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A B S T R A C T   

The importance of the nanotransfer technique has been increased owing to its possibility in nanoscale mass- 
production, enabled by cost-effective and simply fabricable features. In this study, we developed a novel 
method for robust nanotransfer printing based on imidization-induced mechanical interlocking. The proposed 
imidization-induced nanotransfer printing (InTP) method enables various metal nanostructures to be easily 
transferred onto a polyimide substrate based on the mechanical interlocking force by using a controlled imid-
ization process. The designed functional nanopatterns are transferred with high robustness. In addition, using a 
partial imidization process, we apply an additional adhesion force at the pattern-substrate interface to transfer 
materials with poor intrinsic adhesion, such as nickel, successfully. Owing to the exceptional robustness of the 
method, various 3D nanostructures, such as asymmetric sidewalls, suspended nanowires, and dual-layer line 
patterns, can be successfully transferred. Moreover, the InTP method was used to fabricate a uniform and high- 
temperature film heater and an asymmetric blind film.   

1. Introduction 

Nanostructuring is becoming an essential process for diverse appli-
cations, such as nanoelectronics [1–3], sensors [1,4,5], metamaterials 
[6–8] and optics [9–12]. Nanostructures are typically fabricated using 
nanometer-scale lithography methods, such as electron beam lithog-
raphy, deep ultraviolet lithography, and KrF laser lithography. How-
ever, these technologies remain disadvantageous because they require 
expensive equipment and complex fabrication processes. To overcome 
these problems, nanotransfer printing (nTP) has been investigated as an 
alternative strategy. nTP makes it possible to fabricate nanopatterns 
even at the sub-10-nm scale at low cost with relative simplicity [13]. 
Nanotransfer printing is accomplished by controlling the relative bind-
ing forces, which denotes the difference between the binding forces at 
the mold-pattern and pattern-substrate interfaces. Therefore, successful 
transfer requires either the adhesion at the mold-pattern interface to be 
decreased, or that at the pattern-substrate interface to be increased. 

Various methods have been developed to lower the adhesion force at 
the mold-pattern interface: use of a thermal release film [14], reaction 
with liquid [15–18], surface relief structure [19–21], shear debonding 
[22–24], and dissolution of the stamp [25,26]. However, with these 
methods, it is difficult to obtain robust adhesion at the pattern-substrate 

interface as it relies only on weak adhesion forces, such as van der Waals 
forces and surface tension [25]. 

Therefore, adhesion at the pattern-substrate interface should be 
enhanced for robust transfer. For this purpose, a number of methods 
have been actively researched. One of the methods is the use of an 
additional adhesion layer (AAL) at the pattern-substrate interface. The 
addition of this layer enables chemical adhesion of the pattern-substrate 
interface, resulting in robust adhesion [27–30]. In certain cases, the 
same kind of metal can be utilized as AAL by using cold welding phe-
nomena [31]. However, an AAL imposes certain limitations such as the 
maximum process temperature for chemical adhesion and restriction of 
the kind of metal for cold welding (the same kind of metal as that 
intended for adhesion). Both of these methods induce changes in the 
optical characteristics, which is important for meta-optical applications. 

Efforts to exclude the use of an AAL have recently led to the devel-
opment of two methods. The first method utilizes the glass transition 
temperature (Tg) of the substrate polymer. When the polymer is heated 
to its Tg, the surface of the polymer is partially deformed; consequently, 
a conformal contact in the pattern-substrate interface can be formed. 
This conformal contact can maximize the van der Waals force and thus 
enables the pattern to be transferred [25,32]. However, the adhesion 
that can be achieved by conformal contact is still limited as the van der 
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Waals force, which is determined by the intrinsic property of individual 
interfaces, is the main adhesion force. The second method utilizes the 
physical morphology of the transferred pattern, i.e., embedding. By 
embedding the patterns into the substrate, the adhesion of the pattern- 
substrate interface can be significantly enhanced without an AAL 
[33–39]. However, this method needs intentional penetration of the 
nanopatterns into the substrate, which requires nanostructures with 
high aspect ratios or bottom-enlarged shapes. 

In this work, to address the aforementioned limitations and adopt the 
advantages of both methods, we propose a novel AAL-free, simple, 
versatile, and robust nanotransfer process that we named the 
imidization-induced nTP (InTP) method. The proposed method is based 
on a mechanical interlocking mechanism that occurs during the imid-
ization process. The metal pattern is initially transferred via conformal 
contact at the metal-polymer interface. Next, adhesion strengthening is 
realized via mechanical interlocking of the penetrated metal patterns. 
Rather than being enabled by complex morphologies, the penetration of 
the pattern takes place as a result of thermal reflow of the polymer 
during the imidization process. This method is useful not only for 
strengthening the adhesion to well-transferable metal patterns (e.g., Au 
or Ag) but also for enabling poorly transferable materials such as Ni to be 
transferred. 

2. Experimental section 

2.1. Fabrication of PUA replicated mold 

The Si master mold was fabricated using KrF optical lithography and 
reactive ion etching processing. The surface of the fabricated Si master 
mold was treated with trichloro(1H,1H,2H,2H-perfluoroctyl)silane 
(FOTS, Sigma-Aldrich, USA) at 80 ℃ for 25 min to improve its detach-
ability from the polymer (FOTS treatment). The replicated mold was 
fabricated by applying a coating of UV-curable polyurethane acrylate 
(PUA) resin (311-RM, Minuta Tech. Co., Ltd, Korea) on the Si master 
mold. This sample was further covered with a poly(ethylene tere-
phthalate) (PET) film with a thickness of 100 μm using a hand roller. The 
coated resin was cured by exposure to UV light for 90 s. After detach-
ment, the reverse side of the PUA replicated mold was also exposed to 
UV light. Subsequently, e-beam deposition (Daeki Hi-Tech, Co., Ltd, 
Korea) was used to deposit metal (at least 99.99% pure) on the poly-
merized PUA replicated mold. The deposition speed was controlled at 
2–3 Å/s. Details of the experimental conditions and the type and 
thickness of metals and metal layers can be found in Table S2. 

2.2. Transfer of nanopatterns 

Polyimide (PI) varnish (PI-1388, Vtec, USA) was spin-coated at a 
rotating speed of 2,000 rpm for 30 s and dried on a hot plate at a tem-
perature of 150 ℃ for 3 min. On the soft baked polyamic acid (PAA) 
film, the transfer was conducted with custom-built roll-to-plate nano-
transfer equipment (Figure S1a), in a temperature range of 140–180 ℃, 
at a contact force of 40–50 N, and at a rolling speed of 5 mm/s. The 
transfer was followed by an annealing process of which the details are 
summarized in Table S2 (partial imidization). After partial imidization, 
the PUA replicated mold was detached from the PAA substrate, and the 
PAA film was subjected to a full imidization process on a hot plate at 260 
℃ for 1 h. 

2.3. Fabrication of 3D nanostructures 

In the case of the asymmetric sidewall patterns, the metal sidewall 
was formed using oblique angle deposition on the replicated mold and 
was transferred. The oblique angle deposition was performed by tilting 
the deposition plane at an angle of 38◦ within an e-beam evaporator and 
depositing a layer of approximately 48.7 nm thick, with an expected 
deposit of 30 nm on the sidewall. This deposition was conducted without 

rotation of the deposition plane. After fabrication of the metal-coated 
replicated mold, the transfer was performed under the conditions 
shown in Table S2. In the case of suspended nanowire patterns, the PAA 
film was patterned beforehand, and the metal nanowire was transferred 
onto the patterned PAA substrate. First, the PI varnish was spin-coated 
onto the PUA mold at 1000 rpm for 30 s and dried for 3 min on a hot 
plate at a temperature of 150 ℃. This mold pattern was transferred onto 
the PAA substrate at a temperature of 170 ℃, after which the PUA mold 
was detached without undergoing further thermal annealing. The metal 
nanoline pattern was transferred onto the patterned PAA film at a 
temperature of 170 ℃ for 5 min. The detailed conditions of the transfer 
process can be found in Table S2. In the case of dual-layer nanoline 
patterns, two nanowire patterns were transferred onto the same PAA 
substrate sequentially. First, the lower line pattern was transferred, and 
next, the upper line pattern was transferred directly onto the lower line 
pattern with an orientation perpendicular to the lower line pattern. 
Detailed conditions of the transfer can be found in Table S2. 

2.4. Fabrication of the film heater 

Silver paste (P-100, CANS, Japan) was used to attached electrical 
wires to the side of the heater consisting of the transferred Au square 
mesh pattern with a pitch of 1000 nm and width of 200 nm. 

2.5. Details of the sample analysis process 

Details of the equipment used in this study are listed in Table S3. The 
sheet resistance was measured at the center region of the transferred 
sample and used as the representative value. In the case of the FTIR 
analysis, the baseline was corrected using the asymmetric least squares 
smoothing method provided by OriginLab. After the baseline correction, 
the variation between samples was normalized using the peak at 1500 
cm− 1 (benzene ring stretch), which is not affected by imidization [24]. 
The temperature of the fabricated heater was monitored by attaching a 
thermocouple to the center of the heater. Because the limit of mea-
surement of the IR camera is 280 ℃, it was impossible to obtain the 
precise temperature distribution of the film heater at a driving voltage of 
15 V. Thus, the reliability of the temperature of the IR image was veri-
fied by obtaining the reference temperature with the aid of a resistance 
temperature detector (RTD). The attached RTD lowered the temperature 
in the IR image. The difference between the RTD and IR images was 
measured to be less than 10 ℃. 

3. Results and discussion 

3.1. InTP: Principles and methods 

Interfacial adhesion can be achieved in various ways: the use of 
surface and field forces, such as van der Waals forces; material bridges, 
such as mechanical interlocking; shape effects, such as capillary forces; 
and suction forces [40]. Among them, we adopted van der Waals forces 
and mechanical interlocking to ensure that InTP is highly robust. 

The imidization of polyimide (PI) entails the use of three steps to 
form the film: coating with varnish, drying the solvent, and imidization. 
Once the solvent has dried, the film exists in the form of polyamic acid 
(PAA), which has thermoplastic properties. After the imidization pro-
cess, the film exists in the form of PI, which has thermoset properties. 
The imidization process induces the thermal reflow of the polymer film 
by high-temperature heating [41,42]. Herein, these features are adopted 
to transfer and reinforce the adhesion, as detailed in the following. 

First, the pattern is transferred via conformal contact between the 
pattern and substrate (Fig. 1a-i). Owing to the thermoplastic properties 
of the PAA substrate, it is possible to reshape the substrate surface when 
the temperature exceeds the Tg of PAA. This process enables the PAA 
substrate to engage in conformal contact with the pattern and thus en-
ables pattern transfer. Transfer experiments were carried out at various 
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temperatures to confirm this result. The Tg range of PAA was measured 
as 140–175 ℃ (Fig. 1b), and the pattern could not be transferred at 
temperatures below Tg (Fig. 1c-i). By contrast, the transfer results were 
similar as long as the temperature was above Tg. (Fig. 1c-iv). Once the 
process temperature exceeded 200 ℃, the mold film started to wrinkle 
and induced tearing and wrinkling of the substrate (Figure S1c). 

Next, heating above the imidization temperature causes the polymer 
to reflow during imidization, and this causes the pattern to penetrate the 
polymer. The penetration of the pattern was confirmed by analyzing the 
cross-sectional images after imidization. In Fig. 1c, d, the white dotted 
lines denote the substrate boundary. Compared with the position of the 
pattern, the penetration can be observed to have occurred at all three 
temperatures (Fig. 1d-ii, iii, iv). After imidization, both the transferred 
metal nanopatterns and substrate undergo thermal shrinkage upon 
cooling to 25 ℃. However, the shrinking ratio is larger in PI than in the 
metal because of the larger thermal expansion coefficient of PI (30–65 
ppm [43]) than that of metal (less than20 ppm). Thus, the greater degree 
of shrinkage in PI generates a mechanically interlocked state of the 
pattern. 

X-ray photoelectron spectroscopy (XPS) was used to investigate the 
reason for the reinforced adhesion (Figure S2). The 4f peak of Au, which 
is expected to change if direct chemical bonding occurs between Au and 
the substrate, was monitored [28]. However, the XPS data did not reveal 
any changes in this peak, and thus chemical bonding may not be the 
dominant reason for the adhesion between PAA and the metal pattern. 
This led us to conclude that reinforced adhesion may be attributed to 
mechanical interlocking. 

Based on these principles, the following steps were used in the InTP 
process. First, the replicated nanopattern mold is fabricated by 

imprinting on a silicon master mold, followed by electron beam depo-
sition (Figure S3a). Next, the mold is transferred onto the spin-coated 
and solvent dried PAA substrate, as the metal nanopattern side is 
matched with the PAA substrate (Figure S3b). The transfer process is 
conducted with custom-built roll transfer equipment (Figure S1a). 
Additional adhesion can be provided at the pattern-substrate interface 
before detachment of the replicated mold by using a partial imidization 
process (Figure S3c). After the replicated mold is detached from the 
substrate, full thermal imidization is performed (Figure S3d). Details of 
the fabrication process are provided in the Section 2. 

3.2. Characterization of InTP 

Next, the effect of imidization in the adhesion was compared by 
conducting a scratch test. Scratch testing was chosen as the test method 
because the tangential force that needs to delaminate the film (nano-
pattern, in this research) can be measured directly. 

Before imidization, the line pattern started to delaminate (Fig. 2a) 
with a tangential force (Ft) of 24.29 mN (Figure S4). In contrast, after 
imidization, it was impossible to measure the Ft at the delamination 
point precisely because the line pattern did not delaminate from the PI 
substrate (Fig. 2d-iii) before the detachment of the PI substrate from the 
silicon wafer (Ft = 500 mN, Figure S4). Thus, it was confirmed that the 
imidization process dramatically reinforces the adhesion of the pattern- 
substrate interface. The mechanical robustness of the transferred 
nanopatterns after the imidization process was also confirmed through a 
bending test with a curvature radius of 0.35 cm for 10,000 cycles 
(Figure S5). After the bending test, the change in resistance was 
measured to be 0.7%. The results of the scratch and bending tests 

Fig. 1. Principles of imidization-induced nanotransfer (InTP): a) Schematic of InTP. Initially, the pattern is (i) transferred via conformal contact, and (ii) reinforced 
via mechanical interlocking; b) Differential scanning calorimetry analysis of the fabricated PAA substrate for the confirmation of the glass transition temperature (Tg); 
Cross-sectional images of the transfer results at various temperatures c) before and d) after imidization. The white dotted lines in panels (c) and (d) denote the 
boundary of the substrate. 
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allowed us to conclude that imidization dramatically increased the 
adhesion, and that the strengthened adhesion remained stable. 

In addition, apart from a line pattern, other patterns, such as hex-
agonal and square mesh patterns, were transferred via InTP. Because the 
reliability is difficult to confirm by visual inspection only, it was verified 
by assessing the sheet resistance of the metal pattern. A linear rela-
tionship exists between the sheet resistance and the value of k, which is 
defined as follows (Details of the calculation process can be found in 
“Calculation of Sheet Resistance of Periodic Metal Patterns” in the 
Supplementary Material): 

Eq. (1). For the square mesh pattern: 

ρs∝
r2 − r + 1

r
≡ k (1) 

Eq. (2). For the hexagonal mesh pattern: 

ρs∝
4r’
̅̅̅̅̅̅̅̅̅̅̅̅̅̅
r’2 − 1

√ tan− 1

̅̅̅̅̅̅̅̅̅̅̅̅
r’ + 1
r’ − 1

√

− π +
1̅
̅̅
3

√ −
2
r’ ≡ k (2)  

where ρs is the sheet resistance, r = a/d, and r’ = a√3/d, where a is the 
pitch, and d is the mesh width (diameter of the dot). The experimental 
results for different mesh patterns satisfied the suggested linear rela-
tionship (Figure S6). This implies that the patterns are well transferred 
without significant defects. 

3.3. InTP for versatile materials 

Because of the low intrinsic ability of Au to adhere to the mold, 
successful transfer can be achieved by using a simple transfer process 
that adopts conformal contact. However, in the case of Ni, transfer is 
difficult owing to its strong adhesion to the mold. For comparison, dot 
array patterns of Au (Fig. 3a-i) and Ni (Fig. 3a-ii) were transferred under 
the same conditions, i.e., annealing at 170 ℃ for 1 min after roll transfer. 
To minimize the unintentional connection among metal patterns, a dot- 
shaped pattern was adopted for this experiment. The Au pattern was 
successfully transferred, but the Ni pattern was only partially transferred 
(Fig. 3a-ii, region enclosed by the red rectangle). The successful transfer 
of metals with strong adhesion to molds requires additional adhesion 
forces before the mold can be detached. As most of the polymers, 
including the replicated mold used in this study, melt at the imidization 
temperature of PI (260 ℃), adhesion reinforcement by using the normal 
imidization process is difficult to apply. Instead, partial imidization at a 
lower temperature (170 ℃) was adopted to transfer the Ni pattern [44]. 

First, partial imidization of the PAA substrate at 170 ℃ was 
confirmed with Fourier transform infrared (FTIR) spectroscopy 
(Fig. 3b). Five samples were prepared and analyzed: original PAA, PAA 
annealed for 1 min, 3 min, and 5 min, and fully imidized PI. The bands at 
1775 cm− 1 (C = O asymmetric stretching), 1375 cm− 1 (C-N stretching), 
and 723 cm− 1 (imide-five-ring deformation vibration) were shown to 
depend on the degree of imidization (ID) [45–47]. The FTIR results 
confirmed that these three peaks changed in accordance with the ID. For 
comparison, experiments were conducted by varying the annealing 

Fig. 2. Verification of the effect of imidization – Scratch test result (a) before and (b) after imidization. Imidization significantly improves the adhesion of the 
nanopattern (24.29 mN → >500 mN). 
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time: 1 min (Fig. 3a-ii), 3 min (Fig. 3a-iii), and 5 min (Fig. 3a-iv). The 
sample with an annealing time of 1 min was not transferred satisfacto-
rily, whereas the samples with annealing times of 3 min and 5 min were 
successfully transferred. In the case of the samples with a 3 min 
annealing time, certain dots failed to be transferred because of the 
insufficient adhesion force (Fig. 3a-iii, inset). In contrast, all the patterns 
of the samples processed with a 5 min annealing time were completely 
transferred owing to reinforced adhesion (Fig. 3a-iv, inset). The scratch 
test revealed the same tendency; a few spots of the dot patterns in the 

sample with the 3 min annealing time were extensively delaminated 
(Fig. 3c), whereas the sample with the 5 min annealing time underwent 
less delamination (Fig. 3d) for the same tangential force (Figure S7). 
Therefore, it can be concluded that the Ni pattern was more strongly 
adhered to the PAA substrate as a result of the longer annealing period. 
These experiments confirmed that pattern adhesion can be reinforced by 
partial imidization of the PAA substrate for appropriate time periods. In 
an attempt to confirm these results, a variety of metals (200 nm pitch, 
100 nm wide line pattern) were transferred using the same method. 

Fig. 3. a) Dependence of the transfer results on the metal and annealing time. Inset: Enlargement of the fabricated patterns (optical microscopy). An increase in the 
annealing time enables the metal nanopatterns to be transferred reliably; b) Comparison of the dependence of the imidization degree on the annealing time (FTIR 
spectroscopy). An increase in the annealing time increases the degree of imidization of the substrate; Scratch test result of c) 3 min and d) 5 min annealed Ni dot 
pattern without imidization. An increase in the annealing time increases the robustness of the pattern-substrate adhesion. 
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Diverse metals, such as Ni (Fig. 4a-i), Pd (Fig. 4a-ii), Ag (Fig. 4a-iii), and 
Cu (Fig. 4a-iv) were successfully transferred. 

3.4. Fabrication of various 3D structures 

Because the proposed InTP method allows robust adhesion, it is 
suitable for transferring patterns with a smaller contact area between 
the pattern and substrate than that between the pattern and the mold. 
The ratio (r) of the contact area between the pattern and mold to that 
between the pattern and substrate was defined for the analysis. First, an 
asymmetric sidewall pattern with r = 3.5 was fabricated (Fig. 5a) 
through slanted angle deposition on the mold with nanoline patterns. 
Despite the large r-value, it was possible to transfer the asymmetric 
sidewall pattern successfully owing to the strong adhesion resulting 
from the InTP process. Second, a suspended nanowire array pattern with 
r = 1.7 was fabricated (Fig. 5b). The PAA substrate was first patterned as 
a line pattern, after which the metal nanowire array was successfully 
transferred onto it. These kinds of structures can be used in chemical or 
biological sensing applications that require a high surface-to-volume 
ratio [48–51]. Lastly, a dual-layer line pattern was fabricated (Fig. 5c) 
by transferring two line patterns perpendicular to each other in 
sequence. Even though the r-value for the second line layer exceeded 2, 
the layer was successfully transferred on top of the first layer. Additional 
transmission electron microscopy (TEM) analysis was performed to 
observe the morphology (Fig. 5c-iii). The TEM image revealed that the 
nanogap between the upper and lower layers was less than 20 nm wide. 
This nanogap is expected to be useful for surface enhanced Raman 

spectroscopy applications [18,52–54]. 

3.5. Application to high-temperature heater film and asymmetric blind 
film 

3.5.1. High-temperature heater film 
Film heaters are widely used components in various applications, 

such as in wearable electronics and for window defogging [55–57]. 
These heaters are typically fabricated by applying a layer of silver 
nanowires (AgNWs) using spray coating because of the simple fabrica-
tion process and low sheet resistance of AgNWs. However, this method 
may be disadvantageous for use at temperatures in excess of 200 ℃ 
(melting temperature of the AgNWs [58–60]). Thus, alternative 
conductive nanomaterials, such as carbon nanotubes or graphene, have 
been introduced to achieve high-temperature heating. However, the 
high sheet resistance of these materials requires the application of high 
driving voltages to realize high-temperature heating. These problems (i. 
e., low maximum heating temperature and high driving voltage) can be 
resolved by transferring the nanopatterns of metals of which the melting 
temperatures are higher than that of Ag. Furthermore, uniformly aligned 
nanopatterns would be able to improve the temperature uniformity. 

In this work, we fabricated a heater composed of the Au mesh pattern 
with a thickness of 30 nm, as shown in Figure S5a. The heating test of the 
fabricated heater was performed with the experimental setup shown in 
Fig. 6a. The heating test was carried out with applied voltages of 3, 6, 9, 
12, and 15 V (Fig. 6b). Each cycle consisted of three minutes of heating 
(voltage applied) and three minutes of cooling (voltage relieved). Using 

Fig. 4. Result of transferring the metal nanopattern from the mold, in this case a line pattern with a width of 100 nm and pitch of 200 nm, which is composed of a) 
nickel, b) palladium, c) silver, and d) copper. 
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a low driving voltage of 15 V, the heater film was capable of high- 
temperature heating to temperatures exceeding 300 ℃ without failure 
or degradation during repeated heating–cooling cycles. Moreover, 
infrared (IR) imaging (Fig. 6c) proved the temperature uniformity dur-
ing heating periods with driving voltages of 3, 9, and 15 V. Our heater 
film achieved a higher temperature (300 ℃) than previously developed 
film heaters (Table S1). Furthermore, it has a highly reliable (Fig. 6b) 
and uniform (Fig. 6c) heating capability. These advantages could 
possibly be attributed to the fact that Au has a higher melting temper-
ature than Ag. In addition, the high robustness of the InTP process en-
ables the uniform metal nanopatterns on the replicated mold to be 
successfully transferred onto the polymer substrates without significant 
defects. This ensures that the heater has uniform heating behavior and 
that unintended energy focusing regions, which are mainly caused by 
defects, are mostly eliminated. 

3.5.2. Asymmetric blind film 
The InTP method can be used to easily transfer not only planar 

nanopatterns but also 3D nanostructures onto the substrate. We fabri-
cated asymmetric wall-shaped 3D nanostructures (Fig. 5a) and used 
them as an asymmetric blind film. Because of the asymmetry, the optical 
transmittance of the film depends on the incident angle of the light. 
Based on the focused ion beam (FIB) image, the maximum transmittance 
was calculated to occur in the incident angle range 0–30◦. In addition, 
the film was not transparent to light below an incident angle of − 38◦

(Fig. 6d). This tendency was confirmed with UV–visible spectroscopy 
(UV–Vis). Compared with the higher transmittance at incident angles of 
0◦ and 30◦, the transmittance at an incident angle of − 40◦ was 
dramatically reduced (Fig. 6e). At the wavelength of 620 nm, the 
transmittance decreased by approximately 5 times compared with its 
initial value by changing the incident angle from 30◦ to − 40◦. For 
comparison purposes, demo images were obtained at various incident 

Fig. 5. Result of 3D structuring: a) Fabricated asymmetric sidewall pattern; b) Fabricated suspended nanowire pattern; c) Fabricated dual-layer line pattern with the 
iii) TEM image. For the side view image, the milling line, indicated in the top view, was cut using FIB, and the pattern was observed using SEM. 
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angles (Fig. 6f). The experimental setup used to capture these images is 
shown in Figure S8. At an incident angle of − 40◦, the word “NANO” is 
not displayed owing to the blockage of light. By contrast, this word is 
clearly visible at incident angles of 0◦ and 30◦ owing to the much higher 
optical transmittance. This different optical transmittance can be 
attributed to the high aspect ratio of the 3D asymmetric nanostructures 
that were fabricated using the InTP process. 

4. Conclusions 

In this research, nanopatterns with various morphologies (linear, 

hexagonal mesh, square mesh, and dots) and consisting of various ma-
terials (Au, Pd, Ag, Cu, and Ni) were successfully transferred onto a PI 
substrate using the proposed InTP method. The superior adhesion pro-
vided by mechanical interlocking by using the InTP process allowed for 
the robust transfer of various nanopatterns and 3D nanostructures, such 
as an asymmetric sidewall, suspended nanowire, and dual-layer line 
patterns. The versatility and uniformity of InTP enabled a film heater 
with high-temperature stability and low bias voltage (>300 ℃, 15 V) 
operation to be fabricated. In addition, the robust and 3D nano-
structurable features of the InTP allowed for the fabrication of an 
asymmetric blind film. The nanotransfer process using the proposed 

Fig. 6. Experimental results for the applications: a) Image of the fabricated heater with heating area of 4 cm × 4 cm; b) Result of the voltage loading / unloading 
experiment. At 15 V, the temperature of the heater achieved over 300 ℃; c) IR image of the heater with an applied voltage of i) 3 V, ii) 9 V, and iii) 15 V; d) Cross- 
sectional view of the asymmetric wall pattern (i) and its wide view (ii). The result showed that the transmittance is maximized and minimized at incident angles of 
30◦ and − 38◦, respectively; e) Dependence of the measured transmittance on the incident angle; f) Demo image of the selective blind at incident angles of i) − 40◦, ii) 
0◦, and iii) 30◦. 
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InTP method offers substantial advantages, such as versatility, unifor-
mity, and reliability. Considering that few nanotransfer-based printing 
methods capable of reinforced adhesion without using any AAL have 
been reported to date, we foresee this method to be widely used for the 
fabrication of various nanopatterns in nanoelectronics, nanosensors, and 
flexible electronics applications in future. 
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