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Polymer Pen Lithography
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We report a low-cost, high-throughput scanning probe lithography method that uses a soft elastomeric
tip array, rather than tips mounted on individual cantilevers, to deliver inks to a surface in a “direct
write” manner. Polymer pen lithography merges the feature size control of dip-pen nanolithography
with the large-area capability of contact printing. Because ink delivery is time and force dependent,
features on the nanometer, micrometer, and macroscopic length scales can be formed with the
same tip array. Arrays with as many as about 11 million pyramid-shaped pens can be brought into
contact with substrates and readily leveled optically to ensure uniform pattern development.

ithography is used in many areas of
I modern science and technology, including
the production of integrated circuits,
information storage devices, video screens, mi-
croelectromechanical systems (MEMS), minia-
turized sensors, microfluidic devices, biochips,
photonic bandgap structures, and diffractive op-
tical elements (/—6). Generally, lithography can
be divided into two categories on the basis of
patterning strategy: parallel replication and serial
writing. Parallel replication methods such as
photolithography (7), contact printing (8§—11),
and nanoimprint lithography (/2) are useful for
high-throughput, large-area patterning. However,
most of these methods can only duplicate pat-
terns, which are predefined by serial writing ap-
proaches and thus cannot be used to arbitrarily
generate different patterns (i.e., one photomask
leads to one set of feature sizes for a given wave-
length). In contrast, serial writing methods—
including electron-beam lithography (EBL), ion
beam lithography, and many scanning probe mi-
croscopy (SPM)-based methods (/3-16)—can
create patterns with high resolution and registra-
tion but are limited in throughput (/7, 78). In-
deed, only recently have researchers determined
ways to use two-dimensional cantilever arrays
for dip-pen nanolithography (DPN) to produce
patterned structures made of molecule-based ma-
terials over areas as large as square centimeters
(19, 20).
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DPN uses an “ink”-coated atomic force mi-
croscope (AFM) tip to deliver soft or hard
materials (e.g., molecular inks, nanoparticles, or
sol gels) to a surface with high registration and
sub-50-nm resolution in a “constructive” manner
(3, 16, 21-23). When combined with high-density
cantilever arrays, DPN is a versatile and powerful
tool for constructing molecule-based patterns over
relatively large areas with moderate throughput
(7). The limitations of DPN are (i) the inability to
easily and rapidly work across the micro- and
nanometer-length scales in a single experiment
(typically, either sharp tips are optimized to gen-
erate nanoscale features or blunt tips are used to
generate microscale features) (24) and (ii) the
need for fragile and costly two-dimensional can-
tilever arrays to achieve large-area patterning. In-
deed, no simple strategy exists that allows one to
rapidly pattern molecule-based features with sizes
ranging from the nanometer to millimeter scale in a
parallel, high-throughput, and direct-write manner.
We report the development of polymer pen lithog-
raphy (PPL), a low-cost, cantilever-free lithograph-
ic approach that, thus far, allows a digitized pattern
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to be printed at spot sizes ranging from 90 nm to
hundreds of um simply by changing the force and
time over which the ink is delivered.

In contrast with DPN and other SPM-based
lithographies, which typically use hard silicon—
based cantilevers, PPL uses elastomeric tips
without cantilevers [typically polydimethylsilox-
ane (PDMS)] (25, 26) to deliver ink. A typical
polymer pen array (Fig. 1) contains thousands of
pyramid-shaped tips that are made with a master
prepared by conventional photolithography and
subsequent wet chemical etching (fig. S1) (27).
The pyramids are connected by a thin PDMS
backing layer (50 to 100 um thick) that is adhered
to a glass support before curing. The glass sup-
port and thin backing layer significantly improve
the uniformity of the polymer pen array over
large areas, to date up to an entire 3-inch (76.2-mm)
wafer surface (Fig. 1B and fig. S2) (27). When
the sharp tips of the polymer pens are brought in
contact with a substrate, ink is delivered at the
points of contact (Fig. 1A). An important feature
for ensuring uniform ink delivery over large areas
is that the amount of light reflected from the tips
increases greatly when the tips make contact with
the substrate (movie S1) (27). Thus, the transparent
elastomer polymer pen array allows us to deter-
mine visually when all of the pens are in contact
with an underlying substrate. The otherwise
daunting task of leveling the array can be tackled
in an experimentally straightforward manner.

We performed our PPL experiments with an
Nscriptor system (Nanolnk, Skokie, IL) equipped
with a 90-um closed loop scanner and commer-
cial lithography software (DPNWrite, DPN Sys-
tem-2, Nanolnk, Skokie, IL). Depending on
intended use, the pitch of a pen array is
deliberately set between 20 um and 1 mm,

tron microscope image
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corresponding to pen densities of 250,000/cm>
and 100/cn??, respectively. Larger pitch arrays are
required to make large features (micrometer or
millimeter scale) but also can be used to make
nanometer-scale features. All of the pens are re-
markably uniform in size and shape, with an
average tip radius of 70 £ 10 nm (Fig. 1C). In
principle, this value could be reduced substantial-
ly with higher-quality masters and stiffer elas-
tomers. Finally, for many of the experiments we
reported, we demonstrate capabilities with an
array that contains either 15,000 or 28,000
pyramid-shaped pens, but we have made and
demonstrated patterning capabilities with arrays
with as many as ~11,000,000 pens (fig. S3) (27).

In a typical experiment, a polymer pen array
(1 em? in size) was inked by immersing it in a
saturated solution of 16-mercaptohexadecanoic
acid (MHA) in ethanol for 5 min followed by
rinsing with ethanol. The inked pen array was
used for generating 1-um diameter MHA dot
patterns on a thermally evaporated polycrystal-
line gold substrate (25 nm Au with a 5 nm Ti
adhesion layer coated on Si) by bringing it in
contact with the gold surface for 0.1 s. This pro-
cess was repeated 35 times to generate a 6 by 6
array of MHA dots (less than 10% deviation in
feature diameter). The exposed gold on this MHA
patterned substrate was subsequently etched

Fig. 2. (A) Optical im-
age of a 480-um by
360-um section of a
one million gold dot ar-
ray (6 by 6 within each
block) on a silicon sub-
strate (using a pen array
with 28,000 pyramid-
shaped tips). (B) MHA
dot size as a function of
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(20 mM thiourea, 30 mM iron nitrate, 20 mM
hydrochloric acid, and 2 mM octanol in water)
to yield raised structures that are approximately
25 nm in height and easily imaged by optical
microscopy (Fig. 2A).

A defining characteristic of PPL, in contrast
with DPN and most contact printing strategies,
which are typically viewed as force-independent
(21), is that it exhibits both time- and force-
dependent ink transport. As with DPN, features
made by PPL exhibit a size that is linearly
dependent on the square root of the tip-substrate
contact time (fig. S4) (27-29). This property of
PPL, which is a result of the diffusive character-
istics of the ink and the small size of the delivery
tips, allowed us to pattern submicrometer features
with high precision and reproducibility (variation
of feature size is less than 10% under the same
experimental conditions).

The force dependence of PPL derives from
the “soft” nature of the elastomer pyramid array.
Indeed, the microscopic pyramidal tips can be made
to deform with successively increasing amounts
of applied force, which can be controlled by sim-
ply extending the piezo in the vertical direction
(z-piezo). Although such deformation has been
regarded as a major drawback in contact printing
(it can result in “roof” collapse and limit feature
size resolution), with PPL, the controlled defor-
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array with 28,000 pyramid-shaped tips). (D) An optical microscope image of a multidimensional gold
circuit fabricated by PPL. The inset shows a magnified SEM image of the circuit center.

Fig. 3. (A) SEM image
of a representative re-
gion of ~15,000 mini-
aturized duplicates of
the 2008 Beijing Olym-
pic logo. (B) A zoom-in
optical image of a rep-
resentative replica. The
inset shows a magnified
SEM image of the letter
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mation can be used as an adjustable variable, al-
lowing control of the tip-substrate contact area and
the resulting feature size. Within the force range
allowed by z-piezo extension, one can observe a
near linear relation between piezo extension and
feature size at a fixed contact time of 1 s (Fig. 2B).
At the point of initial contact and a relative
extension of 0.5 pm, the sizes of the MHA dots
do not significantly differ and are both ~500 nm,
indicating that the bulk of the polymer pen array
compresses before the pyramid-shaped tips sig-
nificantly deform. This observation is consistent
with the known force-strain curves associated with
PDMS (25). This type of buffering is fortuitous
and essential for leveling because it provides extra
tolerance in bringing all of the tips in contact with
the surface without tip deformation and signifi-
cantly changing the intended feature size. When
the z-piezo extends 1 wm or more, the tips exhibit
significant and controllable deformation (Fig. 2B).
Because of the force dependency of PPL, we
do not have to rely on the time-consuming,
meniscus-mediated ink diffusion process to gen-
erate large features. Indeed, we can generate
either nanometer- or micrometer-sized features in
only one printing cycle by simply adjusting the
degree of tip deformation. As proof of concept, 6
by 6 gold square arrays, where each square in a
row was written with one printing cycle at dif-
ferent tip-substrate forces but a constant 1-s tip-
substrate contact time, were fabricated by PPL
and subsequent wet chemical etching (Fig. 2C).
The largest and smallest gold squares are 4 um
and 600 nm on edge, respectively. This experiment
does not define the feature size range attainable in
a PPL experiment but rather is a demonstration of
the multiple scales accessible by PPL at a fixed
tip-substrate contact time (1 s in this case).
Unlike conventional contact printing, PPL al-
lows for the combinatorial patterning of molecule-
based and solid-state features with dynamic control
over feature size, spacing, and shape. As in con-
ventional lithography of images, the polymer tips
are used to form a dot pattern of the intended
pattern or structure. As proof of concept, we used a
polymer pen array with 100 pyramidal tips spaced
1 mm apart to generate 100 duplicates of an in-
tegrated gold circuit. The width of each electrode
in the center of the circuit is 500 nm, whereas the
width of each electrode lead going to these
nanometer-scale electrodes is 10 um, and the size
of the extemal bonding pad is 100 by 100 um®
(Fig. 2D). Because the Nscriptor provides only a
90 by 90 um® scanner, the circuits were divided
into 35 80 by 80 um? subpatterns that were then
stitched together by manually moving the stage
motor after each subpattern was generated. This
limitation could be addressed by programming the
movement of the stage motor relative to the posi-
tions of the multiple subpatterns. To accommodate
both resolution and throughput concerns, we used
different relative z-piezo extensions at different
positions of the circuit, where 0 (initial contact), 2,
and 6 um were used for the central electrodes,
electrode leads, and bonding pads, respectively. As
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a result, writing a 100 by 100 um? area requires
only 400 printing cycles (less than 0.5 s for each
cycle), and the total time required to generate 100
duplicates of the circuit is ~2 hours. Re-inking of
the pen array is not necessary because the PDMS
behaves as a reservoir for the ink throughout the
experiment (28, 29). This relatively high-throughput
production of multiscale patterns would be diffi-
cult, if not impossible, to do by EBL or DPN.
The force dependence and maskless nature of
PPL allow many structural variants to be created
without the hurdle of designing a new master by
a throughput-impeded serial process. In addition,
PPL can be used with sub-100-nm resolution
with the registration capabilities of a closed-loop
scanner. For example, PPL was used to generate
15,000 replicas of the 2008 Beijing Olympic
logo on gold with MHA as the ink and sub-
sequent wet chemical etching (Fig. 3A). Each
logo was generated using the multiscale capa-
bilities of PPL from a 70 by 60 um? bitmap. The
letters and numbers “Beijing 2008 were gen-
erated from ~20,000 90-nm dots (initial contact),
whereas the picture and Olympic rings were
made from ~4,000 600-nm dots at higher array-
substrate contact forces (relative piezo extension =
1 um). These structures were created by holding
the pen array at each spot for 0.05 s and traveling
between spots at a speed of 60 um/s. A represent-
ative portion of the ~15,000 replicas (yield > 99%)
generated across the 1-cm® substrate shows their
uniformity (Fig. 3B). The total time required to fab-
ricate all of these structures was less than 40 min.

The time- and force-dependent ink transport
properties of the polymer pen pyramid arrays
provide a tunability to PPL that may allow other
patterning capabilities to be developed. Because
PPL is a direct-write technique, it is also ideal for
fabricating arrays of structures made of soft mat-
ter, such as proteins (fig. S5) (27), making it po-
tentially useful in the life sciences as well.
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4D Electron Diffraction Reveals
Correlated Unidirectional Behavior in
Zinc Oxide Nanowires

Ding-Shyue Yang, Changshi Lao, Ahmed H. Zewail*

The confined electronic structure of nanoscale materials has increasingly been shown to induce
behavior quite distinct from that of bulk analogs. Direct atomic-scale visualization of nanowires of
zinc oxide was achieved through their unique pancake-type diffraction by using four-dimensional
(4D) ultrafast electron crystallography. After electronic excitation of this wide-gap photonic
material, the wires were found to exhibit colossal expansions, two orders of magnitude higher than
that expected at thermal equilibrium; the expansion is highly anisotropic, a quasi—one-dimensional
behavior, and is facilitated by the induced antibonding character. By reducing the density of
nanowires, the expansions reach even larger values and occur at shorter times, suggesting a
decrease of the structural constraint in transient atomic motions. This unanticipated ultrafast
carrier-driven expansion highlights the optoelectronic consequences of nanoscale morphologies.

ajor changes in the physical, chemical,
Mor optical properties of a substance can

occur as a result of shrinking dimen-
sion and changing morphology down to the
nanometer scale, primarily because of quantum
confinement and surface effects. Quantum dots
and nanotubes are examples of such structures,
which have the potential for a variety of appli-
cations [for reviews, see (/—7)]. Among the

19 SEPTEMBER 2008 VOL 321

materials that show promising features for
optoelectronics, such as blue-green laser diodes
and photonic devices, the wide-gap semicon-
ductor zinc oxide (ZnO) has been one of the
most-investigated nanowire materials (8, 9). At
the nanoscale, design of such structures requires
fundamental understanding of electronic and
nuclear degrees of freedom in the unique nano-
wire architecture because they control the ef-

fective carrier mobility and properties along the
wires. With optical methods [for a review, see
(10)], the transient response can be probed, but,
because of the wavelengths involved, the atomic-
scale structural changes are not determined,
electrons of the appropriate wavelength provide
the means for the visualization of both.

We report visualization of the structure and
dynamics of vertically aligned ZnO nanowires
with use of time-resolved electron crystallogra-
phy. The nanowire array was synthesized via a
bottom-up process of physical vapor deposition
(11). A single-crystal sapphire of (1120) surface
with a 100-nm GaN layer (grown by metal-
organic chemical vapor deposition) was used as
the collection substrate. Reaction parameters
such as the chamber pressure and temperature
and the gas flow rate were varied to obtain the
nanowires, which were supported by an ~2-um
layer of ZnO on the substrate, as a vertically
aligned array. As shown in Fig. 1, A and B, the
wires have an average diameter of ~150 nm, a
length of ~2 um, and an average spacing of ~300
nm. We also studied nanowires prepared by an
entirely different method [hydrothermal synthesis
(12)], and for this case the density of wires is
notably lower, as seen in Fig. 1C. Both specimens
were characterized by scanning electron microsco-
py (SEM) (Fig. 1, A and C); transmission electron
microscopy and x-ray diffraction measurements
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