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ABSTRACT. The growing demand for nanophotonic devices has driven the advancement of 

nanotransfer printing (nTP) technology. Currently, the scope of nTP is limited to certain 

materials and substrates owing to the temperature, pressure, and chemical bonding requirements. 

In this study, we developed a universal nTP technique utilizing covalent bonding-based 
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adhesives to improve the adhesion between the target material and substrate. Additionally, the 

technique employed plasma-based selective etching to weaken the adhesion between the mold 

and target material, thereby enabling the reliable modulation of the relative adhesion forces, 

regardless of the material or substrate. The technique was evaluated by printing four optical 

materials on nine substrates, including rigid, flexible, and stretchable substrates. Finally, its 

applicability was demonstrated by fabricating a ring hologram, a flexible plasmonic color filter, 

and extraordinary optical transmission-based strain sensors. The high accuracy and reliability of 

the proposed nTP method were verified by the performance of nanophotonic devices that closely 

matched numerical simulation results.  

 

Introduction  

Research pertaining to precisely designed nanophotonic devices on various substrates has 

recently received considerable attention driven by the growing demand for diverse mechanical 

and optical properties in optical elements, such as those used in augmented reality (AR) and 

virtual reality (VR) systems1, sensors2, lenses3, and flexible and stretchable displays4. In this 

regard, nanotransfer printing (nTP) has been extensively studied in industry and academia as a 

fabrication technique because of its ability to repeatedly produce large-area nanostructures with 

high efficiency5–8. The basic mechanism of nTP relies on the adhesion force between the mold 

and material (F1) being weaker than the adhesion force between the material and substrate (F2)9. 

The relative adhesion force is defined as F2 - F1, and material transfer to the substrate is possible 

under the condition: F2 - F1 > 0. Currently, nTP methods focus on either reducing F1 or 

increasing F2 to generate a high relative adhesion force. However, these methods remain limited 
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in terms of the range of compatible materials and substrates, as well as process reliability. 

Particularly, thermomechanically-assisted nTP, which relies on generating a stronger F2 through 

mechanical interlocking, has gained recognition for its simplicity and diversity of compatible 

materials10. However, it is exclusively applicable to limited thermoplastic polymer substrates. In 

contrast, sacrificial layer-assisted nTP, which relies on reducing the F1 to approximately zero 

through removal of the mold, is a more commonly used strategy owing to its wide-range 

compatibility. However, the surface tension of the liquid etchants can lead to detrimental effects 

on the fabrication yield because the F2, based purely on van der Waals forces, is weak11. 

Additionally, when the substrate is unable to absorb the liquid etchant containing the dissolved 

sacrificial polymer, the polymer residue may remain on the transferred material12. Chemical-

assisted nTP is also a viable option, which involves the use of a self-assembled monolayer (SAM) 

as an adhesive between the target material and substrate to increase the F2. However, some SAM 

adhesives are only compatible with certain materials (e.g., thiol–Au interaction13). The more 

universal chemical adhesives (e.g., the interaction between silicon atoms of the adhesive layer 

and oxygen atoms of deposited materials14) have a relatively weak F2 compared with that of 

thermomechanically-assisted nTP. This complicates the use of SAM in nTP when the F1 is high14. 

In addition, the adhesion force generated via the aforementioned methods depends on the target 

transfer material, the equipment used, and the condition of the adhesive. For example, for the 

thiol–Au interaction, the adhesion force cannot be controlled. Therefore, monolithic transfer 

methods, which do not offer control over the relative adhesion forces, are difficult to use for 

general transfer processes. These limitations require users to adopt different transfer methods 

depending on the specific materials, substrates, and equipment used in each application. 

Furthermore, they prevent the direct use of highly sought-after stretchable substrates for 
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nanophotonic devices owing to the complex nanotransfer conditions that are required. Therefore, 

developing an nTP method with a wide range of material and substrate compatibility and a 

reliable process remains a significant challenge.  

To overcome these limitations, this study presents the development of a universal and reliable 

nTP technique that can be used with a wide range of optical materials and substrates. The 

technique employs covalent bonding-based adhesives to strengthen the F2, whereas plasma-based 

selective etching weakens the F1. The adhesion force, F1, can be modulated by adjusting the 

plasma etching time. The developed nTP method can be conducted without plasma etching for 

combinations of materials and substrates that exhibit a high relative adhesion force. Additionally, 

this method can be applied with plasma etching for combinations of materials and substrates that 

have an intrinsically low relative adhesion force. The universality of the developed nTP method 

was demonstrated through the successful printing of four optical materials on nine different 

substrates, including rigid, flexible, and stretchable substrates. Finally, its applicability was 

demonstrated through the creation of a ring hologram with Al on an Al2O3 wafer, a flexible 

plasmonic color filter (PCF) with Ag on a polyethylene terephthalate (PET) substrate, and an 

extraordinary optical transmission (EOT)-based strain sensor with TiO2 on a 

polydimethylsiloxane (PDMS) substrate. This study helps expand the limited literature available 

on universal nTP techniques for nanophotonic devices, which represents the contribution of the 

technique developed in this study, as summarized in Table S1. Furthermore, we have pioneered 

the rational design and implementation of an EOT-based soft strain sensor using a stretchable 

substrate.  

 

Overall nTP concept 
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Figure 1 shows the overall concept of the developed nTP technique and its application to 

nanophotonic devices. In this study, we demonstrated nTP of four optical materials (i.e., Ag, 

Au/SiO2/Au, Al, and TiO2) on nine different substrates (i.e., three rigid substrates: Si, SiO2, and 

Al2O3 wafers; three flexible substrates: poly(methyl methacrylate) (PMMA), PET, colorless 

polyimide (CPI); and stretchable substrates: PDMS, Dragon SkinTM, thermoplastic 

polyurethane (TPU)), as shown in Figure 1a. This demonstrates the material and substrate 

diversity of the developed nTP method, addressing a limitation of the conventional nTP 

techniques. Two mechanisms are selectively used to realize transfer printing with versatile 

substrates and diverse materials depending on the intrinsic relative adhesion force. As depicted in 

Figure 1b-i, for materials with low intrinsic adhesion with a poly(urethane acrylate) (PUA) mold 

(i.e., Ag and Au/SiO2/Au in this study), the developed method utilizes covalent bonding-assisted 

conventional nTP, which we previously developed14,15. This is because forming covalent 

bonding between substrates and materials is sufficient to induce a high relative adhesion force. In 

this process, an ultrathin (sub-10-nm) layer of an organic ligand, N-[3-

(trimethoxysilyl)propyl]ethylenediamine, is used to promote adhesion and enable strong covalent 

bonding. However, for materials with high intrinsic adhesion to the PUA mold (i.e., Al and TiO2 

in this study), the plasma etching process is additionally used before applying covalent bonding-

assisted nTP, as shown in Figure 1b-ii.  

O2 plasma treatment activates the hydroxyl groups on the surface of the target material to 

facilitate stronger covalent bonding with the substrates and selectively etches the nanopatterned 

PUA mold. The etching of the PUA mold reduces the area of the mold contacting the target 

material, thereby weakening the adhesion. Therefore, the relative adhesion force can be 

controlled by varying the amount of plasma etching. This demonstrates that the developed nTP 
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technique has the potential to be applied to arbitrary materials and substrates in different 

environments by appropriately designing plasma etching depending on the selected material and 

substrate.  

Various nanophotonic devices were fabricated to demonstrate the applicability of the 

developed nTP, as shown in Figure 1c. As examples of essential optical elements in display 

technologies, we designed and fabricated a reflection ring hologram with TiO2 on an Al2O3 

wafer and a flexible PCF with Ag on a PET substrate with trichromatic colors of red, green, and 

blue. In addition, an EOT-based soft strain sensor with TiO2 on a PDMS substrate was proposed. 

In the strain sensor, the distance between the circular pattern array was altered under applied 

strain, resulting in a change in the transmittance peak. The applied strain can be calculated by 

measuring the change in the transmittance peak of the sensor, as explained in detail in the 

following sections.  
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Figure 1: Concept of universal nTP and its applications to nanophotonic devices a. Overall 

scheme of universal nTP with various target materials and substrates. b. Mechanism of b-i, 

covalent bonding-assisted conventional transfer printing, and b-ii, additional plasma-assisted 
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transfer printing. c. Nanophotonic devices fabricated by the developed nTP: reflection ring 

hologram, flexible PCF, and EOT-based soft strain sensor. 

 

Results of nTP with diverse optical materials on diverse substrates 

Figure 2 shows the effects of the plasma etching process on the nTP and the results of the 

developed nTP technique. As shown in Figures 2a and S1, materials exhibiting a high intrinsic 

adhesion force with the PUA mold (i.e., materials with a low relative adhesion force, TiO2 in this 

study) are not transferred using only the conventional adhesive based on covalent bonding. A 

detailed explanation of the covalent bonding-assisted nTP is described in our previous study14,15. 

O2 plasma selective etching was applied to reduce the contact area between the PUA mold and 

TiO2, thereby reducing the adhesion force between them. When the diameter of the circular 

pattern of the PUA is reduced from 230 nm to 65 nm by plasma etching, TiO2 is successfully 

transferred onto the PDMS substrate. Notably, when the PUA mold is over-etched, the unwanted 

region that deposited TiO2 on the trench of the nanopattern is also transferred, indicating the 

possibility of an optimal condition depending on the materials and substrates, as shown in 

Figures S2 and S3. By adjusting the plasma conditions, four optical materials can be transferred 

onto nine different substrates, as shown in Figure 2b. Additional experiments showing 

applicability with other materials are described in Figure S4. Using the proposed method, most 

of the materials compatible with the e-beam evaporation process can be fabricated on the donor 

mold and transferred onto the target substrate regardlesss of their intrinsic adhesion force. Also, 

the surface roughness of the target material did not change even after O2 plasma treatment, as 

shown in Figure S5, and the transferred materials maintain their original shapes and material 

properties after the nTP process, as shown in Figure 2c. In addition, polymer residue is not 
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observed on the transferred material, as shown in Figure S6. In these experiments, various 

nanopatterns with small sizes of up to 50 nm (shown in Figure S7), including lines and crosses, 

circles, and random rectangular patterns, were used to demonstrate the diversity of shape and 

size of the mold. Although the intrinsic relative adhesion force can be affected by various factors 

such as materials, substrates, molds, and the fabrication environment, the optimal plasma 

condition, which is adjustable, is determined solely by the width of the nanopattern and the types 

of materials used in this study. These parameters are sufficient for transferring the 

abovementioned materials on the target substrates. The detailed experimental conditions are 

described in Table S2. 
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Figure 2: Results of nTP with diverse optical materials on diverse substrates a. Top- and side-

view scanning electron microscopy (SEM) images depicting the nTP results of TiO2 from PUA 

mold to PDMS substrate with and without plasma assistance. b. Top-view SEM images and 

photographs showing the results of nTP with four optical materials on nine different substrates. 

This experiment used various nanopatterns, including line and crosses, circles, and random 

rectangular patterns. c. EDS mapping images of four optical materials transferred on various 

substrates.  

 

Applications as nanophotonic devices fabricated by the developed nTP technique: 

hologram and flexible PCF 

To demonstrate the broad applicability of nTP, two representative nanophotonic devices were 

fabricated and characterized: (1) a hologram and (2) a flexible PCF. Figure 3a shows the 

fabricated reflection Al-ring hologram on a rigid Al2O3 wafer substrate. First, to achieve a ring 

hologram using the developed nTP technique, a Si master mold is fabricated with nanopatterns 

designed using a polygon-based computer-generated hologram (CGH) synthesis algorithm, as 

shown in Figure S8a16. Subsequently, Al, which shows excellent plasmonic characteristics15, is 

deposited on the PUA mold replicated from the Si master using a UV-curable resin. It is 

successfully transferred on a cm-scale on the Al2O3 wafer, as shown in Figures 3a and 3b. When 

incident light with different trichromatic colors (i.e., red, green, and blue) is applied, a hologram 

composed of five rings with the corresponding colors is generated, as shown in Figure 3c. The 

experimental setup is shown in Figure S4. By integrating three light sources, every color can be 

realized. In addition, in the design process, the hologram is designed to rotate depending on the 

angle of the incident light. A rotating hologram under different angles of incident light 



 12 

demonstrates the possibility of realizing arbitrary nanopatterns on target substrates with a large 

area and high accuracy using the developed nTP, as shown in Figure 3d and Video S1.  

Second, a Si master is designed to demonstrate the flexible PCF using a finite-difference time-

domain (FDTD) simulation, as shown in Figure S8b. The Ag circular pattern array is thereafter 

transferred onto the PET substrate using the same process as that used for fabricating the 

hologram, as shown in Figure 3e. The working principle of the PCF is based on the EOT 

phenomenon, and the color depends on the pattern size and pitch of the pattern. Therefore, four 

nanopatterns are designed and fabricated to realize the trichromatic colors of light as well as 

purple, as shown in Figure 3f. The fabricated flexible PCF on the PET substrate reveals sharp 

optical transmittance peaks (corresponding to red, green, blue, and purple) at the corresponding 

wavelengths, which are in good agreement with the simulation results obtained in the design 

process, as shown in Figure 3g. The detailed design and simulation parameters are shown in 

Figure S10 and Table S3.  
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Figure 3: Nanophotonic devices fabricated through the developed nTP technique: hologram and 

flexible PCF a. Photographic and b. top-view SEM images of the fabricated reflection Al-ring 

hologram on an Al2O3 wafer substrate. c. Ring holograms with different colored light sources: 

green, red, and blue. d. Blue ring holograms under the light source with different incident angles 

ranging from −15° to 15° with an interval of 5°. e. Photograph and f. top-view SEM images of 

the fabricated flexible Ag PCF on a PET substrate. The four PCF regions represent different 

colors, including the trichromatic light colors. g. Experimental and FDTD simulation results of 

the fabricated and designed flexible PCF. 

 

Application as nanophotonic device fabricated by the developed nTP technique: strain 

sensor 
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We demonstrated an EOT-based soft strain sensor to validate that the developed universal nTP 

technique can be used to create nanophotonic devices beyond display technology. The growing 

demand for soft strain sensors in various fields, such as structural health and human motion 

monitoring17, has led to the development of a wide range of strain sensors, including resistive-18, 

capacitive-19, and optical-20 type strain sensors. Among them, optical-type strain sensors, based 

on the optical transmittance change in a functional film under an applied strain, have attracted 

considerable attention because of their fast and linear response and low hysteresis21. However, 

existing sensors have a critical disadvantage. A reference detector and additional calibration are 

required because the sensing signal varies depending on the change in the external light intensity, 

rendering the systems bulky and complicated17. We propose an EOT-based soft strain sensor to 

overcome this limitation. The effect of external light intensity can be eliminated by measuring 

the change in the peak wavelength of the transmittance graph caused by the EOT phenomenon. 

The EOT-based TiO2 strain sensor is designed to exhibit a sharp transmittance peak, maintaining 

the original peak wavelength in response to the change in external light. The corresponding Si 

master mold is fabricated as shown in Figure S3c.  

In this study, PDMS substrate was used because of its stretchability and high optical 

transmittance, and TiO2 was chosen because of its low optical loss, high refractive index (n), and 

low extinction coefficient (k), enabling the realization of a sharp transmittance peak22. When 

strain is applied to the strain sensor composed of a TiO2 circular pattern array on PDMS, the 

distance between each pattern increases. Therefore, the corresponding peak wavelength changes 

owing to the EOT phenomenon. Notably, because of the difference in Young’s modulus between 

TiO2 and PDMS, most of the applied surface strain is concentrated in the PDMS region (i.e., the 

region between the TiO2 patterns)12. This not only allows for the maximum optical peak change 
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resulting from the change in the gap between the TiO2 patterns but also enables the TiO2 patterns 

to maintain their original shape without cracking during the stretching and releasing of the sensor. 

Figure 4a shows the EOT-based TiO2 strain sensor loaded on the linear stage with the PDMS 

substrate. Whereas the overall transmittance changes when measuring the optical transmittance 

of the sensor at wavelengths ranging from 500 to 600 nm under different light intensities (i.e., 

26.51, 17.22, and 9.78 W/m2), the shape and tendency of the peak change under different applied 

strains are similar, as shown in Figure 4b. The peak wavelength gradually increases as the 

applied strain increases from 0 to 12.5% at intervals of 1.25%, as shown in Figure 4c. The 

tendency of the peak change depending on the applied strain in the experiment with different 

light intensities is in good agreement with the FDTD simulation results, as shown in Figures 4d 

and S11. The detailed simulation conditions are described in Table S4. Particularly, the strain 

sensor exhibits a highly linear response with an R2 value of 0.997 and a sensitivity of 1.96 nm/% 

under a light intensity of 26.51 W/m2. The peak wavelengths for the experimental results under 

the light intensity of 17.22 and 9.78 W/m2 are only recorded until 10% and 7.5% strain, 

respectively, as shown in Figure 4d. This result is attributed to the difficulty encountered in 

accurately measuring the peak wavelength under low-power light using our spectrometer. 

However, the overall shape of the transmittance graph remains unchanged compared with that 

under high-power light, as shown in Figure S12. Subsequently, a cyclic test was conducted to 

verify the mechanical robustness of the developed strain sensor. The applied strain is mostly 

concentrated on the exposed PDMS region. The TiO2 pattern maintains its original shape and 

peak wavelength even after repeated 1,000 cyclic tests with an external strain of 10%, as shown 

in Figures 4e and 4f.  
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Figure 4: Nanophotonic device fabricated by the developed nTP technique: strain sensor a. 

Photograph of the EOT-based TiO2 strain sensor with the PDMS substrate loaded on a linear 

stage. b. Transmittance graph of the strain sensor under the light power of b-i. 26.51, b-ii. 17.22, 

and b-iii. 9.78 W/m2 depending on the applied external strain, showing the effects of light 

intensity on the sensing performance. c. Enlarged transmittance graph depending on the applied 

external strain under the light power of 26.5 W/m2. d. Experimental and FDTD simulation 

results show the transmittance peak wavelength depending on the light intensity and applied 
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external strain. e. Top-view SEM images of the strain sensor, and f. enlarged transmittance graph 

before and after the repeated 1,000 cyclic tests with an external strain of 10%.  

Conclusion 

We proposed a universal and reliable nTP method that could be used with a variety of optical 

materials and substrates. In addition to the conventional covalent bonding-based nTP, plasma 

etching of the PUA mold facilitated the modulation of the relative adhesion force, enabling nTP 

regardless of the materials and substrates. To demonstrate the universality of our method, we 

printed four optical materials (i.e., Ag, Au/SiO2/Au, Al, and TiO2) on nine different substrates 

(i.e., three rigid substrates: Si wafer, SiO2 wafer, and Al2O3 wafer; three flexible substrates: 

PMMA, PET, and CPI; and stretchable substrates: PDMS, Dragon SkinTM, and TPU). Finally, 

the applicability was verified by designing and demonstrating a ring hologram with TiO2 on an 

Al2O3 wafer, a flexible PCF with Ag on a PET substrate, and an EOT-based strain sensor with 

TiO2 on a PDMS substrate. In all applications, the performance of the fabricated nanophotonic 

devices matched well with the FDTD simulation results, showing the high accuracy and 

reliability of the developed nTP method even in large-area device fabrication. Overall, we could 

realize large-area devices of up to a few centimeters for commercialization, whereas the devices 

fabricated via e-beam lithography are on a scale of a few millimeters23. In addition, the high 

material diversity enabled nTP on elastomeric substrate, thereby yielding the first demonstration 

of an EOT-based soft strain sensor designed by FDTD simulation.  

However, certain challenges need to be addressed to advance nTP. In the case of various 

nanopatterns of different sizes and shapes on a single mold, the optimal plasma conditions can 

vary depending on the individual patterns, even on the same mold. Because the O2 plasma 

treatment simultaneously etches all the nanopatterns, the materials deposited on a single mold 
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composed of various nanopatterns with different sizes and shapes (e.g., a combination of 

micropatterns and nanopatterns) may not be uniformly transferred. The hologram nanopattern, 

composed of various rectangular shapes with different sizes, was successfully transferred onto 

the substrates after plasma etching. We expect that a range of transferrable conditions (i.e., the 

transferrable range for the amount of plasma etching) exists depending on the sizes and shapes of 

the nanopatterns. Therefore, nTP will be possible within the overlapping range between the 

transferrable conditions of each pattern, even if the pattern size is different. Subsequent research 

should analyze and confirm the aforementioned hypothesis to further develop a universal nTP 

method. 

Despite this limitation, we believe that the proposed nTP technique could help resolve the 

bottleneck related to material and substrate diversity24, as well as the reliability of previous nTP 

methods. Moreover, it will pave the way to extend the applicability of nTP and facilitate 

commercialization through the fabrication of nanophotonic devices, such as flexible and 

stretchable AR and VR systems, sensors, lenses, and displays. 

  

Methods 

Fabrication of the nanopatterned PUA mold: A Si master mold was prepared using krypton 

fluoride lithography. RM-311 polyurethane resin (Minuta Technology Co., Ltd., Korea) was 

poured into the prepared Si master and covered with a UV-transparent PET film for polymer 

mold replication. Proper pressure was applied to the resin using a hand roller to facilitate the 

complete penetration of the resin into the nanopatterns of the master mold. Subsequently, the 

resin was cured under UV light and separated from the master mold. The detailed fabrication of 

the polymer mold from the Si master has been described in our previous work25,26. 
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Procedure of the developed nTP method with and without plasma assistance: Target optical 

materials (Ag, Au/SiO2/Au, Al, and TiO2) were deposited on the nanopatterned PUA mold using 

an e-beam evaporator (Daeki Hi-Tech Co., Ltd., Korea). Thereafter, O2 plasma treatment under 

the optimal conditions (Table S2) was applied to the PUA mold with the target material. The 

plasma power was set at 100 W, and the treatment was used to selectively etch and activate the 

target material surface on the PUA mold. The adhesion promoter, N-[3-

(trimethoxysilyl)propyl]ethylenediamine, was spin-coated onto the target substrate at 5000 rpm 

for 1 min. The substrate was heated on a hot plate at 150 ℃ for 1 min to evaporate the solvent 

and activate the dangling bonds of the adhesion promoter. The plasma-assisted PUA mold with 

the target material was placed on the target substrate and pressed using a hand roller on a hot 

plate to facilitate conformal contact. After 4 min at 150 ℃, the mold was detached from the 

substrate, and the target material was transferred onto the target substrate.  

Surface characterization of the transferred nanopatterns: The surface characteristics were 

evaluated using field-emission SEM combined with energy-dispersive X-ray spectroscopy (EDS) 

(Sirion, FEI, the Netherlands) and focused ion-beam SEM (Helios Nanolab, FEI, the 

Netherlands). 

Fabrication and characterization of the hologram, color filter, and strain sensor: An Al-ring 

hologram on an Al2O3 wafer substrate was designed using a polygon-based CGH synthesis 

algorithm, as described in our previous work16. To graphically measure the rotating ring 

holograms with three different colors (red, green, and blue), a customized optical setup and 

commercial flashlights were used, as shown in Figure S9. Flexible Ag PCF and EOT-based TiO2 

strain sensors were designed using FDTD simulation (FDTD Solutions, Lumerical Inc., Canada). 

In both applications, the wavelength dependence of optical transmittance was measured using 



 20 

optical spectroscopy. In addition, a customized linear stage was used to apply 1-axis strain to the 

strain sensor. To eliminate the influence of Poisson’s effect, the end sites in the direction 

perpendicular to the applied strain were fixed during the experiments, which prevented 

deformation in that direction. All three nanophotonic devices were fabricated using the 

aforementioned nTP process. 
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