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M A T E R I A L S  S C I E N C E

Thermally assisted nanotransfer printing with  
sub–20-nm resolution and 8-inch wafer scalability
Tae Wan Park1,2*, Myunghwan Byun3*, Hyunsung Jung1, Gyu Rac Lee4, Jae Hong Park5,6,  
Hyun-Ik Jang5,6, Jung Woo Lee7, Se Hun Kwon7, Seungbum Hong4, Jong-Heun Lee2,  
Yeon Sik Jung4†, Kwang Ho Kim7,8†, Woon Ik Park9†

Nanotransfer printing (nTP) has attracted considerable attention due to its good pattern resolution, process 
simplicity, and cost-effectiveness. However, the development of a large-area nTP process has been hampered by 
critical reliability issues related to the uniform replication and regular transfer printing of functional nanomaterials. 
Here, we present a very practical thermally assisted nanotransfer printing (T-nTP) process that can easily produce 
well-ordered nanostructures on an 8-inch wafer via the use of a heat-rolling press system that provides both 
uniform pressure and heat. We also demonstrate various complex pattern geometries, such as wave, square, nut, 
zigzag, and elliptical nanostructures, on diverse substrates via T-nTP. Furthermore, we demonstrate how to 
obtain a high-density crossbar metal-insulator-metal memristive array using a combined method of T-nTP and 
directed self-assembly. We expect that the state-of-the-art T-nTP process presented here combined with other 
emerging patterning techniques will be especially useful for the large-area nanofabrication of various devices.

INTRODUCTION
Nanopatterning refers to a process by which to fabricate well-defined 
nanostructures with functionalities applicable to many electronic 
devices, such as transistors (1, 2), displays (3, 4), solar cells (5, 6), 
energy generators (7, 8), nonvolatile memories (9–11), and optical 
devices (12). In particular, photolithography, one of the most repre-
sentative nanopatterning methods, is widely used to fabricate electronic 
devices with complex circuits (13). However, because of its physical 
resolution limitation and high process cost, several alternative 
technologies, such as extreme ultraviolet lithography (14), directed 
self-assembly (DSA) (15–18), nanoimprint lithography (19, 20), 
nanotransfer printing (nTP) (21–23), atomic force microscope (AFM) 
lithography (24), and dip-pen lithography (25, 26), have been 
consistently developed during the past several decades to allow 
periodic nanostructures to be obtained effectively with high precision. 
Among these various nanopatterning techniques, nTP has recently 
received considerable attention because it can capably generate 
specific functional nanostructures with two-dimensional (2D) and 
3D pattern geometries (27) at a low process cost. The nTP process 
has excellent patterning capabilities when used for pattern formation 
on a range of arbitrary substrates, including flexible surfaces (28–30), 
which cannot be patterned by conventional lithography methods.

For these reasons, many research groups focusing on patterning 
technologies have suggested various innovative nTP techniques to 
form a variety of nanoscale-to-microscale patterns for useful nano-
fabrication processes. For example, Rogers’s group reported a fast 
and simple nTP process based on elastomeric stamps capable of 
generating complex 2D and 3D metallic and semiconducting struc-
tures on both planar and nonplanar substrates (31). Jeong’s group 
suggested wet-responsive and biocompatible hydrogel adhesive films 
for efficient transfer printing of functional membranes (32). Be-
cause of the excellent adhesion capabilities of hydrogels, metallic 
and nonmetallic nanomembranes can be reliably transferred onto 
diverse surfaces, such as flexible or rigid substrates or even human 
skin. Recently, Xu and Lee’s group presented an environmentally 
friendly transfer printing process that enables the physical delivery 
of 4-inch wafer-scale thin-film integrated circuits with functional 
nanomaterials through effectual separation from the fabrication 
wafer (33). These findings imply that, to extend the versatility of the 
nTP process for the useful fabrication of nanodevices, it is very 
important to develop a more practical and simpler patterning strategy 
that is compatible with the electronic device application processes 
on various substrates (34, 35).

However, despite the excellent patternability of these useful nTP 
methods that allow the formation of well-defined nanopatterns, 
they still have critical challenges given their pattern resolution limit 
of approximately 50 nm, which is determined by the master mold. 
Also, the insufficient transfer yield caused by the use of elastomeric 
molds also prevents large-scale production. To overcome these 
limitations, we previously demonstrated a solvent-injected nTP 
(S-nTP) process capable of realizing the pattern generation of func-
tional 2D and 3D structures in the sub–10-nm to micrometer size 
range. High-density nanostructures in the sub–10-nm regime are 
effectively obtained using an ultrafine nanotemplate prepared by 
the DSA of block copolymers (BCPs) as a master mold (36). Never-
theless, the S-nTP process is linked to fundamentally critical issues 
in terms of large-area scalability. During the S-TP process, solvent 
vapor injection is difficult to control uniformly over a large area. It 
is therefore challenging to produce well-defined patterns at a wafer 
scale, which is imposed by long-range registration and defectivity 
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issues. Accordingly, a solvent-free transfer principle capable of 
nanopatterning at a wafer scale should be developed for successful 
implementation in large-area device applications.

Here, we introduce a very useful thermally assisted nTP (T-nTP) 
technique that can be used to create various periodic nanostructures 
on the 8-inch wafer using a heat-rolling press system that offers 
uniform pressure and heat. After the replication of well-ordered 
nanopatterns from an 8-inch Si master wafer, the functional nano-
structures on a polymeric replica pattern can be transfer-printed 
onto the desired substrates after weakening the adhesion between the 
adhesive film and the replica pattern through a uniform heat-injection 
process. We also demonstrate reliable pattern formation of diverse 
morphological geometries consisting of various metallic and semi-
conducting materials with functionalities on diverse substrates via 
solvent-free T-nTP. In addition, we demonstrate how to obtain 
ultrahigh-resolution patterns of sub–20-nm lines and hierarchical 
3D stacked nanostructures by using a combined method of T-nTP 
and DSA of a BCP. Moreover, on the basis of the combined process, 
we present the successful creation of an ultrahigh-density crossbar 
NiOx/Pt memristive array on a flexible and transparent substrate 
that shows excellent unipolar resistive switching behavior.

RESULTS AND DISCUSSION
Replication of nanopatterns at the 8-inch wafer scale
The procedure of the T-nTP method to generate well-ordered nano-
patterns with functionality on the 8-inch wafer level is schematically 
shown in fig. S1. It consists of two sequential steps of pattern repli-
cation (step 1) and transfer printing of the functional structure (step 2). 

In step 1, surface-patterned polymer replica films are produced by 
peeling off the spin-coated polymeric material from the Si master 
mold using an adhesive polyimide (PI) film. During the replication 
process, uniform surface contact and pressure between the PI film 
and polymer film is of paramount importance for successful large- 
area patterning. In step 2, the functional materials are initially 
formed on the surface of the replicated polymer pattern by physical 
vapor deposition (PVD). The functional nanostructure on the replica 
pattern is then transfer-printed on the 8-inch wafer via a short 
(≤20 s) contact and release process using a heat-rolling press system 
capable of supplying uniform pressure and heat. Appropriately 
applied heat weakens the adhesion between the adhesive film and 
the polymeric replica pattern, allowing the functional nanostructures 
on the polymer replica pattern to be transfer-printed on the sub-
strates. Functional nanopatterns on the substrate are ultimately 
obtained after removing with solvent the residual polymer replica 
film used as a medium for the pattern transfer process.

Figure 1 shows the replication results of surface nanopatterns on 
an 8-inch wafer. The pattern geometry (e.g., aspect ratio) of the 
mold affects the yield of T-nTP during both polymer replication 
and pattern transfer printing. First, we prepared an 8-inch Si wafer 
consisting of approximately 50 chips with three line/space structures 
with different widths of 250 nm/250 nm, 500 nm/500 nm, and 
1 m/1 m, fabricated by a conventional photolithography process, as 
shown in Fig. 1 (B and C) and fig. S2. The depths of the line patterns 
are identical in all cases at 250 nm, showing the well-defined struc-
tures with relatively low aspect ratios. Before the replication process, 
the 8-inch Si master mold was surface-treated with a hydroxyl- 
terminated polydimethylsiloxane brush to impart hydrophobicity 

Fig. 1. Replication of nanopatterns at the 8-inch wafer. (A) Schematic illustration of the fabrication process of the polymer replica pattern. The spin-coated poly(methyl 
methacrylate) (PMMA) thin film on the Si master mold, consisting of nearly 50 chips, is peeled off using an adhesive PI film. (B) One chip with three types of line/space 
patterns makes up a Si wafer. The linewidths of the green area (top left), blue area (top right), and yellow area (bottom) are 500 nm/500 nm, 1 m/1 m, and 250 nm/250 nm, 
respectively. (C) Tilted scanning electron microscope (SEM) images of (B). All of the line patterns have the same depth of 250 nm. (D) Photograph images after attaching 
(left), during the detachment process (middle), and after detaching (right) during the replication process step, all done by hand. (E) Top-view and tilt-view SEM images of 
(D), showing defective replica patterns with distortions and many microcracks. (F) Photographs taken after attaching (left), during detachment step (middle), and after 
detaching (right) during the replication process step using a roll-pressing system. (G) Top-view and tilt-view SEM images of (F), showing well-defined PMMA line/space 
patterns. Scale bars, 1 cm (B), 1 m [C, E, and G; insets in (E) and (G)], and 2 cm (D and F). Photo credit: T. W. Park (KICET and Korea University).
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onto the Si surface for easy separation of the replica material from 
the master mold. After spin-coating poly(methyl methacrylate) 
(PMMA) dissolved in a mixture of toluene and acetone onto the 
hydrophobic surface of the Si mold, the spin-coated PMMA thin 
film was attached with an adhesive PI film, and the two films were 
subsequently detached together. When manually attaching and 
detaching the PI film, a defect-punctured PMMA replica pattern 
was obtained owing to the uneven contact between the PI film and 
the PMMA film through nonuniform pressure, resulting in many 
void defects and an abnormal line pattern with numerous micro-
cracks, as shown in Fig. 1 (D and E). On the other hand, when using 
a laminating or rolling press system, replication of the PMMA 
surface pattern on the 8-inch wafer was successful with uniform 
contact at an appropriate amount of pressure on the entire surface, 
showing excellent pattern formation of well-defined line structures 
(Fig. 1, F and G, and figs. S3 and S4). These results suggest that uniform 
contact and pressure are crucial for large-scale pattern replication, 
offering a practical replication strategy for patterning on a much 
larger scale.

Principle of T-nTP over a large area
To transfer the functional nanostructures on the PMMA replica 
pattern on a large area, both uniform pressure and heat conduction 
over the entire patterning area are required during the contact 
printing process, as schematically illustrated in Fig. 2A. Initially, the 
transfer printing process, in common with the pattern replication 
process, requires regular perfect pressure to prevent the creation of 
void defects and/or microcracks through reliable contact between 
the functional material formed on the PMMA replica pattern and 
the target substrate. At the same time, a heat-injection process is 
also needed to move the functional nanostructures with the replica 
pattern onto the target substrate by weakening the adhesion be-
tween the adhesive PI film and the replica thin film. In general, 
PMMA material tends to undergo thermal expansion upon heating, 
whereas porous PMMA shrinks during heat treatment, depending 
on the porosity of the polymer. When spin-casting the PMMA solu-
tion onto the master mold, the porous PMMA replica pattern can 
be formed at room temperature (RT) by the evaporation of the 
residual solvent in the PMMA thin film. The porosity of the PMMA 

Fig. 2. Principle of T-nTP over a large area. (A) The concept of the T-nTP process using a heat-rolling press system that provides uniform pressure and heat. The functional 
nanostructure on the replicated polymer pattern can be transfer-printed onto the desired substrate by passing it between the heated rolls of the laminator. (B) Tempera-
ture dependency on the thickness of the PMMA film and transferability during the T-nTP process. The thickness of the PMMA layer decreases in proportion with the 
printing temperature due to the extinction of micropores in the PMMA film. At the threshold temperature (TTH), the PMMA pattern with a functional structure can be 
transferred onto the target substrate by the tension generated by the shrinkage of the PMMA. (C) Volume ratio of the PMMA thickness at various temperatures from 25°C 
(room temperature) to 200°C. (D) Graph of the heating time of 3 s versus the printing temperature, which suggests that well-defined pattern formation over a large area 
can be achieved at the minimum required temperature (TTH ~ 150°C).
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layer decreases in proportion with the increase in the temperature 
(RT < TLow < TTH) through contraction by heat, resulting in thermal 
shrinkage (t0 > tLow > tTH) of the PMMA thin film to reduce the 
surface energy, as shown in Fig. 2B and fig. S5 (A to C). During 
the shrinkage process, tension develops owing to the extinction of 
microvoids in the PMMA, enabling the transfer of the pattern to the 
substrate through the separation between the PMMA film and the 
PI adhesive film at the threshold temperature (TTH).

Figure 2C and fig. S5D present the temperature dependency of 
the volume ratio (reduced thickness divided by the initial thickness) 
of the PMMA thin film, as measured by an in situ reflectometry 
system at various temperatures from 25°C (RT) to 200°C. Figure 2D 
shows the volume ratios for various transfer printing temperatures 
at a heating time of 3 s, indicating the range of printing temperatures. 
The volume ratio at 150°C (TTH) was notably decreased by approx-
imately 0.88 at a heating time of 3 s, marking a shrinkage ratio of 
12% and showing rapid saturation of the volume ratio. Considering 
the thermal expansion coefficient (7 × 10−5 to 7.7 × 10−5) of PMMA 
(37), the effect of thermal expansion can be calculated to be 0.87 to 
0.96% of the volume for heating to 150°C, which is overwhelmed by 
the volume shrinkage effect (>12%).

Even after stopping the heat treatment at 150°C (and subsequent 
cooling to RT), the reduced thickness of the PMMA film did not 
recover to the initial thickness. Also, reheating to 150°C, as shown 
in fig. S5D, did not restore the original thickness. The densification 
of PMMA by the thermal treatment was confirmed by a spectro-
scopic ellipsometry analysis, showing the increase of the refractive 
index by the thermal annealing (fig. S5C). These phenomena support 
the irreversible thermal shrinkage of the porous PMMA thin film by 
the heat treatment. Figure S6 displays the temperature dependency 
of the size and number of pores formed on the PMMA surface, 
evidently showing the increase of pore size approximately from 
40 to100 nm by the heat treatment at 150°C. The existence of small 
pores, which induces thermal shrinkage, can be attributed to the 
residual solvents in the spun-cast PMMA film (38) followed by the 
evaporation of residual solvent. Combined characterization results 
such as changes of the film thickness and refractive index upon the 
thermal treatment, in situ monitoring of volume ratio, and observation 
of pores on the surface strongly support the idea that the spin-coated 
PMMA thin film is thermally contracted by densification through 
the extinction of pores in the PMMA thin film.

Pattern formation of various structures via the T-nTP 
process at the 8-inch wafer scale
To confirm the printable temperature range, we initially conducted 
the patterning process via the T-nTP method at the typical chip 
scale (2.2 cm by 1.8 cm), as shown in fig. S7. While the transfer yield 
showed a very low percentage below 150°C, the well-ordered Pt line 
structures on the PMMA replica pattern were completely transfer- 
printed without any loss of the transfer yield at 150°C. We also 
conducted a peel strength test at an angle of separation of 90° to 
measure the adhesion between the adhesive PI film and the PMMA 
replica film at various printing temperatures, as shown in Fig. 3B. 
As the temperature was increased from 25 to 150°C, the peeling 
strength decreased from approximately 152 to 36 N/m, a result that 
is inversely proportional to the transfer yield. These results clearly 
demonstrate that the transfer yield is highly dependent on the 
printing temperature, in very good agreement with the volume ratio 
measurement of the PMMA thin film mentioned above. During the 

transfer printing process at TTH, the effects on other processing 
variables, such as the pressure and film thickness of the PMMA, 
should also be studied in future work.

On the basis of the results for the T-nTP method, to produce 
well-ordered patterns on an 8-inch wafer effectively, we used a simple 
and useful heat-rolling press system capable of providing both uniform 
pressure and heat (see movie S1: T-nTP process). The target sub-
strates with low surface roughness and good thermal stability were 
chosen in view of the printing temperature of 150°C. Figure 3 shows 
the remarkable results of the pattern formation via the T-nTP 
process on the 8-inch wafer when using the heat-rolling press equip-
ment. After Pt deposition on the 8-inch PMMA replica pattern by 
the PVD sputtering system, we transfer-printed Pt nanowires onto 
a transparent and flexible polyethylene terephthalate (PET) sub-
strate for 25 s by passing them between two 150°C hot rolls, resulting 
in a completely printed 8-inch wafer pattern, as shown in Fig. 3C. 
The pattern quality of the printed Pt lines with a width of 250 nm at 
the center of the 8-inch wafer was analyzed by grazing-incidence 
small-angle x-ray scattering measurements, clearly indicating excellent 
pattern uniformity (fig. S8). We also demonstrate successful pattern 
transfer of Pt line structures on a rigid 8-inch Si wafer, showing 
periodically well-printed Pt line patterns with three linewidths, as shown 
in fig. S9. Meanwhile, when using the S-nTP method, the generation 
of a high-quality pattern cannot be achieved at the 8-inch wafer level 
despite the use of the rolling press system, as the solvent vapor 
cannot be fundamentally injected uniformly into the entire 8-inch 
area due to the evaporative nature of the solvent (fig. S10). Here, it 
should be emphasized that high-quality patterns on most 8-inch 
wafer materials with thermal endurance can be obtained for a short 
printing time of 25 s when reliably providing both uniform pressure 
and heat transfer at 150°C.

Figure 3 (D and E) indicates that the T-nTP process is highly 
applicable for the generation of patterns of various shapes and with 
various materials. First, specifically designed characters or images 
composed of nanopatterns can be obtained by selective printing 
using a shadow mask, as shown in Fig. 3D. Pt was partially sputter- 
deposited onto the PMMA replica pattern using an alphabetic shadow 
mask followed by transfer printing onto a flexible colorless PI sub-
strate via T-nTP. A selectively printed VVIP pattern consisting of Pt 
line structures was successfully obtained by the shadowing T-nTP 
process, with this approach applicable to various objects to offer 
aesthetic sensibility. The periodic Pt line patterns can also be 
obtained on slippery surfaces (e.g., slide glass substrate) by T-nTP 
(fig. S11). Figure 3E shows several unusual pattern geometries for 
various semiconducting (NiO, WO3, and GST) and metallic (Pt, Ag, 
and Pd) materials created by T-nTP using master molds of various 
and complex shapes. Diverse nanostructures, including a wave, a 
square, a nut, a zigzag, and an ellipse, were obtained by the T-nTP 
process, showing excellent pattern uniformity, as depicted in the 
unique fast Fourier transform patterns. These results indicate that 
the creation of specific patterns of other imaginable or designable 
structures can be realized by the versatile T-nTP method regardless 
of the pattern shape or material used.

High-density memristive NiOx/Pt crossbar array via 
the T-nTP process
We now demonstrate how to obtain ultrahigh-resolution patterns 
of sub–20-nm lines and hierarchically 3D stacked nanostructures 
for high-density resistive memory applications using a combination 
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of the T-nTP method and DSA with a BCP. Initially, we used a 
cylinder-forming poly(styrene-b-dimethylsiloxane) (PS-b-PDMS) 
BCP to obtain an ultrafine SiOx line-type template (fig. S12, A and 
B) (39). A highly ordered Pt nanowire pattern with a width of 14 nm 
was then obtained using a self-assembled 18-nm SiOx line pattern 
via DSA of the PS-b-PDMS BCP as a master mold, as shown in 
Fig. 4A. Figure 4B displays the well-defined crossbar 3D Pt nano-
scaffolds created by a twice-repeated sequential T-nTP process with 
0° and 90° angles. The printing angles or alignment of the 3D 
stacked structure were manually controlled using a protractor. On 
the basis of the combined T-nTP process with DSA, we exhibit the 
creation of an ultrahigh-density crossbar NiOx/Pt memristive array 
on a flexible and transparent PET substrate. Figure 4C presents a 
schematic diagram of the electrical measurement of the crossbar 
NiOx/Pt resistive memory device on the flexible substrate, showing 
its expected unipolar resistive switching mechanism through the 
formation of conductive Ni filaments within the NiOx nanowire 
when an appropriate set voltage is applied. Figure 4D and fig. S12C 

show the nanotransfer-printed crossbar NiOx/Pt resistive memory 
device fabricated by the double sequential T-nTP process. To confirm 
the successful formation of the crossbar NiOx/Pt nanostructure, we 
observed the structure by SEM, transmission electron microscopy 
(TEM), energy-dispersive spectrometry (EDS), and electron energy- 
loss spectroscopy (EELS). The elemental EDS mapping images for 
Pt and Ni and the EELS data clearly present the well-defined NiOx/
Pt structure, for which the images were obtained from the measure-
ments with top-view and cross-sectional scanning TEM data (40).

At this point, we present the memory characteristics of the 
crossbar NiOx/Pt nanodevice. To measure the resistive switching 
behaviors of the ultrafine NiOx/Pt memristors, conductive AFM 
(C-AFM) was used. As a top electrode, a Pt-coated AFM tip with a 
radius of 30 nm was used due to the small device size. While the 
bottom electrode of Pt was grounded, a bias voltage was swept over 
the NiOx arrays from 0 to 10 V with a step size of 0.2 V using the Pt 
AFM tip to investigate the current (I)–voltage (V) characteristics. The 
compliance current (Icc) was set to 20 A to protect the samples. 

Fig. 3. Various pattern formation outcomes via the T-nTP process at the 8-inch wafer scale. (A) Procedure for the transfer printing of a functional nanopattern by 
T-nTP. (B) Temperature dependency on the transfer yield and peel strength between the adhesive layer and the PMMA replica pattern. The TTH for perfect pattern transfer 
is 150°C. As the temperature was increased from 25 to 150°C, the peel strength decreased from 152 to 36 N/m, showing excellent pattern formation of functional materials. 
(C) Transfer-printed pattern on the 8-inch wafer on a transparent and flexible PET substrate by T-nTP. (D) Photographs and SEM images of transfer-printed letters of “V,” 
“V,” “I,” and “P” consisting of 250-nm Pt lines on colorless PI film by a shadowing deposition process. (E) Colorized SEM images of the diverse pattern geometries created 
with various semiconducting (NiO, WO3, and GST) and metallic (Pt, Ag, and Pd) materials via the T-nTP process. The inset images show fast Fourier transform patterns of 
the corresponding SEM images. Scale bars: 1 cm [top/left in (D), bottom/left in (D)], 2 m [right in (D)], and 3 m (E). Photo credit: T. W. Park (KICET and Korea University).
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The NiOx/Pt nanoscale memristors clearly showed conventional 
unipolar switching behavior, as shown in Fig. 4E. The reset current, 
at which the low-resistance state changes to a high-resistance state, 
was measured to be 20 A, while the measured set and reset voltages 
were around 7.4 and 5.2 V, respectively. These results indicate 
that simple and useful nanofabrication of many other nonvolatile 
memory devices can be realized if the approach of T-nTP combined 
with the BCP process is applied to other systems for various func-
tional materials and structures.

CONCLUSION
In summary, we demonstrated a very useful T-nTP process that 
effectively generates well-ordered nanostructures over a large area by 
using a heat-rolling press system capable of providing both uniform 
pressure and heat. We successfully realized various complex nano-
patterns on the 8-inch wafer, such as wave, square, nut, zigzag, and 
elliptical structures, composed of a variety of metallic and semi-
conducting materials with functionalities on diverse substrates through 
a uniform heat-injection process via solvent-free T-nTP. Further-
more, we realized the formation of patterns of ultrafine (≤20 nm) 
hierarchical 3D nanostructures using a method that combines 
T-nTP and the DSA of a BCP. We also systemically demonstrated 
how to obtain a high-density crossbar NiONiOx/Pt memristive 

nano array on a transparent and flexible PET substrate, showing ex-
cellent unipolar resistive switching behavior. We expect that the 
proposed state-of-the-art T-nTP process combined with other 
emerging patterning techniques will be especially useful for com-
bined high- throughput nanofabrication of many other devices 
over much larger areas.

MATERIALS AND METHODS
Preparation of an 8-inch Si master mold
The 8-inch Si master mold consisting of three line/space widths 
(250 nm/250 nm, 500 nm/500 nm, and 1 m/1 m) with a depth of 
250 nm was fabricated by conventional KrF photolithography and 
reactive ion etching (RIE). After spin-coating the positive photo-
resist (PR, Dongjin Semichem Co. Ltd.) with a thickness of 400 nm 
on the 8-inch Si wafer, the wafer was exposed using a KrF scanner 
(Nikon, NSR-S203B) and was then developed using a developer 
solution (tetramethylammonium hydroxide; Dongjin Semichem 
Co. Ltd.). The remaining PR patterns were used as an etch mask to 
pattern the Si with CF4 plasma by means of RIE.

Fabrication of the sub–20-nm SiOx line master mold
To obtain a well-ordered SiOx line pattern, we used DSA of a 
Si-containing, cylinder-forming PS-b-PDMS BCP (SD45) with a 

Fig. 4. High-density memristive crossbar NiOx/Pt nanoarrays via the T-nTP process on a flexible and transparent PET substrate. (A) (Left) Self-assembled SiOx line 
with an 18-nm-width master template formed by the DSA of a cylinder-forming PS-b-PDMS BCP and (right) the transferred 14-nm-width Pt line pattern via the T-nTP 
process using the SiOx line master mold. (B) Three-dimensional hierarchical ultrahigh-resolution Pt crossbar structure produced by a repeated T-nTP process with different 
angles (0° and 90°). (C) Schematic illustration of the resistive memory device structure and its resistive switching mechanism through the formation of a Ni filament within 
NiOx nanowire. (D) High-density NiOx/Pt crossbar resistive memory device created by the T-nTP process. (Top left and top middle) Top-view SEM images, (top right) 
top-view transmission electron microscopy (TEM)–energy-dispersive spectrometry (EDS) elemental mapping image, (bottom left) cross-sectional TEM-EDS image, and 
(bottom right) an electron energy-loss spectroscopy measurement result for the NiOx line structure. (E) I-V curve of the NiOx/Pt memristive structure. Scale bars: 100 nm 
(A), 1 m [(B) and top left in (D)], and 50 nm [top center in (D)].
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volume fraction of PDMS (fPDMS) of 33.7% and a molecular weight 
(MW) of 45.5 kg/mol. After spin-coating the SD45 BCP dissolved in 
toluene on the topographically patterned template, the BCP thin 
film was annealed in a binary solvent of toluene and heptane at 
65°C for 10 min. The sample was then etched by CF4 plasma [gas 
flow rate, 30 standard cubic centimeters per minute (sccm); work-
ing pressure, 15 mtorr; plasma power, 60 W; etching time, 20 s] and 
O2 plasma (gas flow rate, 30 sccm; working pressure, 15 mtorr; plasma 
power, 60 W; etching time, 30 s), finally resulting in a self-assembled, 
highly ordered sub–20-nm SiOx line structure with a line/space 
width of 18 nm/14 nm.

Replication at the 8-inch wafer scale from the  
Si master pattern
Before the replication step, the patterned surface of the 8-inch Si 
master mold was treated with a PDMS (Polymer Source Inc.) 
brush at 130°C for the simple separation of the PMMA replica 
film from the master mold. After spin-coating the replica material 
PMMA with an MW of 100 kg/mol (Sigma-Aldrich) dissolved 
in a binary solvent of toluene and acetone, the replicated PMMA 
film was separated from the master mold by an adhesive PI film 
(3M Inc.), done using a laminator system that provided uniform 
pressure.

Pattern transfer printing by using a heat-rolling  
press system
To transfer functional patterns at a wafer scale, a heat-rolling press 
system (LAMIART-470 LSI, GMP Corp.) was used. The laminator 
system has four rolls encapsulated by elastic silicone rubber, which 
can provide both uniform heat and pressure by controlling the 
roll gap and temperature, respectively. While the rolling speed is 
controllable from 200 to 1500 mm/min, the printing speed on the 
8-inch wafer was set as 500 mm/min.

Peel strength measurement
A peeling-off test was conducted using a tensile force test machine 
(FGJN-50, Nidec-Shimpo Corp.). After attaching the PI film onto 
the target substrate, the adhesive PI film was peeled off from the 
polymer replica pattern at 90°.

In situ thickness measurement of polymer thin films
The thicknesses of the initial and swollen PMMA thin films were 
measured using a reflectometer (F20-UV, Filmetrics Inc.) with a 
wavelength range of 350 to 1100 nm. The volume ratios of the thin 
films were calculated by dividing the measured thickness by the 
initial thickness.

Measurement of the RS operation of the resistive  
memory device
A resistive memory switching measurement was taken at RT using 
a C-AFM (MFP-3D-SA, Asylum Research) device with a Pt-coated 
C-AFM tip (EFM tips, NanoWorld). The resistive switching behav-
ior of the NiOx-Pt crossbar array was measured during operation in 
the range of 0 to 10 V after investigating the appropriate operating 
conditions, while the compliance current was set to 20 A.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/31/eabb6462/DC1
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