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to the expectation that technological 
breakthroughs can be achieved.[1–3] As 
is well known in literature, nanostruc-
tures exhibit unique properties such 
as plasmonic effects,[4] antireflection,[5] 
structural color,[6] super-hydrophobicity,[7] 
adhesion,[8] superior catalytic activity,[9] and 
charge transport.[10] Microstructures lend 
mechanical properties (e.g., stress–strain 
relationship, hardness, and flexibility)[7] to 
the system and enable the control of light, 
liquid, and gas pathways.[11–14] By utilizing 
these intriguing properties of each nano- 
and microstructures simultaneously, 
multi scale hierarchical structures can pro-
vide multifunctional effects to the system 
and maximize their function without the 
need for any further physicochemical 
processes. Thus, there have been many 
attempts to use multiscale hierarchical 
structures in diverse fields and applica-
tions, including micro/nanofluidics,[15] 
wearable devices,[16] optical devices,[17,18] 

and energy systems[19,20] with various materials including poly-
mers, metals, and ceramics.[21,22]

Our recent study showed that multiscale hierarchical struc-
ture can be simply and easily fabricated with the aid of creep 
behavior of a polymer,[23] which is a permanent deformation 
of the material due to the viscoelastic behavior of the polymer 
under long-term stress below the glass transition temperature. 
In this work, nanostructures were first carved onto polymer 
films by hot-embossing nanoimprint lithography (NIL) and 
then followed by a second imprinting with a micropattern mold 
using the creep deformation characteristic of the polymer film. 
This facile multiscale patterning method does not require any 
sophisticated process and equipment. Further, by using Nafion 
as a substrate that has a low modulus (≈250 MPa) and large 
creep deformation property,[24,25] we can use diverse polymeric 
molds instead of metallic molds that require very high pres-
sures for conformal contact with the substrate. However, this 
method had a weakness that previously carved nanostructures 
also inevitably underwent creep deformation during the second 
imprinting process, which led to deformation of the original 
morphologies of the nanostructures.

To address this issue, we introduced a poly(methyl meth-
acrylate) (PMMA) sacrificial layer to protect the preformed 
structures before the secondary creep-based imprinting process. 
The PMMA sacrificial layer has a larger modulus (≈3 GPa)[26] 

The capability to fabricate various multiscale structures without limitations 
of size, morphology, and number of hierarchies via a simple process is 
highly desired in modern research. This work reports a powerful multiscale-
patterning method called sacrificial layer-assisted creep lithography 
(SCL). Multiscale structures are successfully obtained by introducing a 
sacrificial layer, which has low creep compliance and preferential solubility 
in a nonpolar solvent, on a Nafion film during an additional creep-based 
imprinting process. Through this method, deformation or geometrical loss of 
preformed structures and complex multiscale structures could be prevented 
including three-level structures that are successfully constructed with well-
preserved nano/microstructures thanks to the sacrificial layer. To assess the 
diverse applicability of the SCL, a multiscale poly(dimethylsiloxane) channel 
with vertically crossed two-groove structures is fabricated, and the directional 
switching of droplet spreading depending on the direction of the applied 
strain is demonstrated with the structure. Further, using multiscale pyramid 
structures, the overlapped optical properties of nano- and microstructures, 
which enhance overall reflectance of the surface, are verified.
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Multiscale Patterning

1. Introduction

Developing novel patterning methods to fabricate nano and 
micro combined structures and employing them in diverse 
technological fields have received much attentions owing 
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and smaller creep deformation[27–29] than the Nafion film, 
which makes it suitable for creep-based lithography. In par-
ticular, the preferential solubility of PMMA in a nonpolar sol-
vent, which is the opposite characteristic to Nafion dissolved in 
a polar solvent, enables selective removal of the PMMA layer 
during the final step without affecting the patterned Nafion 
film. Further, in this work, we have studied the relationship 
between compressive creep deformation and temperature fluc-
tuation through comprehensive experiments and simulation 
analyses to identify the optimal patterning conditions. Then, we 
established a multiscale hierarchical patterning method called 
sacrificial layer-assisted creep lithography (SCL), which is not 
limited by pattern size, structural shape, or number of hierar-
chies of the structure.

To demonstrate the various uses of multiscale hierar-
chical structures through SCL, we first fabricated a multiscale 
poly(dimethylsiloxane) (PDMS) channel with two different  
patterns (50 µm prism and 5 µm line arrays) that crossed each 
other in a vertical direction; this was meant to demonstrate the 
switchability of the direction of droplet spreading. Recently, 
directional wetting and controlling flow direction have garnered 
much attention in microfluidics, water harvesting, microreactors,  
and biosensors.[30,31] Most studies in literature have dealt with 
unidirectional wetting using single-scale asymmetric micro-
structures, and there have been very few studies that manip-
ulated the flow direction using switchable wettability of a 
thermo-responsive polymer.[31] In this work, the direction of 
droplet spreading on the multiscale channel was successfully 
changed by applying the directional mechanical stretching.

Second, to demonstrate the synergetic optical effect of the 
well-defined micro/nano dual-scale structures, we fabricated a 
multiscale hierarchical patterned mesoporous TiO2 (mp-TiO2) 
layer, which is an essential part of mesoscopic sensitized solar 
cells and perovskite solar cells.[19,32] These types of solar cells 
have been highlighted in recent times due to their steep rise in 
performance and the possibility of realization of a flexible and 
wearable photovoltaic device with the advantages of cleanness 
and cost-effectiveness. Among the many strategies available 
for improving the efficiency of solar cells, light harvesting has 
been extensively studied because increased light absorption is 
directly related to the enhanced power conversion efficiency of 
solar cells.[19,32–34] In this work, by combining a nanodot array 
and a micropyramid array in one multiscale structure, the 
superposed optical properties from each nano- and micropat-
tern structure was successfully verified.

2. Results and Discussion

Until now, there has been considerable research on the tensile 
behavior of Nafion, including creep deformation under various 
temperature and humidity conditions,[25,35–38] but very few 
studies are conducted on the compressive properties. This is 
because the thickness of the membrane is very less and the 
major application of Nafion, especially fuel cells, has focused 
on the effect of tensile stress rather than compressive stress.[35] 
However, to utilize the creep behavior of Nafion during the 
imprinting process for constructing multiscale structures, 
investigation of the compressive creep behavior of Nafion based 

on time and temperature should be prioritized. For this reason, 
using a 50 µm prism rigiflex mold with a sharp tip, we applied 
compressive stress to the Nafion surface by varying the time 
and temperature, and then measured the deformed length of 
the Nafion surface. Figure S1a,b (Supporting Information) 
shows the cross-sectional focused ion beam (FIB)-assisted scan-
ning electron microscopy (SEM) images of the Nafion film after 
removing the compressive load and with different imprinting 
times (≈10, ≈60, ≈360, and ≈14 400 s); the relevant graph of 
deformed ratio versus time is also shown. The compressive 
creep strain is relatively high in the primary stage (<1 min), and 
the strain rate is very slow due to strain hardening. From this 
result, we observe that the time required to cause creep defor-
mation was sufficient for a duration of 1 h. Further experiments 
for investigation of the temperature effect on creep deformation 
of Nafion were conducted; in these experiments, we utilized 
the 800 nm dot patterned Nafion film instead of the pristine 
flat Nafion film to observe not only creep deformation of bulk 
Nafion film but also the changes in the preformed structures. 
We imprinted the 800 nm dot patterned Nafion film with a 
50 µm prism rigiflex mold at a hydrostatic pressure of ≈10 MPa 
in 1 h by varying the temperature from 30 to 120 °C in intervals 
of 10 °C to induce creep deformation at different temperatures. 
The result graphs are shown in Figure 1a, and the relevant 
SEM images are represented in Figure 1b–d. From the curves, 
it is clearly seen that the ratio of deformed length of Nafion 
surface to prism mold height (≈18.2 µm, Figure S2, Supporting 
Information) increases with the temperature. In contrast with 
the results at the temperature of ≈40 °C, where the bulk Nafion 
film hardly deformed (Figure 1b), the compressive creep defor-
mation characteristic of the Nafion film started appearing when 
the second imprinting temperature reached ≈60 °C (Figure 1c). 
As the temperature increased further (70–120 °C), the viscoe-
lastic behavior of Nafion was observed, and this led to a steep 
increase in the creep strain rate and decreased the Young’s 
modulus and yield strength of the Nafion (Figure 1d,e).[25,38] In 
addition, after the hydrostatic pressure is removed, the creep 
recovery phenomenon occurs, which reduces the deformed 
length of the Nafion surface. The amount of creep recovery 
decreases as temperature increases.[25,39] By these observa-
tions, higher temperatures are more advantageous than lower 
temperatures for creep-assisted imprinting. For validation 
of these experimental results of the creep behavioral proper-
ties of Nafion at different temperatures, simulation studies 
were performed, and the corresponding results are presented 
in Figure 1a. From the inset images that show the deformed 
features of the Nafion film and the prism mold, we can con-
firm that the simulation results are in good agreement with 
the experimental results. The simulation details are described 
in Figure S3 (Supporting Information) and in the Experimental 
Section. As temperature increased, the preformed nanostruc-
tures were flattened owing to creep behavior of bulk Nafion and 
eventually disappeared because Nafion behaves as a viscous 
liquid at around Tg (≈120 °C); this phenomenon can be seen 
from the magnified inset images in Figure 1b–e.

As a solution to preserve the shape of the previously formed 
pattern for well-defined multiscale hierarchical structures, the 
PMMA sacrificial layer was introduced. Figure 2 shows the 
schematic illustration of the SCL process, which is modified by 
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creep-based lithography with the sacrificial layer, and the details 
of the process are presented in the Experimental Section. The 
PMMA has several advantages in the construction of the pro-
tective layer for preserving the preformed structures on Nafion. 
First, deposition and removal processes of PMMA do not affect 
the Nafion film because of the selective solubility of PMMA in 
nonpolar solvent. Second, the degree of creep deformation in 
PMMA is much lower than that of the Nafion. This can be eval-
uated using creep compliance (J)[28]

Creep compliance
Creep strain

Constant stress
MPa 1J ( )( ) = −

 

The calculated values are 0.001764 and 0.01187 MPa−1 for 
PMMA and Nafion, respectively,[25,28,35] which means that the 
coated PMMA sacrificial layer effectively prevents deformation 
of the preformed structures during creep-based imprinting. 
Finally, the thickness of the PMMA sacrificial layer consid-
ering the size of the previously formed pattern can be easily 
controlled by varying the concentration of the PMMA and sol-
vent. The SEM images of the sacrificial layer thickness with 
different PMMA concentrations are shown in Figure S4 (Sup-
porting Information). The simulation results of modeling with 
and without the PMMA sacrificial layer on the prepatterned 
Nafion films confirm that the PMMA layer effectively protects 
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Figure 1. a) Ratio of deformed length of Nafion surface to prism mold height after creep-based imprinting with varying temperatures (red squares: 
simulation results, black squares: experimental results), and b–e) relevant SEM images at temperatures of 40, 60, 90, and 110 °C.

Nano-patterned Nafion® membrane PMMA solution coating
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Multiscale-patterned  Nafion® membrane
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Figure 2. Schematic illustrations of sacrificial layer-assisted lithography (SCL) processes: a) Thermal imprinting of nanopatterns on the Nafion surface, 
b) formation of PMMA sacrificial layer on the prepatterned Nafion surface using spin-coating method, c) Applying additional creep-based imprinting 
process under the glass transition temperature of Nafion, and d) removal of the PMMA sacrificial layer with nonpolar solvent.
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the preformed structures during creep-based imprinting 
(Figure S5, Supporting Information). However, when the tem-
perature reaches a high value (over 100 °C), the PMMA under-
goes a glass transition as well, similar to Nafion.[27,29] Therefore, 
the creep-based imprinting temperature was set to about 90 °C, 
where it is possible to avoid the glass transitions of Nafion 
and PMMA while generating sufficient creep deformation of 
Nafion. Figure 3a,b shows the FIB-assisted cross-sectional SEM 
images of the PMMA/prepatterned Nafion composite film after 
additional creep-based imprinting with the 50 µm prism mold. 
It is clearly seen that the PMMA layer successfully protects 
the preformed pattern during creep-based imprinting. After 
washing of the sacrificial layer, the well-defined multiscale hier-
archical prism structures were obtained. From the SEM images 
of Figure 3c,d, we can observe that the prepatterned nanostruc-
tures are well preserved, and additional microprism shapes 
through sufficient creep deformation are successfully formed.

Using this SCL method, we successfully fabricated various 
multiscale hierarchical patterns (Figure 4). First, LEGO like 
two-level pillar structures, which are composed of 800 nm and 
30 µm pillar patterns, showed well-defined nanostructures not 
only on the bottom surface but also on the top surface of the 
microstructures (Figure 4a). Further, Figure 4b,c shows the 
completed multiscale prism patterns (800 nm pillar/10 µm 
prism) with two sides and the multiscale pyramid pattern 
(300 nm moth-eye like compact structure/30 µm pyramid) with 
four sides. Because it is not easy to form an additional pattern 
on the side surface of the preformed structure using conven-
tional multiscale fabrication processes, these results show the 
advantage of our SCL method. Moreover, a three-level hierar-
chical structure, which consists of 800 nm line, 10 µm prism, 

and 50 µm pillar patterns, was successfully created by SCL; this 
means that our method is capable of producing diverse multi-
scale structures of various sizes and shapes.

To demonstrate the various uses of multiscale hierarchical 
structures through SCL, first, a multiscale PDMS channel with 
two vertically crossed patterns (50 µm prism and 5 µm line) 
was fabricated to demonstrate the switchability of the spreading 
direction of the liquid droplet. It has been reported that the 
anisotropic wetting behavior of a droplet is achieved on a direc-
tionally structured surface.[30,31,40] In the case of single-scale line 
or prism patterns, the liquid droplet spreads in the direction 
parallel to the patterned line owing to the capillary imbibing. 
In our system, where lines and prism patterns coexist in the 
vertically crossed direction, the water droplet moves along the 
direction of the prism patterns because steeper and sharper 
groove structures are favorable for capillary-driven droplet 
spreading.[30,40] Figure 5a shows the directional droplet spread 
toward prism direction at the initial state (not applying any 
external force to the channel); and the SEM images of the multi-
scale PDMS channel are shown in Figure 5b,c. However, when 
applying mechanical stretching vertical to the prism direction 
followed by droplet release, the water droplet spreads toward 
the line direction, which is perpendicular to the prism direction 
(Figure 5d). This is due to the fact that the height of the prism 
channel is lowered and almost disappears by tension parallel to 
prism direction, which ensures that the role of the line channel 
is dominant in multiscale PDMS channels (Figure 3d,e).

Next, to demonstrate the potential applicability of the 
SCL method, especially in photovoltaic fields, the multiscale 
mp-TiO2 layer was fabricated. The mp-TiO2 layer is widely 
used as the electron transport layer in next-generation solar 
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Figure 3. a,b) FIB-assisted SEM surface image and cross-sectional image of the PMMA/prepatterned Nafion composite film after additional creep-
based imprinting with 50 µm prism mold. c,d) SEM surface image and cross-sectional image for the obtained multiscale hierarchical structures after 
washing of PMMA sacrificial layer.



www.advancedsciencenews.com

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1900606 (5 of 8)

www.advmatinterfaces.de

cells such as perovskite solar cells[32] and dye-sensitized solar 
cells,[19] and the patterning strategy of the mp-TiO2 layer 
with nano- or microstructures has been extensively studied 
for improving the light harvesting efficiency.[41,42] However, 

most studies have dealt with single-scale structures. There-
fore, we constructed a dual-scale hierarchical structure, which 
is composed of 800 nm dot and 30 µm pyramid patterns for 
further increasing the light pathway. Figure 6a–d shows the 
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Figure 4. a–d) SEM images of two-level hierarchical structures with LEGO like two-level pillar structure (800 nm and 30 µm pillar), b) multiscale prism 
structure (800 nm pillar/10 µm prism), c) multiscale pyramid structure (300 nm moth-eye like compact structure/30 µm pyramid), and d) three-level 
hierarchical structure with 800 nm line, 10 µm prism, and 50 µm pillar.
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Figure 5. a) Image of a droplet spreading on the multiscale PDMS channel with vertically crossed 50 µm prism and 5 µm line in the initial state (not 
applying any force), and b,c) its relevant SEM cross-sectional image and surface image. d) Image of droplet spreading when applying mechanical 
stretching vertically in prism direction, and e,f) its relevant SEM cross-sectional image and surface image.
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SEM images of various completed mp-TiO2 structures by the 
SCL method: flat mp-TiO2 (Figure 6a), 800 nm dot patterned 
mp-TiO2 (Figure 6b), 30 µm pyramid patterned mp-TiO2 
(Figure 6c), and 800 nm dot/30 µm pyramid multiscale pat-
terned mp-TiO2 (Figure 6d). From the reflectance spectra in 
Figure 6e, the micropyramid patterned mp-TiO2/glass sample 
shows enhanced reflectivity over a broad wavelength range 
due to the geometrical effect of the micropattern in particular 
and the total reflection on the angled facets of the pyramid.[41] 
Interestingly, the multiscale patterned mp-TiO2/glass sample 
shows enhanced optical responses due to the synergetic optical 
effects of nanostructures and microstructures. The further 
enhancement of multiscale pyramid patterns in relatively 
shorter wavelength ranges compared to single-scale pyramid 
patterns is a result of the additional diffraction grating effect of 
the nanostructures.[42]

3. Conclusion

Here, we reported a SCL method for constructing well-defined 
multiscale hierarchical structures. To establish this method, the 
comprehensive creep behavior of Nafion was investigated with 
various experiments and simulations. Then, the PMMA sac-
rificial layer was introduced to prevent inevitable creep defor-
mations of preformed structures. Using the SCL method with 
a high freedom of choice of pattern size and shape, various 
multiscale hierarchical structures were successfully fabricated. 
To demonstrate the diverse usages of this method, a multiscale 
PDMS channel with vertically crossed two-groove patterns 
was fabricated, and we successfully demonstrated the switch-
ability of the direction of anisotropic liquid droplet spreading. 
Further, using the multiscale pyramid patterned mp-TiO2 layer, 
enhanced optical properties over a broad wavelength range 
were obtained owing to the synergetic effects of each nano- and 
microstructure.

4. Experimental Section
Fabrication of Single-Scale Polymeric Mold: The nano- and microdot/line 

patterned silicon masters were prepared by standard photolithography 
and reactive ion etching process.[43] The 300 nm moth-eye silicon master 
was fabricated by performing further processes of thermal oxidation and 
deposition of nitride to obtain hexagonally compact arrays.[43] The prism 
patterned masters with 10 and 50 µm pitch sizes using mechanical 
machining of a nickel electroplated stainless steel substrate with a 
sharp diamond cutting tool which has a specific angle (≈45°).[44] The 
inverted pyramid array master with 30 µm pitch size was fabricated 
using photolithography and KOH anisotropic wet-etching process.[45] 
The octafluorocyclobutane (C4F8) layer was deposited on the prepared 
silicon master using a deep reactive-ion etching (DRIE) system. During 
the process, C4F8 gas flowed with the rate of 100 standard L min−1 at 
22 mTorr for 1 min to reduce the surface energy of the master. Afterward, 
all the single-scale patterned rigiflex molds[46] were fabricated by 
following standard operating procedures. Ultraviolet (UV)-curable resin 
(PUA 311, Minuta Tech) was dropped onto the prepared master and a 
250 µm thick polyethylene terephthalate (PET) film was placed on the 
resin as a supporting film. Then, air bubbles were carefully removed by 
a roller and the assembly was exposed to UV light (Fusion Cure System, 
Minuta Tech) for about 3 min for fully curing the resin. Finally, the PET 
film was detached from the master and the C4F8 layer deposition was 
performed. These single-scale rigiflex polymeric molds were utilized at 
each imprinting step with a commercially available imprinting system 
(hot-press machine, CNL energy, Korea).

Fabrication of Multiscale Hierarchical Patterns by Using SCL: The 
Nafion 115 film (Dupont, USA) with a thickness of about 120 µm was 
placed on a flat steel-use-stainless (SUS) plate, and the as-prepared first 
single-scale patterned rigiflex mold was put on the Nafion film. Then, 
the assemblies were hot-pressed over the glass transition temperature 
(Tg) of Nafion (≈120 °C) with a mild hydrostatic pressure (≈1 MPa) for 
7 min. After enough cooling of the temperature to around 60 °C, the 
mold was removed. To form the protective sacrificial layer, a toluene/
PMMA solution was poured onto the prepatterned Nafion film and spin-
coating was performed with varying PMMA weight percent of ≈0.5 to 
15 at 2000 rpm for 1 min. Then, the second rigiflex mold, with a larger 
pattern dimension than the first mold, was placed on the sacrificial 
layer coated prepatterned Nafion film and the second imprinting was 
conducted at a temperature of about 90 °C, which is much lower than 
the Tg of the Nafion, with much higher hydrostatic pressure (≈10 MPa) 
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Figure 6. a–d) SEM images of various mp-TiO2 structures by SCL method: flat mp-TiO2, 800 nm dot patterned mp-TiO2, 30 µm pyramid patterned 
mp-TiO2, and 800 nm dot/30 µm pyramid multiscale patterned mp-TiO2. e) Reflectance spectra of prepared mp-TiO2/glass samples.
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compared to first imprinting process of 1 h for inducing sufficient creep 
deformation. After dropping the temperature to about 60 °C, the second 
rigiflex mold was detached from the patterned Nafion/PMMA film and 
final washing was performed using toluene (nonpolar solvent) at 70 °C 
for 24 h to remove the PMMA sacrificial layer. During this process, the 
first pattern, which was previously protected by the PMMA, began to 
reappear, and the multiscale hierarchical structures were successfully 
obtained. For creating additional hierarchies of the multiscale pattern, 
sacrificial layer coating and additional creep-assisted imprinting were 
carried out before the final washing process.

Preparation of Multiscale PDMS Channel: The multiscale structured 
Nafion film with vertically crossed 5 µm line and 50 µm prism pattern was 
obtained using SCL. Afterward, the PDMS solution (base:curing agent = 
10:1) was cast on the multiscale patterned Nafion film and placed in an 
oven for about 2 h at 70 °C. Then, the cured multiscale PDMS channel was 
detached from the Nafion film and followed by oxygen plasma treatment for 
1 min to change the hydrophobic PDMS channel to a hydrophilic channel.

Preparation of Multiscale Patterned mp-TiO2 Layer: The single-scale 
and multiscale patterned mp-TiO2 layers were fabricated by using the 
replicated PDMS molds. First, the TiO2 paste (DSL 18NR-T, Dyesol), 
which comprises of binders, TiO2 of size 18 nm, and small amounts of 
solvent, were cast on the glass substrate using a simple doctor-blading 
method.[19] Then, the prepared diverse PDMS molds were placed on the 
TiO2 layer and gently pressed. After drying at ≈70 °C for 30 min on a 
hot-plate to evaporate the solvent in the past, the PDMS-TiO2 paste/
glass assemblies were put into the furnace and annealed at ≈550 °C in 
air for 1 h. Then, the samples were cooled to room temperature, the 
assemblies were removed, and the PDMS molds were gently peeled off.

Simulations: A finite element model of the plastic deformation test was 
performed with commercial ANSYS software. The material properties of 
Nafion such as density and Poisson ratio were utilized from ref. [47]. 
In the case of Young’s modulus, yield strength, and tangent modulus, 
which are dependent on both temperature and humidity, the values were 
derived from experimental results by referring to previous papers.[25,35,38] 
In addition, to obtain the effect of the protective sacrificial layer with 
PMMA, COMSOL simulation was performed by applying the same load, 
which reflects the situation of the second imprinting process, to the 
single-scale patterned membrane surface with and without the PMMA 
layer. The material properties of PMMA were obtained from ref. [26].

Physical and Optical Characterization: Surface and cross-sectional 
images of all the prepared samples were obtained using SEM (FE-SEM, 
Carl Zeiss) and FIB-SEM (Carl Zeiss). Before the measurements, 
an ≈10 nm thick platinum layer was deposited on the samples 
using a sample sputter coater (Q300T D, Quorum Technologies) 
for more accurate imaging. Reflectance spectra of the diversely 
patterned mp-TiO2/glass samples were obtained using a UV–visible 
spectrophotometer (Cary 5000, Agilent Technologies), where the 
wavelength ranged from 300 to 800 nm.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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