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ABSTRACT: We designed and fabricated large arrays of polymer pens Actvated polymer pen arrays %

having sub-20 nm tips to perform chemical lift-off lithography (CLL). As Molecular

such, we developed a hybrid patterning strategy called polymer-pen gy

chemical lift-off lithography (PPCLL). We demonstrated PPCLL - -

* Au/Cr/Si

patterning using pyramidal and v-shaped polymer-pen arrays. Associated » »

simulations revealed a nanometer-scale quadratic relationship between ~ Yy L A A

contact line widths of the polymer pens and two other variables:

polymer-pen base line widths and vertical compression distances. We - A AL R “l’ /!!'l‘\\
devised a stamp support system consisting of interspersed arrays of flat- L_‘j!i 2 L

tipped polymer pens that are taller than all other sharp-tipped polymer

pens. These supports partially or fully offset stamp weights thereby also serving as a leveling system. We investigated a series of v-
shaped polymer pens with known height differences to control relative vertical positions of each polymer pen precisely at the sub-
20 nm scale mimicking a high-precision scanning stage. In doing so, we obtained linear-array patterns of alkanethiols with sub-50
nm to sub-500 nm line widths and minimum sub-20 nm line width tunable increments. The CLL pattern line widths were in
agreement with those predicted by simulations. Our results suggest that through informed design of a stamp support system and
tuning of polymer-pen base widths, throughput can be increased by eliminating the need for a scanning stage system in PPCLL
without sacrificing precision. To demonstrate functional microarrays patterned by PPCLL, we inserted probe DNA into PPCLL
patterns and observed hybridization by complementary target sequences.
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S ubstantial progress has been made in chemical patterning Without using energetic beams, microcontact printing (#CP)
methods to push resolution from micron to nanometer is a high-throughput, straightforward molecular printing
scales for applications in electronics,'~” optics,”” energy,'”"! technigfseg for chemical patterning at the micro- and nanometer
and biology,'>'> for example, integrated circuits,"*~'° dis- scales.”™”” Microcontact printing involves elastomeric stamps

25 with molecular “inks” such as organic molecules, proteins, or
DNA that enables ink transfer to planar or curved substrates
composed of metals, glass, or polymers to produce patterns.
Organic ink molecules, such as alkanethiols, serve as molecular
resists in successive wet etching steps to transfer patterns to
underlying substrates, for example, metals.”*>” Nonetheless, ink
molecules are known to diffuse laterally beyond the contact

areas during printing, resulting in resolution limited to ~100
high. Advanced lithography techniques, such as liquid nm for uCP.>*~%°

26 1.
nanomotors,”” bio-
32-35

plays,"’~'* ultrasensitive biosensors,”’
molecule micro/nano-arrays,27_31 wearable sensors, and
other advanced metamaterials.’® Nano- and microfabrication
are dominated by patterning methods based on energetic
beams, such as light, electrons, ions, and X-rays. Conventional
photolithography can be used to fabricate structures over large

areas, however, resolution is limited and costs of the masks are

immersion/multiple patterning photolithography,””** X-ray We have developed strategies to minimize or to eliminate
lithography,™*” or extreme ultraviolet photolithography,*' ~* lateral diffusion of ink molecules via modified uCP
can push resolution to nanometer scales but availability is methods.®’ ™ For example, microdisplacement printing67’68
limited due to high setup and maintenance costs. Direct-write and microcontact insertion printing®”® are used to print
techniques, such as electron-beam lithography (EBL)**~* and

focused ion-beam lithography (FIB)*"** are used to generate Received: March 23, 2017

nanoscale patterns but time-consuming serial writing processes Revised:  April 12, 2017

limit their throughput.” Published: April 14, 2017
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molecules on alkanethiol self-assembled monolayer (SAM)-
modified substrates through displacement or insertion
processes, respectively. The SAMs in the unpatterned regions
prevent ink molecules from diffusing beyond the contact
areas.””’" We also developed a “subtractive” stamping process
called chemical lift-off lithography (CLL),*””" in which oxygen
plasma-activated polydimethylsiloxane (PDMS) stamps selec-
tively remove hydroxyl- (—OH) (or other sufficiently reactive
groups such as amine-) terminated alkanethiols only in the
contact areas with high pattern fidelity and without observable
lateral diffusion. The remaining SAM molecules in the non-
lifted-off regions act as resists for selective etching of exposed
gold in the patterned regions. High-fidelity chemical patterns
with line widths as narrow as 40 + 2 nm were achieved using
CLL with features reaching 20 nm via double patterning® and
even S nm (corresponding to patterns about 10 molecules
across).”! However, for CLL, like uCP, the fabrication of
masters with nanometer-scale resolution relies on low-
throughput, high-cost EBL/FIB limiting applicability.

Dip-pen lithography can write chemical patterns directly on
substrates at sub-50 nm resolution by using atomic force
microscopy with tip-coated molecular “inks”, for example,
alkanethiols, but again, throughput is low due to time-
consuminSg serial writing.”” Polymer-pen lithograghy
(PPL)”*~"% combines high-resolution dip-pen lithography’>””
and pCP by using a scanning stage equipped with massively
parallel polymer-pen arrays (with sub-80 nm tip diameters) to
write patterns with ink molecules directly at ~100 nm
resolution with high throughput.”” Reusable masters for
producing polymer pens are fabricated by conventional
photolithography at micron-scale resolution via anisotropic
etching of Si(100).”” The use of a scanning stage enables
nanometer-scale control of polymer pens in the %, y, and z
planes. Another advantage of PPL is that feature sizes can be
tuned from 80 nm to >10 um by varyin§ dwell times and
vertical pen compression in a single stamp.”® However, lateral
diffusion of ink molecules persists limiting the resolution of
PPL similar to issues with uCP.

To advance feature resolution in chemical patterning in
highly multiplexed and facile directions, we developed a hybrid
method termed polymer-pen chemical lift-off lithography
(PPCLL) that combines the advantages of PPL (massively
parallel polymer pens with nanometer-scale tips for high-
throughput patterning and feature size tunability by controlling
vertical compression distances) and CLL (high-fidelity
patterning without lateral diffusion) to enable large-area, low-
cost, and sub-20 nm resolution patterning capabilities
simultaneously. Fabrication of polymer pens with nanometer-
sized tip diameters is described (Scheme S1). Films of 500 nm-
thick SiO, were grown on 4 in. Si(100) wafers via thermal
oxidation, followed by spin coating with photoresist (SPR700-
1.2). Conventional photolithography was then used to create
micron-scale square or line array patterns on photoresist-coated
Si0,/Si(100) wafers. The line widths of the masters govern the
base line widths of the polymer pens. Overall areas are 1.5 cm X
1.5 em for each square or line array pattern. It is critical to align
edge axes of the square/line features on each photomask such
that they are parallel with the primary flat edge of each Si(100)
wafer, which is parallel to the (110) direction of Si(100).
Imperfect alignment resulted in blunt pen tips.

Next, reactive ion-etching (RIE) was used to etch exposed
SiO, selectively to reveal the underlying Si(100). Subsequently,
a solution with a 4:1 ratio of 30% KOH and isopropanol was
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used to etch Si(100) wafers anisotropically to generate arrays of
recessed pyramidal structures (from patterns of squares) or v-
shaped structures (from patterns of lines) having base
dimensions matched to the designed patterns in the photo-
masks.”” The Si master fabrication was completed by removing
remaining SiO, in 25% HF solution for S min. Finally, PDMS
stamps containing arrays of polymer pens were produced from
the masters. Both the masters and stamps can be reused many
times. (Experimental details are provided in the Supporting
Information.)

As shown in the scanning electron microscopy (SEM)
images in Figure 1, high-quality Si masters containing large

Figure 1. Scanning electron microscopy (SEM) images of (a) Si
master with recessed pyramidal structures having base line widths of 3
um and a periodicity of 4 ym; (b) polydimethylsiloxane (PDMS)
stamp with pyramidal polymer-pen arrays replicated from the master
in (a); (c) polymer-pen chemical lift-off lithography (PPCLL) pattern
produced using the stamp in (b) without external compression; (d) Si
master with recessed v-shaped structures with base line widths of 3.8
pum and a periodicity of 7 um; (e) PDMS stamp with v-shaped
polymer pen arrays replicated from the master in (d); (f) typical
PPCLL pattern produced using the stamp in (b) without external
compression. (Insets: high-magnification SEM images.) (The images
(c/f) are processed to visualize the patterns better; the unprocessed
images are shown in Figures S3.)

arrays of recessed pyramidal or v-shaped structures and stamps
containing large arrays of protruding pyramidal/v-shaped
polymer pens were fabricated using this method. The recessed
pyramids or v-shaped structures of the masters had typical tip
diameters d;, of 8 nm, whereas protruding pyramids and v-
shaped polymer pens had average measured tip diameters d,;, of
19 + 2 and 1S + 2 nm, respectively. Typical polymer pen tips
with dy, of 15 and 14 nm are shown in the insets of Figure 1.

The larger tip diameters of the features on the PDMS stamps
compared to those of the masters were likely due to a tip-
rounding effect caused by the high surface tension of PDMS
when it is applied to the masters (and before curing).*’ The
sub-20 nm tip-diameters dy, of the polymer pens are
comparable to the smallest features fabricated using EBL,**
however, polymer pens produced by the method described
above avoid EBL and thus, the need to produce each set of
pens serially. Average tip diameters of the polymer pens
fabricated here are smaller than most reported polymer pens
(usually >50 nm),” because the square or narrow rectangular
features on the photomasks have small widths (<6 ym) and
their edges were perfectly aligned to Si (110) directions to
allow Si{111} facets to converge into sharp points or sharp
lines during the anisotropic etching of Si(100).

As-fabricated PDMS stamps with polymer pen arrays were
used in PPCLL as illustrated in Scheme 1.

Step 1: A 40 s O, plasma treatment generated hydrophilic
siloxy (Si—OH) groups on PDMS stamp surfaces containing
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Scheme 1. Schematic Illustrations of Polymer-Pen Chemical Lift-off Lithography (PPCLL) Using Pyramidal (Top) and V-

Shaped (Bottom) Polymer Pen Arrays”
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“In both cases, in the first step hydroxyl-terminated alkanethiol molecules form self-assembled monolayers (SAMs) on Au/Cr/Si substrates. The
polydimethylsiloxane (PDMS) stamps carrying the polymer-pen arrays are then activated with oxygen plasma treatment. In the second step, an
activated PDMS stamp is brought into conformal contact with the SAM on a Au/Cr/Si substrate using a known vertical compression distance.
Condensation reactions occur between the hydroxyl-terminated SAM molecules and the activated PDMS stamp to form strong covalent bonds. In
the third step, the PDMS stamp is lifted off of the substrate, removing a portion of SAM molecules (~70%) together with Au adatoms from the
contact areas to produce a complementary pattern on the substrate and an organogold monolayer on the stamp in the regions of contact. The
contact/feature line width (L) is controlled by the vertical compression distance (z) of the stamp during contact via the relationship L = f(2).

pyramidal/v-shaped polymer pens. This step is called
“activation”.

Step 2: Activated PDMS stamps were brought into
conformal contact with Au/Cr/Si substrates (Au, 100 nm
over Cr, S nm) functionalized with hydroxyl-terminated
alkanethiol SAM molecules by gently placing each stamp on
a substrate by hand. 11-Mercapto-1-undecanol SAM molecules
were used throughout this study, but alkanethiols with other
backbones, chain lengths, and terminal functional groups can be
used.’*” A condensation reaction occurs between Si—OH
groups on activated PDMS stamps and the terminal hydroxyl
groups of the self-assembled alkanethiol molecules to form
covalent bonds, that is, Si—O—SAM thereby enabling lift-off.*°

Step 3: The PDMS stamps were removed to lift-off SAM
molecules only in the contact areas producing complementary
patterns of SAMs on the Au/Cr/Si substrates. Note that in this
lift-off process, a layer of Au adatoms is removed along with the
lifted SAM molecules. We hypothesize that this occurs because
weaker Au—Au bonds in the top layer of the substrate surfaces
are preferentially broken during lift-off, rather than the Au—S§
bonds between the substrate and alkanethiols.”’

As previously reported,”®”” deformation of polymer pens and
thus the areas contacted by each pen can be controlled in PPL
by compressing the polymer pens onto the substrates using a
scanning stage with vertical compression-distance control. For
example, square features can be obtained with line widths
ranging from 500 to 2000 nm by controlled vertical
compression with submicron increments.”® However, time-
dependent lateral diffusion results in larger feature sizes than
actual contact areas in PPL. By contrast, in PPCLL, patterned
features and contact areas are identical in size. If the vertical
compression distance is controlled at the nanometer-scale, then
presumably contact areas can be correspondingly controlled.
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However, in practice nanometer-scale differences in deforma-
tion and contact areas are challenging.

Alternately, computational simulations can be used to predict
deformation at the nanometer scale. Here, we simulated
compression of v-shaped polymer pens in addition to the more
well-studied pyramidal polymer pens.””** Zheng et al.
simulated deformation of pyramidal polymer pens and found
that contact radii increased linearly with vertical compression
distances from sub-100 nm to submicron with nanometer-scale
resolution.”” To simulate the vertical compression-distance-
dependent deformation of v-shaped polymer pens at the
nanometer scale, we constructed a 2D Mooney-Rivlin model
using a finite-element method via ANSYS software (Ansys Inc,
Canonsburg, PA). We simulated vertical compression distances
(z) from 0 to 560 nm with a minimum step size in z of 2 nm
for v-shaped polymer pens having a base line width (w) = 4000
nm and a tip diameter of 22 nm. An element size of 8 nm was
used to model polymer-pen tips (from the tip to 400 nm in
height). For the remainder of the polymer-pen height, an
element size of 40 nm was used.

The initial contact was set to occur at a vertical compression
distance of z = 10 nm. As shown in Figure 2, as z increased, the
v-shaped polymer pen tips flattened and the contact line widths
(L) increased. After fitting, we found a quadratic dependence
between z and L at w = 4000 nm

L=f(z) =a+bz+ 6))

where a = 0 nm, b = 0444, ¢ = 572 X 10~* nm™, z > 10 nm
with L in nanometers. According to eq 1, we can precisely and
robustly control the feature size by controlling z. Note that the
standard deviation of the difference between the simulation
results and fitted curve is only 1.4 nm and can be further
reduced by decreasing the element size and step size in the
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Figure 2. (a) Simulation: cross-sectional view of a v-shaped polymer
pen (base line width, 4 ym) vertically compressed onto a rigid Au
surface with a vertical compression distance of z and a resulting
contact line width of L = f(z). (b) Simulation results: increasing the
vertical compression distance z leads to increased contact line width
(L). The relationship between vertical compression distance z and L is
fitted using the quadratic equation L = f(z) = a + bz + cz* where a, b,
and ¢ are constants.

simulations. Therefore, eq 1 accurately represents the relation-
ship between z and L.

The above simulations demonstrate that feature-size
resolution can be tuned at the nanometer scale in PPCLL.
However, in practical experiments resolution is affected by the
following additional factors: (a) precision of vertical compres-
sion distance, which relies solely on the resolution of the
scanning stage, typically, a piezoelectric stage has a resolution
<1 nm; and (b) surface smoothness of the polymer pens and
substrates. As shown in Figure S1, atomic force microscopy
characterization shows that the surfaces used here have an
arithmetic average roughness (R,) of 04 + 0.1 nm for a
recessed structure in the master and 1.1 + 0.1 nm for a polymer
pen. The value of R, for the Au/Cr/Si substrate is ~1 nm (data
not shown).

The integration of a piezoelectric scanning stage and a
high-quality leveling technique into PPCLL, such as an optical-

75,77

or force-feedback leveling system, would enable an ultimate
theoretical resolution of <2 nm to be reached.” Without using
these advanced equipment-intensive techniques, we never-
theless demonstrate nanometer-scale feature size control in
PPCLL by designing and implementing a stamp support system
and polymer pen arrays with height gradients, as described in
the following experiments and simulations.

In the first experiment, activated PDMS stamps containing
large arrays (3750 X 3750 and 1 X 2150) of pyramidal (w = 3
um, period = 4 pm) or v-shaped polymer pens (w = 3.8 um,
period = 7 um) were placed on substrates without external
compression. Stamps conformally contacted substrates without
the need for a leveling system. The contact time was set to 4—6
h to ensure high-quality pattern transfer. Our previous CLL
work showed features could be transferred with contact times
as short as 1 min; however, shorter contact times resulted in
poorer features after wet etching.

The PPCLL patterns were imaged by SEM. The different
intensities observed in SEM images were due to different
chemical components on the surfaces.”” As shown in Figure
lcf, a square-dot array pattern (~600 nm line width) and a
line-array pattern (~300 nm line width) were achieved.
Moreover, the lateral diffusion of ink molecules was avoided
in PPCLL, otherwise much enlarged features would have been
observed after such long contact times.”””® The periodicities of
the dot/line arrays were consistent with the stamp patterns.
The enlarged feature sizes, compared to the original 20 nm tip
diameters, were the result of polymer pen deformation caused
by the weight of the stamps, which increased the contact line
width to >20 nm. However, features were still 1—2 orders of
magnitude smaller than the base line widths of the polymer
pens in the photomask. Without using sophisticated fabrication
techniques, we achieved submicron feature scales over large
areas simply by this “contact and lift” process. Although there
are nonuniform stress distributions in the contact region
between each polymer pen and the substrate (e.g, in Figure 2a,
the contact center has larger stress than the surrounding
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Figure 3. (a) Illustration of a polydimethylsiloxane (PDMS) stamp used in polymer-pen chemical lift-off lithography (PPCLL) having support
elements (taller v-shaped polymer pens with flat tips) interleaved with v-shaped polymer pens (sharp tips with designed base line widths w;): before
contact, after placement on a substrate but with no vertical compression, and after vertical compression. Here, Dy (D, > h;) is the initial vertical
distance from the base of the polymer pens to the surface of each substrate before contact; h; is the height of a polymer pen; D; is distance from the
polymer pen tip to the substrate, D; = Dy — h; z is the vertical compression distance and L is resulting contact line width. (b) Simulation of results
where v-shaped polymer pen base line widths (w) and vertical compression distances (z) were varied to control contact-dependent line widths (L),

that is, L = f(w, z).
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Figure 4. (a) A scanning electron microscopy (SEM) image of a polymer-pen array having designed height gradients and a stamp support system.
Inset: cross-sectional view to show height differences. (b) An SEM image of a polymer-pen chemical lift-off lithography (PPCLL) pattern produced
by the stamp in (a). (c) A plot of experimental and simulation results of the relationship between the line widths of the PPCLL patterns and the v-
shaped polymer pen base line widths. Below are four SEM images of typical PPCLL patterned lines corresponding to the four data points circled in
different colors. Note, L, L,, L3, and L, are measured line widths; w,, w,, w3, and w, are the corresponding base line widths in nanometers. (The
images (b) and insets of (c) are processed to visualize the patterns better; the unprocessed images are shown in Figures S3 and S4.).

region), the contact area remains the determining factor for the
feature sizes. In addition, any small disruptions during the
stamp placement and removal processes appear to have little
influence on the features. In all PPCLL experiments so far, we
successfully obtained the targeted chemical patterns without
noticeable defects. Our results demonstrate that PPCLL is an
economical, robust, and high-throughput method for producing
submicron features over large areas.

We learned from the first set of experiments that the stamp
weight deforms the tips such that no leveling is necessary. The
height of each pyramidal/v-shaped polymer pen (h) is
determined by its base line width (w) using the equation:
h= %tan 0= %, here 0 is the angle between the Si(100)

and Si(111) facets. Thus, polymer pens with a series of different
base line widths (w;) have different heights (h;) by design. As
illustrated in Figure 3a, the distances (D; = Dy — h;) from the
tip of each polymer pen to the surface are different, where the
subscript i (i > 0) is used to distinguish different polymer pens,
and D, (D, > h;) is the initial vertical distance from the base of
the polymer pens to the surface of each substrate before
contact. Under conformal contact, all of the polymer pens have
the same initial vertical compression distance, z. However,
upon initial contact with the substrate and due to their height
differences, each polymer pen has a different effective vertical
compression distance, z;' = z — D;. Contact only occurs when
z;' > 0, that is, z > D;. Each contacted polymer pen has a contact
line width, L = f(z;'). We hypothesize that this process would
be similar to vertical compression distances in PPCLL
controlled using a piezoelectric scanning stage system.

To test this hypothesis, we added the base line width w as
another variable in our simulations in addition to the vertical
compression distance z, that is, L = f(w, z). In this simulation,
we designed arrays with a series of w values ranging from 3500
to 4000 nm in increments of 25 nm. The initial vertical distance
from the base of all of the v-shaped polymer pens to the
surfaces of substrates was set at D, = 3000 nm, which is a
reasonable distance to keep all of the v-shaped polymer pens
from contacting the substrates. Then, vertical compression
distances z, ranging from 0 to 700 nm with a step size of 5 nm,
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were applied in the contact simulation between each v-shaped
polymer pen and the substrate. After fitting the simulation
results for all of the polymer pens with L = f(z), we derived a
series of fitted curves. We plotted and connected all the fitted
curves in the same three-dimensional space to form a curved
surface. The curved surface was well fit by

L=f(z,w) =a+bz+w+ dew + ez” + fw’ (2)

where a = 2783, b = —2.786, c = —1.602, d = 7.572 X 107% ¢ =
5.729 x 107% and f = 2.232 X 107 (the fitted curved surface is
plotted in Figure 3b). The eq 2 is a universal equation wherein
we can design and control desired contact line widths L either
through w or z. Furthermore, when z is fixed w becomes the
only variable influencing L. Under these conditions, eq 2 is
reduced to

L=f(w)=a"+b'w+ c'w (3)

On the basis of the above simulation results, in the second
experiment we added two components in PPCLL, that is, a
stamp support system and polymer pens with height gradients.
The supporting elements are taller polymer pens with flat tips
(obtained by incomplete anisotropic etching of Si(100))
distributed between the polymer pens used for pattering, as
illustrated in Figure 3a. Here, the support elements have fixed
base line widths of 6 ym (Figure 4a). These support elements
serve as weight-bearing pillars to support the stamp>® and the
flat tips further serve as a low-cost leveling system. Properly
designed support elements can either keep the patterning-
purpose polymer-pen arrays away from the substrate by fully
canceling the weight of the stamp or they can control the
degree of tip deformation of the patterning-purpose polymer
pens by partially offsetting the stamp weights. The support
elements can also be integrated into other PPL designs as an
initial contact indicator to estimate how much extra vertical
compression distance or force is needed to obtain desired
contact areas.”>”’

For the second component, a series of v-shaped polymer pen
arrays was designed with base line widths from 3500 to 4000
nm, as listed in Table 1. The support elements were designed
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Table 1. Measured and Simulated Patterning Results of Polymer-Pen Chemical Lift-off Lithography Using Stamp Support
Elements and v-Shaped Polymer Pens over a Series of Designed Base Line Widths™®"

Weesign Wineasured [ Lt
3500 3569 31 +4 34
3550 3643 48 + 4 65
3575 3673 67 + 4 79
3600 3706 81+7 94
3625 3738 101 + 7 108
3650 3768 120 £ S 124
3675 3792 134 + 7 136
3700 3807 141 £S5 143
3728 3826 156 + 8 153
3750 3851 169 + 8 166
3800 3918 202 + S 201
3850 3960 223 £ 9 227
3900 4006 248 + 6 254
4000 4095 309 £ 9 309

Awdesign Awmeasured Ahcalculated ALmeasured
S0 74 S2 17
25 30 21 18
25 33 23 14
25 29 21 20
2§ 33 23 19
25 24 17 14
25 15 11 7
2§ 19 13 15
25 25 18 13
S0 64 EN) 33
S0 45 32 21
S0 46 32 25

100 89 63 61

“All values are in nanometers. bwdesign is the designed base line width of the v-shaped polymer pens; wy,ciureq is the measured line width of each
PPCLL line pattern; Ly, jueq is the simulated contact line width based on eq 3 L = f(w, z), for w = w,qureq and z = 547 nm; AWgesigns AWpneasurewr aDd
AL casured are the increments corresponding t0 Weesgin Wineasuredr 04 Lineasureds APcalculated 18 the height increment of v-shaped polymer pen calculated

L Aw,

from Ahcalculated = ﬁ
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Figure S. (a) After PPCLL patterning, thiolated DNA molecules are inserted into the patterned regions and fluorescently labeled complementary
target DNA is hybridized on the substrate. (b) A typical fluorescence microscopy image after hybridization. (False color (green) is used to enhance

the pattern.)

with line width increments of 25, 50, and 100 nm. For the 25
nm increment (shown in bold in Table 1), the corresponding

= 18 nm. As

25 nm

V2

shown in Figure 4a, the v-shaped polymer pens were separated
by the support elements. Electron-beam lithography was used
to produce base line widths with small increments (25—100
nm) for proof-of-concept purposes (details of EBL are in the
Supporting Information). The differences between the designed
base line widths (wgeggn) and the measured base line widths
(Wineasurea) Of the v-shaped polymer pens were 100 nm, as listed
in Table 1.

Using this stamp design, a PPCLL experiment without an
extra compression force beyond the weight of the stamp was
performed. As seen in the SEM image in Figure 4, v-shaped
polymer pens with larger base line widths generated larger
PPCLL feature line widths, which indicated larger contact areas,
as expected. A full set of SEM images are shown in Figure S4.
As listed in Table 1, we obtained a series of line widths of 31 +
4,48 + 4,67 + 4,81 + 7,101 + 7, and 120 + 5, 134 + 7, 141
+5,156 + 8,169 + 8,202 + 5,223 + 9,248 + 6,and 309 + 9
nm. Among these, the smallest line width was 31 + 4 nm. For
those line features with line widths <100 nm, on the SEM

height increment of the polymer pens was
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images “dark” regions appear at the Au crystal grain boundaries,
giving the images slightly undulating shapes. For the smallest
feature sizes one can achieve in PPCLL, the original tip sizes of
the polymer pens are the primary limiting factor, that is, feature
size limit = tip size (sub-20 nm). For wyegg, from 3550 to 3750
nm, the designed base line width increment Awgyegg, was fixed
at 25 nm resulting in an average measured base line width
increment of Aw,..cureq = 26 & 6 nm, and an average calculated
height increment of Al qyateq = 18 &= 4 nm based on Aw,q,qureq
increment (shown in bold in Table 1). Such small increments
resulted in average measured pattern line width increments
AL, asureq 2t the sub-20 nm scale, 15 + 4 nm. Both the sub-40
nm line width and the sub-20 nm line width increments are
comparable to the critical dimensions and resolutions of many
vacuum-based nanolithography techniques.**~>*

Next, we compared the measured results with the universal
eq 2 from the simulation results. The measured feature line
widths L ..ceq and the measured base line widths w, ., eq Of
the corresponding v-shaped polymer pens are plotted in Figure
4c. To calculate the corresponding vertical compression
distance z in eq 2, we first applied the largest measured
Wmeasured = 4095 nm and Lmeasured =309 nm in €q 2 to get z=
547 nm. Then, by fixing z at 547 nm, we obtained eq 3 where
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we found a” = 1431 nm, b” = —1.188, and ¢” = 2.232 X 107*
nm~'. We plotted eq 3 in Figure 4c and found that the
calculated data fit the experimental data well. On the basis of
Wineasuredy We calculated Ly 1eq- The almost negligible differ-
ences (~5 nm average) between the L, coureq a0d Lgimulatea could
be due to imperfect estimates of the PDMS properties used in
the simulations.

So far, we have demonstrated PPCLL using PDMS stamps of
1.5 cm X 1.5 cm but larger areas are certainly possible. For
directly patterning wafer-scale substrates, the primary chal-
lenges will be (1) how to achieve high-quality polymer pens
over large areas, and (2) how to achieve conformal contact over
large areas. For the first challenge, one can integrate a rigid
support (e.g, glass) with the back of the stamp to produce
uniform features across an entire 3 in. wafer surface.”” For the
second challenge, one can integrate optical/force-feedback
leveling systems to achieve uniform contact over large areas.””
Our support element system can also be used for the purpose
of large-area leveling. With either solution or a combination of
both, it is expected that high-quality wafer-scale patterning
across large areas can be achieved.

To visualize the fabricated patterns, to test the applicability of
PPCLL, and to demonstrate the potential for biological
patterning applications, DNA hybridization experiments were
performed. We have demonstrated that CLL can be used to
produce DNA patterns with high hybridization efficiencies.”
Using PPCLL to pattern DNA in a similar fashion represents
an economical and high-throughput avenue for fabricating
functional DNA micro/nano arrays.””***> As shown in the
scheme in Figure S5a, SAM molecules were removed from the
contacted regions by PPCLL and thiolated single-stranded
DNA molecules were inserted into the patterned regions
through Au—S bonding.

Single-stranded patterned DNA was hybridized with
fluorescently labeled complementary DNA enabling visual-
ization of the chemical lift-off patterns via fluorescence
microscopy. In Figure 5b, an image of a PPCLL pattern is
shown illustrating regions (lines of varying widths) of
patterned, hybridized DNA. The patterns are consistent with
SEM data, which provides additional confirmation that PPCLL
has indeed occurred. The DNA hybridization experiments show
that PPCLL can be used to pattern biomolecules that retain
functionality, that is, hybridization in this case. Being able to
adjust pattern sizes and to create large-area substrates with
binding sites and bioactive species illustrates that PPCLL might
be used to fabricate biological devices, such as, biosensors,
nucleotide arrays, and selective capture substrates. (Exper-
imental details are provided in the Supporting Information.)

In summary, we demonstrated and tested PPCLL through
simulation and experiments. Polymer-pen chemical lift-off
lithography offers high pattern fidelity, low-cost, large-area,
nanometer-scale resolution patterning capabilities by combin-
ing the advantages of polymer-pen lithography and chemical
lift-off lithography. Through the use of stamp support elements
and polymer pens with designed size gradients, we demon-
strated sub-40 nm feature patterning and sub-20 nm feature line
width increments without a piezoelectric scanning stage or a
leveling system used in many conventional nanolithography
techniques. Nonetheless, we plan to couple PPCLL with a
piezoelectric scanning stage system to realize higher resolution
patterning. Polymer-pen chemical lift-off lithography is a
promising nanofabrication technique for a broad range of
applications in electronics, optics, energy, and biology.
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