

the applied electric field (/6). When the
stamp was positively charged, the resulting
surface potential was positive (Fig. 3). This
polarity cannot be explained solely on the
basis of dipole orientation: Dipoles would
orient with their negative end toward the
surface in contact with a positively charged
electrode. We therefore infer that the mech-
anism of charging is dominated by the trans-
port of electrons (or in principle, although
less probably, ions) into and/or out of the
PMMA film.

Direct charge transfer between the Au and
the PMMA can only be explained if the stamp
contacts the electret. To explore the ability of
the flexible PDMS stamp to form a spatially
close contact to a rigid surface, we compared
two systems of patterned electrodes: (i) a rigid
Si wafer supporting a pattern in metal (7 nm of
Cr and 80 nm of Au, thermally evaporated) and
(ii) a flexible, metal-coated PDMS stamp. Fig-
ure 4 shows two optical micrographs of the
optical interference pattern observed at the in-
terface between the PMMA film and these rigid
and flexible electrodes. The rigid pattern trans-
fer element always displayed optical interfer-
ence patterns; these patterns indicate a nonuni-
form spacing between the substrate and the
patterning element. At best, by using significant
pressure, we could obtain small (<500 wm in

potentials in these figures cannot be compared directly.
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diameter) areas that showed no optical interfer-
ence phenomena and that seemed to be in con-
tact. The electric contact resistance of such
contacts, however, depended strongly on the
applied pressure, the rigidity of both surfaces,
and the amount and type of contamination at
the interface. We were unsuccessful in using a
rigid plate of this type for patterning.
Replacing the rigid electrode with the
elastomeric PDMS/Au electrode produced
large areas showing no optical interference
patterns and which were apparently in contact
with the substrate. Figure 4C shows a scan-
ning electron microscope (SEM) image of the
interface (obtained by placing a rigid Si sub-
strate on top of a flexible stamp, see inset).
We observed no spacing (we would be able to
observe gaps >10 nm) between the Si sub-
strate and the stamp. This observation pro-
vides evidence that intimate contact between
electrode and substrate can be established
with a rigid surface. We do not know if
contacts that are intimate in this sense are
necessarily in van der Waals contact over the
majority of their proximate area. The Au film

in air

discharge
in ionized
air

Fig. 3. Stability of the patterned charge in air,
water, and ionized air. Surface potential distri-
bution recorded (A) immediately after forma-
tion and (B) after 2 months aging in air. (C)
Surface potential distribution upon exposing
the charge pattern to deionized water. (D) Sur-
face potential distribution upon discharge with
ionized air.
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of the PDMS stamp has a surface roughness
of about 5 nm. In addition to relatively large
deformations of the PDMS stamp due to pres-
sure and van der Waals forces, the electrical
potential applied between the stamp and the
Si supporting the PMMA film could also
promote contact between the Au and the
PMMA. For flat and clean surfaces, no ex-
ternal pressure was required to obtain contact
sufficient to give uniform electrical pattern-
ing at ~150-nm dimensions (17).

In principle, local heating could also
cause the PMMA to deform plastically. Melt-
ing is obvious in the 80-nm-thick PMMA
film after 10 s at a current density >100
mA/cm?. At these current densities, the stamp
sinks into the PMMA and leaves a negative
topographic image on the surface. Because
we could pattern charge with current densi-
ties <1 mA/cm?>—a thermal energy 10*
smaller than what is needed to melt the
PMMA—we conclude that bulk, heat-in-
duced melting and flow are not necessary for
patterning, but we cannot preclude surface
flow on scales of a few nanometers as a result
of current-induced warming and electrostatic
pressure.

We believe that the ability to generate
high-resolution patterns of trapped charge
can, in principle, be used (i) for information
storage, (ii) for second-harmonic generation
of optical waves traveling along a surface
(18-21), (iii) to deplete and pattern regions of
a two-dimensional electron gas (22, 23) near
a semiconductor surface, and (iv) to allow the
realization of a charge-based printing tech-
nique analogous to xerography of small par-
ticles and possibly molecules (24). Figure 5
shows an initial example of charge-based
printing of particles. The images show pat-
terns of carbon toner, iron beads, and red iron
oxide that were trapped at charged areas on
PMMA and subsequently transferred onto a
second substrate. In this procedure, we
dipped PMMA-coated chips carrying a posi-
tively charged pattern into dry powders (25)
and developed the pattern by blowing away
the loosely held material in a stream of dry
nitrogen. To transfer the powder pattern onto
a second substrate, we placed the powder-
coated face of the chips on a flat surface of
polymerized PDMS (Fig. 5, A and C) or on
an adhesive surface of Scotch tape (Fig. 5B),
pressed down slightly on the chips to make
contact, and peeled away the flexible films.
The resolution achieved was 50 um for Xe-
rox toner and 2 wm for red iron oxide.

Electrical microcontact printing extends
previous serial techniques for patterning
charge (2, 3) into a parallel method, and
provides the only parallel method now avail-
able for patterning charge in electrets with
resolution greater than 150 nm. The areal
uniformity, resolution, and stability of the
these patterns are remarkable. The observed
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electrostatic potential corresponds to ~100
elementary charges per 10* nm? of surface
(26). These patterns form as a result of the
passage of substantial currents through the
films, but we have not established the atomic/
molecular-level details of either the contact
between the surfaces of the electrodes and the
polymer films or of the processes that ulti-
mately generate the trapped charges and fixed
dipoles. We also have not established the
minimum current density and exposure time
that is required for patterning.

This method for patterning charge is in-
teresting both as a tool for fundamental stud-
ies of electrets and for its potential in appli-
cations. It will allow studies of the materials
science of thin-film electrets at high lateral
resolution. It also suggests routes to high-
density (>5 Gbits/cm?) data storage; to ma-
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Fig. 4. Optical and SEM micrographs of contact
between two rigid surfaces [(A) glass cover slip
and Au-coated Si] and rigid/flexible surfaces
[(B) glass cover slip and Au-coated PDMS and
(C) Si- and Au-coated PDMS]. (A) Top view of
the optical interference pattern observed at the
interface of the rigid/rigid contact; This pattern
indicates separations on the order of the opti-
cal wavelength. Spacings comparable to optical
wavelength are obtained only at high contact
pressures (see inset). (B) The rigid/flexible con-
tact. The flexible master electrode deforms
around dust particles (see inset) and forms
intermediate electric microcontacts. No inter-
ference is visible. (C) SEM images of a rigid/
flexible contact, which shows that the spacing
is well below 20 nm.
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terials with patterned dipoles, indices of re-
fraction, and color centers; and to microme-
ter-scale electrostatic printing techniques re-
sembling xerography. It may also be possible
to extend this method to increase the rate of
other processes (especially serial processes
such as scanning probe lithography and e-
beam writing) that use electrons to write pat-
terns: formation of oxides on surfaces (27)
and exposure of electron-sensitive resists (28)
are attractive candidates.

pr|nter toner (< 20 um, black)
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Fig. 5. Optical microscope and SEM images of
different types of particles trapped at pat-
terned charge and transferred onto second sub-
strates. (A) 50-um-wide parallel lines of toner
particles, <20 um in size; (B) 5-pum-wide par-
allel lines of iron beads, <2 pum in size; (C) 2.5-
and 10-pum-wide lines of red iron oxide parti-
cles, <500 nm in size, crossing at 7° incidence.
In this demonstration, all particles were
trapped with positive charge that was pat-
terned with stamps carrying parallel lines 2.5, 5,
and 10 um wide. The crossing lines were fab-
ricated by two exposures at different angles.
The insets labeled “on tape” and “on PDMS” are
images of patterns of particles transferred to
Scotch tape and PDMS, respectively, by con-
tact. All optical images are in true color. Con-
trast and brightness- have been adjusted
slightly.
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Fluorous Mixture Synthesis: A
Fluorous-Tagging Strategy for
the Synthesis and Separation of
Mixtures of Organic Compounds

Zhiyong Luo,’? Qisheng Zhang," Yoji Oderaotoshi,’
Dennis P. Curran*

The solution-phase synthesis of organic compounds as mixtures rather than in
individual pure form offers efficiency advantages that are negated by the
difficulty in separating and identifying the components of the final mixture,
Here, a strategy for mixture synthesis that addresses these separation and
identification problems is presented. A series of organic substrates was tagged
with a series of fluorous tags of increasing fluorine content. The compounds
were then mixed, and multistep reactions were conducted to make enantiomers
or analogs of the natural product mappicine. The resulting tagged products were
then demixed by fluorous chromatography (eluting in order of increasing flu-
orine content) to provide the individual pure components of the mixture, which
were detagged to release the final products.

We introduce a technique for the synthesis of
mixtures of organic compounds that simulta-
neously solves both the separation and iden-
tification problems heretofore inherent in so-
lution-phase mixture synthesis. The tech-
nique, called fluorous mixture synthesis
(FMS), follows from early fluorous tech-
niques such as fluorous biphasic catalysis
(1-3) and solution-phase synthesis of small
organic molecules by fluorous tagging (4, 5)
(sometimes called “fluorous synthesis”). We
envision a broad range of applications for
FMS techniques, and here we introduce two
applications: quasiracemic synthesis and par-
allel library synthesis. Both are illustrated in
the context of the natural product mappicine
6, 7).

The synthesis of small organic molecules
can be conducted either in solution or on the
solid phase (8). When a single product or a
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few products are targeted, solution-phase
synthesis is almost always used. When larger
numbers of products are targeted, the options
include solution-phase parallel synthesis, sol-
id-phase parallel synthesis, and solid-phase
mixture (split-mix) synthesis (9—11). Solu-
tion-phase synthesis allows for diverse and
homogeneous reaction conditions, and prod-
ucts are readily analyzed and identified, but
purifications are time-consuming and keep-
ing all samples spatially separate is ineffi-
cient. Solid-phase synthesis renders separa-
tion of excess or spent reagents and reactants
easy, and the efficiency of mixture methods
allows more compounds to be made without a
proportional increase in effort. But the scope
of reactions that succeed on the solid phase is
still limited, as are methods for purification,
analysis, and identification of resin-bound
products.

Ideal solution-phase synthesis methods
would retain the reaction, identification, and
analysis features of traditional solution-phase
synthesis while capturing the separation and
mixture advantages of solid-phase synthesis.
Although there has been much work recently
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