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ABSTRACT: We report a facile, high-throughput soft lithography process that
utilizes nanoscale channels formed naturally at the edges of microscale relief features
on soft, elastomeric stamps. Upon contact with self-assembled monolayer (SAM)
functionalized substrates, the roof of the stamp collapses, resulting in the selective
removal of SAM molecules via a chemical lift-off process. With this technique, which
we call self-collapse lithography (SCL), sub-30 nm patterns were achieved readily
using masters with microscale features prepared by conventional photolithography.
The feature sizes of the chemical patterns can be varied continuously from ∼2 μm to
below 30 nm by decreasing stamp relief heights from 1 μm to 50 nm. Likewise, for
fixed relief heights, reducing the stamp Young’s modulus from ∼2.0 to ∼0.8 MPa
resulted in shrinking the features of resulting patterns from ∼400 to ∼100 nm. The self-collapse mechanism was studied using
finite element simulation methods to model the competition between adhesion and restoring stresses during patterning. These
results correlate well with the experimental data and reveal the relationship between the line widths, channel heights, and Young’s
moduli of the stamps. In addition, SCL was applied to pattern two-dimensional arrays of circles and squares. These chemical
patterns served as resists during etching processes to transfer patterns to the underlying materials (e.g., gold nanostructures).
This work provides new insights into the natural propensity of elastomeric stamps to self-collapse and demonstrates a means of
exploiting this behavior to achieve patterning via nanoscale chemical lift-off lithography.
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The rapid development of new and more complex
nanoscale technologies, including those in electronics,1−4

displays and lighting,5−8 nanofluidics,9,10 wearable and flexible
sensors,3,11−13 ultrasensitive biosensors,14−17 and medical
devices18−21 is transforming modern life. To meet demands
for further advances in these areas, needs must be met for
economical and high-throughput molecular patterning techni-
ques to enable efficient nanofabrication. Conventional photo-
lithography methods cannot achieve robust nanoscale patterns
as their resolutions are limited by optical and/or UV light
sources and are prohibitively slow for large-area patterning.
Additionally, current costs of state-of-the-art nanolithography

tools, including parallel approaches (e.g., extreme ultraviolet22

and X-ray patterning23) and direct-write methods (e.g.,

electron-beam lithography,24,25 focused ion-beam milling,26

and scanning probe lithography27,28), require highly specialized

equipment and significant infrastructural investments that limit

availability outside of large corporations and academic and

government research centers.
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Several molecular patterning strategies have been developed
as economical and accessible alternatives to conventional
nanofabrication methods, including soft lithographic micro-
contact printing (μCP),29−32 replica molding,33,34 nanoimprint
lithography,35 polymer pen lithography,36−40 nanotransfer
printing,41 decal transfer printing,42 and nanoskiving.43 The
most widely utilized of these methods, μCP, achieves micro-
and nanoscale patterning of molecular “inks” (e.g., alkane-
thiols29−32 or biomolecules44−46) via stamps replica-molded
from masters prepared by conventional photolithography.
Some molecular inks (e.g., alkanethiols) have been shown to
serve as etch resists that enable the transfer of the desired
patterns into the underlying substrates.14,47

The quality of the final patterns produced via μCP is limited
by a variety of factors, including diffusion of molecular inks
and/or the deformation of stamp features.31,32,48 For example,
lateral diffusion of ink molecules on surfaces results in enlarged
features with lower contrast that can, in some cases, result in
the complete loss of the transferred pattern.31 This effect
becomes even more significant when patterning sub-μm
features and often limits the resolution of μCP to ∼100 nm.
Several modified μCP approaches have been developed by our
group to minimize or to eliminate lateral diffusion of ink
molecules.49−52 Microdisplacement printing50,53 and micro-
contact insertion printing31,49,54 were invented to print
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.31,55 We also developed a subtractive molecular patterning
method called chemical lift-off lithography (CLL) that
effectively eliminates ink-molecule diffusion and is capable of
high-fidelity patterning down to 20 nm line widths.14,52,56

Further refinements of CLL have achieved feature sizes of
∼5 nm.51

In addition to lateral diffusion, the accuracy of transferred
patterns can also be affected adversely by deformations of
stamps upon physical contact with substrates during μCP (e.g.,
mechanical sagging, sliding, and/or compression of stamp
features).32,57−59 For example, when an external load is applied
to a polydimethylsiloxane (PDMS) stamp, the relief features
sag causing the roof of the stamp to collapse and to contact the
substrate. Recent studies demonstrated that this roof-collapse
phenomenon could occur spontaneously even without the
application of an external load when the aspect ratio of the
stamp features was engineered to be sufficiently large.57−59 This
“self-collapsing” behavior occurs due to the adhesion force
between the stamp and substrate. Several groups, including
Rogers and coworkers, have investigated stamp designs that
minimize self-collapse, which include tailoring feature aspect
ratios, adhesion energy, and Young’s modulus.60−63 While seen
initially as a disadvantage for pattern reproduction, other
groups, including Erickson and colleagues, have harnessed self-
collapse for the fabrication of 60 nm nanofluidic channels from
microchannels under controlled loads.64,65 We have also
exploited this phenomenon for precise control of patterns
using polymer-pen arrays and integral supporting structures.40

However, to the best of our knowledge, self-collapse has not
been specifically exploited for nanolithography.
Here, we report control of self-collapse behavior of PDMS

stamps precisely at the nanoscale when integrated with CLL to
establish a new nanolithography method: self-collapse lithog-
raphy (SCL). Using SCL, we achieve sub-30 nm features by
tailoring the dimensions of the stamp features, as well as the
stiffness of the PDMS.
A typical SCL process is illustrated in Figure 1 where, in Step

1, a Au (30 nm)/Ti (10 nm)/Si substrate is immersed into a

Figure 1. Schematic illustration of self-collapse lithography (SCL). (a,d) Hydroxyl-terminated alkanethiols form a self-assembled monolayer (SAM)
on the surface of a Au/Ti-coated Si substrate. A polydimethylsiloxane (PDMS) stamp is activated by oxygen plasma treatment. (b,e) The activated
stamp is brought into conformal contact with the SAM-coated Au surface without externally applied forces. (c,f) The chemical lift-off process
removes the SAM from regions of the functionalized surface in direct contact with the stamp, thereby producing a pattern from molecules remaining
in noncontacted regions.66
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hydroxyl-terminated alkanethiol solution (1 mM 11-mercapto-
1-undecanol in ethanol) for ∼12 h to form a SAM on the Au
surface. Next, a PDMS stamp with the desired pattern is
“activated” by exposure to oxygen plasma for 40 s, which
generates hydrophilic silanol (Si−OH) groups on the stamp
surface. In Step 2, an activated stamp is placed in conformal
contact with the SAM-functionalized Au surface without an
externally applied load. The Au surface is flame annealed before
functionalization. The surface roughness is ∼1 nm, which is
necessary for the subsequent high-resolution chemical pattern-
ing. Self-collapse of the stamp’s recessed features occurs
spontaneously due to adhesion forces between the PDMS
and the SAM on the Au surface. Covalent bonds form via
condensation reactions between the −OH moieties of the SAM
and the silanol groups of the activated PDMS stamp in direct
contact with the surface (i.e., the self-collapsing regions and the
protruding features).47 Upon lifting the PDMS stamp off the
substrate (Step 3), alkanethiol molecules are removed
selectively from the Au surface in the stamp-contact regions,
leaving intact SAMs in the noncontacted areas. As observed in
CLL, Au atoms are also removed during lift-off as the Au−S
bonds between alkanethiol adsorbates and Au surface atoms are
stronger than Au−Au bonds at the surface of the substrate.51,52

Note that as discovered in our previous work and shown in
Figure 1c,f, not all of the molecules in the contact regions are
removed in the CCL process (and the remaining molecules can
form a matrix for controlled chemical patterning).40,66

For self-collapse to occur, the aspect ratios (channel width/
height) of stamp features and Young’s modulus must satisfy
specific criteria.60 We assembled stamps with recessed channels
having widths and heights configured to collapse at desired
locations, resulting in controlled, reproducible patterns.
Scanning electron microscope (SEM) images, as seen in Figure
2, demonstrate the removal of SAMs in regions that were in
conformal contact with the stamps. Due to stamp self-collapse,

narrow structures with line widths much smaller than the
original channel dimensions were observed on the SCL-
patterned surface. In Figure 2a,b, arrays of lines ∼170 nm wide
were produced via SCL using PDMS stamps with 6 μm wide
channels and 300 nm channel heights. The patterned lines were
straight and continuous for tens of micrometers, corresponding
to the edges of the original microscale channel. Despite one
side of the line being determined by the edge of the stamp
contact and the other side being determined by the collapsed
polymer, no significant differences in the two sides of the
patterned features were observed in these and other patterns.
We identified a set of basic design rules that govern SCL to

understand the effects of key parameters on the final patterns. It
has previously been reported that for reproducible self-collapse
to occur, the channel width needs to be larger than a threshold
value fixed for each value of the Young’s modulus of the stamps,
where the potential energy for the collapse is employed to
determine the threshold.60 The aspect ratios (channel width/
height) of the stamp features were engineered to be sufficiently
large to enable self-collapse.60 We denote stamp features as
follows: channel width as w, channel height as h, and the
noncollapsed gap line width as L (Figure 2c). We first
examined the dependence of L on h. Stamps with discrete
values of h, within the range of 50 (w = 1 μm) to 400 nm (w =
10 μm), produced patterned lines with L values of 27 ± 5, 48 ±
6, 78 ± 6, 168 ± 12, and 235 ± 17 nm, respectively, as shown
in Figure 2d and reported in Table 1. The channel width for
each height is highlighted in the table. Note that when w is
larger than this threshold value, at fixed h, changes in w have
little influence on L,60 in agreement with our experimental
results. For example, we obtained similar values of L at 235 or
227 nm for different values w at 10 or 20 μm, respectively, with
h fixed at 400 nm.60,62 We kept the thickness of PDMS stamps
the same (5 mm) in all experiments, and the influence of
gravity was neglected in this study. Note that the applied

Figure 2. (a,b) Scanning electron microscope (SEM) images of linear arrays with sub-200 nm line widths created by self-collapse lithography using a
stamp with microchannel features (6 μm channel width, 300 nm channel height). (c) Schematic illustration of a collapsed stamp (L, gap line width;
w, channel width; and h, channel height). (d) Plot of gap line widths L obtained using different channel heights h with a fixed Young’s modulus of
1.75 MPa. The channel width for each data point is listed in Table 1. Insets correspond to a representative SEM image for each data point.
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external force and the thickness of the PDMS could also be
used to control L, e.g., smaller widths can be achieved by
applying external stress, which is currently under investigation.
Next, we investigated the relationship between L and the

Young’s modulus (E) of stamps. The PDMS stamps were
prepared using different ratios (X/Y) of Sylgard 184
prepolymer base (X) and curing agent (Y) to control the
relationship with the patterned line widths. Values of E were
estimated based on previous reports with details included in the
Supporting Information.67−69 Stamps with E ranging from 0.85
to 2.0 MPa were molded from a master with relief channel
heights fixed at 400 nm. When these stamps were utilized for
SCL, L was found to decrease proportionally with decreasing E
(Table 2). These results indicate that SCL patterns can be fine-
tuned by varying stamp stiffness, i.e., a smaller L can be
achieved by using softer stamps.

A key distinction between SCL and other soft lithographic
strategies is that nanoscale patterns are generated from the
deformation of micron-scale features on stamps molded from
conventional photolithographically prepared masters. The self-
collapse process transfers the two-dimensional (2D) pattern of
the stamp features to the surface while avoiding scaling issues
that limit conventional lithographic methods. In principle, the
scale over which stamp patterns are reduced is limited only by
the precision to which masters can be fabricated and the degree
of control over stamp stiffness.
Adhesion forces between the stamp and the underlying

substrate drive the self-collapse of recessed elastomer features.
Previously, this process has been approximated using a classic
crack growth model (i.e., crack growth stops when the required
work equals the adhesion energy) by Huang et al.60,62 Here, we
examined the self-collapse process more directly by modeling
stress distributions along the gap (L) between collapsed regions
and the edges of the original features. Two stresses compete at
the edges of the gap: an elastic restoring force (σr) and an
adhesion force (σa), both acting normal to the substrate.
Interactions between σr and σa can be used to predict L during

SCL (Figure 3a). The adhesion force acts to collapse the top of
the channel, pulling it toward the substrate surface, while the
restoring force acts to retain the shape of the channel, pulling it
away from the substrate. At equilibrium (σr = σa), a stable gap
(L) is formed between the collapsed top and edges of the
channel.
Finite element analysis (FEA) simulations were carried out

using the ANSYS software suite (Ansys Inc. Student version
16.0, Canonsburg, PA) to model the distributions of
mechanical stress within a stamp with minimum mesh sizes
fixed at 100 nm (Figure 3b). We employed an inverse method
to simulate the mechanism of self-collapse, where the roofs of
simulated channels of specified widths were displaced toward
their corresponding substrates by an amount equal to the
channel height, h. By varying the width of the simulated
channel roof, we obtained a series of restoring stresses along
the gap edges and their corresponding gap line widths, L. In
this way, we simulated the collapse of stamps configured with
different channel heights to obtain an approximate relationship
between the restoring stress and gap width at different channel
heights.
As illustrated in Figure 3c, increases in stamp channel heights

result in increases in the resulting gap line widths as less of each
channel’s roof makes contact with the substrate surface at fixed
stress. A comparison of the results from our FEA simulations at
adhesion stresses of 2.0 and 2.1 MPa with those obtained from
SCL experiments are shown in Figure 3d. There is excellent
agreement between simulated responses and experimental data,
indicating that our stress-balance model correlates well and is
predictive of the self-collapse phenomenon. Moreover, the
simulation results can be used to predict the line widths of
patterns with smaller features. Fitting a parabolic function to
the 2.0 MPa curve (Figure 3e):

= = +L f h ah bh( ) 2
(1)

We determined the fitting constants a = 0.038 nm−1 and b =
0.00156 nm−2. Using eq 1, we can estimate the L of a pattern
produced with any h at stable collapse regions, which enables
the manipulation of SCL-generated patterns via strategic design
of stamp features. For example, to achieve a line width of
100 nm, a stamp with channel height of h ≈ 242 nm is needed,
according to eq 1. With proper design and optimization, we
estimate that SCL will be able to produce line widths as small as
5 nm (corresponding to patterns about 10 molecules
across).40,51

In addition to channel height, our studies demonstrate how
the mechanical stiffness of PDMS affects line widths of the final
pattern. We modeled the behavior of stamps using different
ratios of Sylgard 184 prepolymer base to curing agent to
determine the relationship with the pattern line width.
Simulation results of stress and L, at a fixed channel height of
400 nm, are shown in Figure S1 using different values of E: 2.0
MPa (5:1), 1.75 MPa (10:1), 1.15 MPa (15:1), and 0.85 MPa
(20:1). Analyses of these data were used to visualize the
relationship between E and L (Figure 3f). A trend emerges
showing that a decrease in E (i.e., as the PDMS stamp becomes
softer) results in smaller values of L when patterning using
stamps with identical channel heights. Therefore, stamps
derived from a single master may be used to generate a range
of feature sizes by varying E.
To demonstrate the versatility of SCL, we produced a variety

of patterns, including arrays of circle and square features from
PDMS stamps comprising micron-scale, recessed circular or

Table 1. Gap Line Widths (L) Produced Using Stamps with
Different Channel Heights (h) and Channel Widths (w),
with a Fixed Young’s Modulus (E = 1.75 MPa)

h (nm) L (nm) w (μm)

50 27 ± 5 1
100 48 ± 6 4
200 78 ± 6 6
300 168 ± 12 6
400 235 ± 17 10
400 227 ± 19 20
500 411 ± 9 20
700 872 ± 82 20
1000 1710 ± 98 80

Table 2. Gap Line Widths (L) Produced Using Stamps with
Different Young’s Moduli (E), and a Fixed Channel Height
(h = 400 nm) and Width (w = 10 μm)

E (MPa) L (nm)

2.0 366 ± 12
1.15 165 ± 16
1.75 235 ± 17
0.85 100 ± 17
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square features, as illustrated in Figures 4 and 5. Nanoscale
patterning of other shapes can be similarly achieved by careful
design of the stamp mold. To date, we have produced robust
arrays of ∼250 nm line width circular rings via SCL from

stamps comprising circular holes with diameters of ∼40 μm and
heights of ∼400 nm (Figure 4e). By deconstructing these
patterns into component lines and angular elements, it is
possible to extend SCL further to achieve more complex

Figure 3. (a) Schematic illustration of the self-collapse model used in finite element analysis (FEA) simulations, where σr represents the restoring
stress and σa denotes the adhesion stress between the PDMS stamp and the substrate. (b) A typical FEA simulation result illustrating the stress
distribution on a self-collapse stamp (only the restoring stresses normal to the substrate are depicted). (c) Relationships between simulated stresses
and gap sizes L at different channel heights h. (d) Experimentally measured gap widths and channel heights (squares) plotted with simulated values
(circles, triangles) using Young’s moduli (E) of 2.0 and 2.1 MPa. (e) Simulated gap line widths plotted as a function of channel height with a
parabolic fit. (f) Plots of simulated and experimental results showing variations in gap line widths at different values of E.

Figure 4. (a−c) Schematic illustrations of a ring chemical pattern fabricated via SCL. (a) Hydroxyl-terminated alkanethiols form a self-assembled
monolayer (SAM) on the surface of an Au/Ti-coated Si substrate. (b) A stamp with recessed circular features is activated by oxygen plasma and then
placed into conformal contact with the functionalized Au surface, without an external force. The central portions of the recessed features on the
stamp contact the underlying SAM in smaller circular regions due to self-collapse. (c) The chemical lift-off process removes the SAM in direct
contact with the polydimethlysiloxane (PDMS) surfaces from the Au substrate, leaving raised (dark), ring-like SAM patterns behind. (d−f) Contrast
enhanced SEM images of (d) ring patterns (L ≈ 1.71 μm), patterned by SCL with a stamp with recessed circles (50 μm in diameter and 1 μm in
height), (e) a ring pattern (L ≈ 235 nm) patterned using recessed circles (40 μm in diameter and 400 nm in height), and (f) raised (dark) squares (L
≈ 1.71 μm) patterned with recessed square structures (100 μm on each edge and 1 μm in height).
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pattern configurations, such as those needed for circuits for
nanoelectronics.
The chemical patterns produced via SCL can be utilized as

templates for selectively patterning a variety of materials,
including metals and biomolecules. For example, the intact
SAM that remains on a Au substrate following SCL can resist
selective chemical etching, enabling the creation of Au
nanostructures, including large-area arrays of Au micro-/
nano-rings, wires, or square structures (Figure 5). We used
atomic force microscopy for depth analysis to image the SAM
patterns by CLL and, in our previous work, wet etching
processed samples.52 Nanostructures of other materials such as
silver and copper can be fabricated similarly. As demonstrated
by our prior work in developing CLL, SCL may also be applied
to pattern biomolecules at the nanoscale.40,51,52,56,70

In summary, SCL represents a facile and robust nano-
lithography technique to achieve sub-30 nm resolution by
exploiting the elasticity of PDMS structures and natural stamp−
substrate adhesion forces. A wide range of shapes and feature
sizes can be patterned by strategically designing stamp feature
dimensions (e.g., height/width) and/or Young’s modulus.
Importantly, this soft-lithographic approach can be used as a
complement or alternative to slow and expensive direct-writing
processes (e.g., electron-beam lithography). The SCL techni-
que provides new insight into how a previously undesirable
characteristic of soft lithography can be exploited, via CLL, to
yield nanoscale patterns. Finite element model simulations
suggest a straightforward mechanism for the self-collapse
process through the competition between restoring and
adhesion stresses along the gap edge produced between the
protruding and collapsed stamp features. Results from these
simulations correlate well with experimental data and elucidate
design rules for using controlled self-collapse to generate
complex patterns at the nanoscale that can be applied broadly

to applications in nanoelectronics, biosensing, energy storage,
and catalysis.
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