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SUMMARY:
This study presents a residue-free fabrication methodology for producing single flakes of two-dimensional materials and assembling them into complex heterostructures using only van der Waals interactions. The technique eliminates the need for external substances and specific experimental conditions, enabling complex heterostructure assemblies through bottom-up, top-down, and modular stacking processes.

ABSTRACT:
In this work, a unique methodology is presented that utilizes van der Waals (vdW) interactions to fabricate residue-free single flakes of two-dimensional (2D) materials, which are subsequently assembled into intricate heterostructures. The approach focuses on ensuring that the flakes are free from any residue that could affect their properties and performance. Evidence from atomic force microscopy and Raman spectroscopy confirms that the transferred hexagonal boron nitride (h-BN) and molybdenum disulfide (MoS2) flakes exhibit excellent flatness and strain-free characteristics, which are crucial for various applications in electronics and optoelectronics. Furthermore, the pick-up and release processes of a target flake are demonstrated using a residue-free stamp, controlled by the type of applied force at the interface, whether normal or shear. By carefully directing the movement of the residue-free stamp, successful assembly of h-BN/MoS2/h-BN heterostructures is achieved through both bottom-up and top-down stacking processes. Moreover, pre-assembled heterostructures were modularly stacked to create a more complex heterostructure, showcasing the versatility of the proposed methodology. This work not only enables to achieve residue-free single flakes of 2D materials, but also paves the way for improved fabrication techniques in vdW heterostructures.

INTRODUCTION:
The rapid development of two-dimensional (2D) materials has significantly transformed numerous research fields, creating unprecedented opportunities for advanced devices. The remarkable properties of these materials, including exceptional electrical conductivity, mechanical strength, and thermal stability, render them ideal candidates for applications in electronic and optoelectronic devices, thermal management solutions, energy storage systems, and sensors1–8. Additionally, the ability to construct van der Waals (vdW) heterostructures enhances their functionality, allowing for precise engineering of band structures and interlayer interactions9–13. This capability can lead to new or improved material properties tailored to specific applications.

[bookmark: _Hlk197948628]However, the handling and manipulation of 2D materials pose considerable challenges, particularly in preserving their exceptional quality during processing. Residue contamination from conventional fabrication techniques can significantly undermine the integrity of the materials, adversely affecting their performance and reliability in devices14,15. The use of polymers in the fabrication of 2D materials often leaves unwanted residues16,17. To address this issue, several researchers have explored advanced fabrication techniques and clean transfer processes to enhance the production of high-purity 2D materials. Wang et al. introduced an innovative assembly technique that leverages vdW adhesion to achieve clean interfaces in graphene/boron nitride heterostructures18. Building on this concept, Wen et al. recently employed a vdW-assisted dry-transfer technique using h-BN as an intermediate layer, which allowed the clean detachment of single flakes by laterally peeling off the vdW layer19. In a notable prior technique, Pizzocchero et al. developed the "hot pick-up" technique for batch assembly of heterostructures, demonstrating rapid and high-yield production of blister-free interfaces by stacking at elevated temperatures20. Additionally, Wang et al. proposed a polymer-free approach using flexible silicon nitride membranes, which allows for clean assembly under ultra-high vacuum and high temperatures21. While previous studies have developed excellent methods, the ability to obtain residue-free single flakes and implement an easy processing method remains essential. Therefore, developing effective methods for residue-free processing is crucial for maximizing the potential of 2D materials in practical applications.

[bookmark: _Hlk197987854]In the previous work by Lee et al., a novel fabrication method was developed that leverages the inherent vdW interactions between 2D materials to obtain single flakes and assemble heterostructures without using polymer support layers22. Comprehensive characterization, including atomic force microscopy (AFM), high-resolution transmission electron microscopy (HR-TEM), X-ray photoelectron spectroscopy (XPS), and electrical measurements, confirmed the residue-free nature of both the transferred flakes and the resulting heterostructures. Building upon this residue-free transfer platform, the current work provides a detailed and protocol-oriented guide that covers the entire process from experimental setup to the expanded assembly technique of complex heterostructures. Specifically, the setup of a dry transfer system, strategies for stamp preparation, and optimized procedures for obtaining clean and thin flakes of h-BN and MoS2 are detailed. These materials are extensively used due to their strong vdW adhesion and advantageous electronic properties13,23–25. Additionally, systematic techniques for sequential pick-up and residue-free release are described, along with diverse heterostructure assembly techniques such as top-down, bottom-up, and modular stacking processes.

The article is organized as follows: step 1 and step 2 detail the design of the dry transfer system and the fabrication of two types of stamps, which include a pre-exfoliation stamp and a tape stamp. Step 3 outlines the process for producing residue-free flakes using these stamps. Step 4 and step 5 describe the procedures for vertical stacking via residue-free stamp, enabling the construction of complex heterostructures. Finally, step 6 presents an AFM-tip squeezing technique to selectively remove interfacial blisters, thereby enhancing interfacial quality after assembly. Overall, these protocols aim to provide a versatile and reproducible methodology for fabricating clean and high-quality 2D heterostructures.

PROTOCOL:
The details of the consumables and equipment used in this study are listed in the Table of Materials.

1. Instrumentation for the residue-free fabrication

NOTE: The residue-free fabrication of 2D materials is performed under ambient conditions using a customized dry transfer setup. The setup comprises three main components: a customized optical microscope, an XY-axis sample stage, and an XYZ-axis stamp manipulator (Figure 1A). These components are installed on an anti-vibration table to minimize external disturbance during operation. The setup is manually controlled.

1.1. Optical microscope: Equip the customized commercial optical microscope with long working distance objective lenses (5×, 10×, 20×, 50×, and 100×) and a digital camera to achieve appropriate magnification and sufficient processing space. Connect the camera to the computer, confirming compatibility with the data collection software.

1.2. XY-axis sample stage: Assemble two linear translation stages to facilitate precise adjustments of the sample stage in both the X and Y directions. Additionally, install a flat sample holder to properly accommodate the sample above the stage (Figure 1B).

1.3. XYZ-axis stamp manipulator: Assemble three linear translation stages with a right-angle mounting plate to construct an XYZ-axis manipulator with precise adjustments. Then, employ an additional right-angle mounting plate and a magnetic plate to securely fix a stamp with a magnet (Figure 1C).

NOTE: The manipulator must be installed close enough to the sample stage to provide adequate access for the stamp. Additionally, the translation stage is capable of moving more than 2 cm in the Z-axis direction.

2. Stamp preparation

NOTE: The size of the tape piece used to create the stamps does not significantly affect the process. Additionally, it is recommended to remove the covering film immediately before using the stamp to provide secure adhesion.

2.1. Prepare a double-sided tape stamp (pre-exfoliation stamp).

2.1.1. Cut a piece of double-sided Kapton tape into a 4 mm × 5 mm sized rectangular shape (Figure 2A).

[bookmark: _Hlk192207281]2.1.2. Affix the piece of double-sided tape to the middle edge of a glass slide, and then remove the covering film (Figure 2B).

2.2. Prepare a single-sided tape stamp (tape stamp). 

2.2.1. Cut a piece of single-sided tape into a rhombus shape, with each side 5–6 mm in length (Figure 2C).

2.2.2. Make it identical to the double-sided tape stamp described in step 2.1.

2.2.3. Affix the piece of single-sided tape with the adhesive side facing up, making certain that the narrow vertex extends 1 mm beyond the edge of the glass slide, on the double-sided tape (Figure 2D).

NOTE: Since the single-sided tape extends beyond the edge of the glass slide, a tape with high stiffness was selected to minimize bending during the use of the stamp.

2.2.4. Remove the covering film to expose the adhesive surface of the single-sided tape.

3. Fabrication of residue-free region and single flake

3.1. Perform the pre-exfoliation process on a bulk crystal.

3.1.1. Prepare a piece of bulk crystal using a cotton swab and a razor blade.

3.1.2. Attach the crystal to the adhesive surface of the pre-exfoliation stamp (Figure 3A). Then, place another pre-exfoliation stamp on top of the crystal to create a sandwich configuration.

NOTE: When using pre-exfoliation stamps, it is important to ensure that the entire surface of the bulk crystal adheres uniformly to the stamp, which is crucial for obtaining a large and flat surface after the exfoliation process.

3.1.3. Gently exfoliate and repeat this process 3 to 5 times until a clean and uniform sub-micron-thick crystal is obtained (Figure 3B).

NOTE: The number of iterations required in the exfoliation process should be repeated until a sufficiently uniform and thin pre-exfoliated crystal is achieved. This process determines the thickness and quality of the residue-free region that will be obtained subsequently.

3.2. Prepare a clean silicon dioxide/silicon (SiO2/Si) substrate.

NOTE: To minimize the potential for external residue, the condition of the cleaned substrate was examined using a 100x optical microscope before use. For the visual identification of thin 2D materials, a 300-nm-thick SiO2 is recommended.

3.2.1. Cut the thermally grown 300-nm-thick SiO2/Si wafer into pieces of 1 cm × 1 cm using a wafer cutter.

3.2.2. Immerse the substrates in high-purity electronic-grade acetone and sonicate for 2 min using an ultrasonic cleaner.

NOTE: Acetone sonication cleaning is performed inside a fume hood.

3.2.3. Rinse the substrates with ultrapure deionized water.

3.2.4. Dry the substrates using a nitrogen blow, followed by placing them on a hot plate set above 100 °C for at least 5 min to prevent solvent tracing residue.

3.2.5. Perform oxygen plasma treatment with an oxygen gas flow rate of 100 sccm, a base pressure of 1 × 10-2 Torr, and a power of 100 W. Stabilize the gas flow for 60 s, apply plasma for 10 s, then purge for 20 s and vent for another 20 s.

3.3. Acquire the residue-free region (Video 1).

NOTE: Video 1 shows the acquisition of a residue-free region from pre-exfoliated h-BN. Figure 2E presents the example image of the instrument to aid in understanding the process. The reason why the tape piece is attached to the middle edge of the glass slide is to minimize interference between the sample stage and the stamp manipulator (distance ≈ 1 cm).

3.3.1. Place the pre-exfoliated crystal on the sample stage.

NOTE: All samples loaded onto the sample holder are affixed with a double-sided tape.

3.3.2. Secure the tape stamp with a tilt angle of at least 5° onto the magnetic plate of the stamp manipulator using a magnet. The tilt of the stamp is achieved by using the glass slide stack as support at the rear side of the stamp (Figure 2E).

NOTE: This tilt is used consistently in all processes using the tape stamp.

3.3.3. Align the tape stamp above the pre-exfoliated crystal by adjusting the sample stage.

3.3.4. Attach the tape stamp to the top surface of the crystal by adjusting the stamp manipulator in the -Z direction (Figure 3C).

3.3.5. Gently exfoliate the thin residue-free region by adjusting the stamp manipulator in the +Z direction (Figure 3D).

NOTE: When exfoliating the residue-free region, simultaneously moving the sample stage in the +X direction results in more stable processing performance by reducing the tension applied to the exfoliating material, which facilitates the attainment of a larger residue-free region. Additionally, only areas not in contact with the tape are considered residue-free regions.

3.4. Achieve residue-free single flakes and a residue-free stamp (Video 2 and Video 3).

NOTE: Video 2 and Video 3 demonstrate the process of obtaining residue-free single flakes of h-BN and MoS2, respectively.

3.4.1. Position a cleaned substrate on the sample stage.

3.4.2. Adhere the residue-free region firmly to the substrate by adjusting the stamp manipulator in the -Z direction (Figure 3E).

3.4.3. Exfoliate the single flake by adjusting the stamp manipulator in the +Z direction (Figure 3F).

NOTE: The flake is exfoliated through vdW interactions with the substrate. Similar to the process of obtaining the residue-free region described in step 3.3.5, it is beneficial to simultaneously move the sample stage in the +X direction to facilitate the delamination of the residue-free flake. A residue-free region can be utilized to obtain single flakes repeatedly. Additionally, the remaining residue-free region serves as the residue-free stamp used for the manipulation of the flakes.

4. Principles of target flake manipulation: pick-up and release processes

4.1. Pick up the target flake using the residue-free stamp.

4.1.1. Align the residue-free stamp with the target flake by adjusting the stamp manipulator.

4.1.2. Contact a partial area of the target flake with the residue-free stamp by moving the stamp manipulator in the –Z direction (Figure 4A).

4.1.3. Lift the target flake with the residue-free stamp by carefully adjusting the stamp in the +Z direction (Figure 4B).

NOTE: The vdW adhesion energy between the 2D materials is greater than that between the SiO2 and the 2D materials, enabling the pick-up process.

4.2. Release the target flake onto a substrate.

4.2.1. Place a cleaned substrate on the sample stage. 

4.2.2. Align the picked-up flake to the target position by adjusting the stamp manipulator.

4.2.3. Firmly contact the entire area of the target flake with the substrate by adjusting the stamp manipulator in the –Z direction (Figure 4C).

NOTE: Ensure that sufficient contact is made with the residue-free region of the stamp, while the tape area remains untouched to prevent the formation of unnecessary residue.

4.2.4. Lay the target flake from the residue-free stamp by adjusting the stamp manipulator in the +X direction (Figure 4D).

NOTE: The release process employs movement in the –X direction to apply shear force at the vdW interface between the 2D materials, resulting in superlubricity. Additionally, simultaneously moving the sample stage in the –X direction facilitates a smoother execution of the release process.

5. Fabrication of residue-free vdW heterostructure assemblies through bottom-up stacking process

NOTE: All pick-up and release processes are carried out as described in Section 4 using the MoS2 residue-free stamp. Synthetic MoS2 crystals (flux zone growth) and h-BN crystals (high-pressure anvil cell growth) are used.

5.1. Perform step 3 to obtain the required single flakes of MoS2 and h-BN, as well as the residue-free stamp.

NOTE: All single flakes are intentionally positioned closely on the substrate for visualization in Video 4.

5.2. Assemble the h-BN/MoS2/h-BN heterostructure through a bottom-up stacking process, referred to as Hetero A (Video 4).

5.2.1. Pick up the MoS2 flake with the MoS2 residue-free stamp.

NOTE: The vdW adhesion energy between 2D materials is greater than that between SiO2 and the 2D materials, allowing for the successful combination of the target flake and residue-free stamp with any pairing of h-BN and MoS2.

5.2.2. Release it onto the h-BN flake, thus assembling the MoS2/h-BN structure.

NOTE: If a portion of the top layer is in contact with the SiO2 substrate during assembly, a more stable release can be achieved. Conversely, if the top layer cannot make contact with the substrate, superlubricity can also occur between the top and bottom layers. In this context, it is essential to minimize the overlapping area between the residue-free stamp and the target flake during the pick-up process to ensure effective release.

5.2.3. Pick up another h-BN flake and release it on the MoS2/h-BN structure (Figure 5).

5.3. Assemble the h-BN/MoS2/h-BN heterostructure through a top-down stacking process, referred to as Hetero B (Video 5).

5.3.1. Pick up the h-BN flake using the MoS2 residue-free stamp.

5.3.2. Use the picked-up h-BN flake to cover the MoS2 flake, and then pick up the MoS2 flake with the already picked-up h-BN flake, forming a h-BN/MoS2 structure.

5.3.3. Release the combined structure onto another h-BN flake (Figure 6).

NOTE: To facilitate the subsequent modular stacking process, one layer of the heterostructure was intentionally designed to have a sufficiently large area for the pick-up process.

5.4. Assemble Hetero A and Hetero B as a six-layered heterostructure through a modular stacking process (Video 6).

5.4.1. Pick up the entire Hetero B using the residue-free stamp.

5.4.2. Release the Hetero B onto the Hetero A.

NOTE: Combining two heterostructures leads to disassembly due to contact with each other. Therefore, it is recommended to perform the release process in a single attempt. Additionally, moving the sample stage further in the -X direction enhances the performance of the modular stacking process.

6. AFM-tip squeezing technique

NOTE: This technique is an optional process aimed at improving assembly and serves as a post-processing method for the removal of blisters or contamination formed at the heterointerface.

6.1. Equip a silicon tip with a high spring constant.

NOTE: Non-contact tip is well-suited for the squeezing process.

6.2. Load the sample onto the stage for AFM.
	
6.3. Set an appropriate applied force at a scan rate of 1 Hz and a Z servo gain of 1. It is recommended to gradually increase the force, beginning with a low value (for instance, between 5 nN and 2000 nN).

[bookmark: _Hlk198037750]6.4. Gradually increase the applied force from 30 nN to 1000 nN during the squeezing process. Adjust the scanning range to cover the entire heterointerface, extending to the edges of each flake, to ensure complete removal of blisters.

NOTE: The optimal force for the squeezing process varies based on the thickness of the sample and the condition of the interface.

REPRESENTATIVE RESULTS:
[bookmark: _Hlk198058253]The protocol described herein fabricates residue-free single flakes and complex heterostructure assemblies by utilizing exclusively vdW interactions. In the previous study, comprehensive characterizations of the surface morphology, chemical composition, and electrical properties of residue-free MoS2 flakes were conducted22. As shown in Figure 7, HR-TEM was employed to examine the surface structure at the atomic level. The HR-TEM image and selected area electron diffraction (SAED) pattern confirm the symmetrical hexagonal structure of MoS2. Additionally, energy-dispersive X-ray spectroscopy (EDS) provided elemental mapping and compositional analysis, showing negligible presence of carbon and oxygen atoms, which indicates minimal polymer residue and oxidation.  Furthermore, XPS was used to investigate the chemical states of the elements. The peak positions of Mo 3d and S 2p spectra are consistent with those of previous reports26. The minor MoOx peaks observed exhibit similar low intensity as in the unprocessed bulk crystal, suggesting that oxidation during the process is negligible. Electrical measurements of fabricated field-effect transistors confirmed the high electronic quality of the flakes, with a maximum FET mobility of 60 cm2 V-1 s-1 and an on/off ratio of ~108. The results collectively demonstrated the absence of residues on the transferred flakes, indicating that the transfer process preserves the purity of the MoS2 flakes without introducing contaminants or oxidation. Additionally, this method involves transferring without a supporting layer, which raises concerns regarding flatness and strain; therefore, evaluations were conducted using AFM and Raman spectroscopy. Figure 8 presents optical images of residue-free h-BN and MoS2 flakes, accompanied by their corresponding AFM topography images and Raman spectra. The AFM results confirm that the thicknesses of the h-BN and MoS2 flakes are 18.34 nm and 5.28 nm, respectively. Additionally, the root-mean-square roughness (Rq) values of 0.143 nm and 0.153 nm indicate excellent flatness, with minimal blisters occasionally observed27–30. Furthermore, the peak positions of the E2g and E12g modes are ~1365 cm-1 and ~383 cm-1, respectively, suggesting a strain-free transfer process31,32.

The movement direction of the residue-free stamp governs the manipulation techniques, i.e., pick-up and release mechanisms, as illustrated in Figure 4. By utilizing the distinct manipulation techniques, vdW h-BN/MoS2/h-BN heterostructures were successfully assembled through both bottom-up (Hetero A) and top-down (Hetero B) stacking processes, as shown in Figure 9A,B. The two stacking strategies can be implemented either by employing a layer-by-layer stacking process or continuously performing pick-up through the movement of the residue-free stamp. The optical images clearly depict the overlapping areas. To enhance manipulative capabilities, the two heterostructures were modularly stacked, as shown in Figure 9C.

[bookmark: _Hlk198039232][bookmark: _Hlk198039973][bookmark: _Hlk198040948]The assembly of vdW heterostructures may frequently result in the creation of blisters, which arise from the entrapment of contaminants such as air, water, and hydrocarbons33–35. These blisters can impede the formation of heterojunctions, leading to a degradation of device performance36. In the process, since the assembly was carried out solely using 2D materials, all formed blisters are presumed to be gas-filled. To facilitate a comprehensive analysis of the blisters generated during heterostructure formation, an additional h-BN/MoS2 heterostructure was fabricated with a large overlapping area. Figure 10 shows an optical image of the fabricated heterostructure, along with AFM topographic images and a statistical analysis illustrating blister counts across different blister sizes. The x-axis for blister size has a step size of 0.2 mm2. Observations of the as-assembled heterostructure reveal a random distribution of blisters concentrated at the heterointerface. When large-area clean assembly is required, the AFM tip-squeezing technique can be applied37,38. Gradually increasing the applied force from 30 nN to 1000 nN reveals a progressive change in blister morphology. After applying the force at 30 nN, small blisters coalesced into large pockets exceeding 0.8 μm2 in area. As the force increased from 60 nN to 500 nN, both the size and total number of these pockets gradually decreased. Upon reaching 1000 nN, the residual pockets were reduced to an area of less than 0.4 μm2, and their count decreased to fewer than 10, indicating a significantly improved heterointerface with minimal blister formation.

FIGURE AND VIDEO LEGENDS:

Figure 1: Instrumentation for residue-free fabrication of 2D materials. (A) Overview of the complete setup, featuring a customized commercial optical microscope, an XY-axis sample stage, and an XYZ-axis stamp manipulator, all designed for precise positioning and transfer of 2D materials. (B) The XY-axis sample stage consists of two linear translation stages and the sample holder. (C) The XYZ-axis stamp manipulator comprises three linear translation stages with right-angle mounting plates and a magnetic plate.

Figure 2: Steps for pre-exfoliation and tape stamp preparation. (A) A piece of rectangular-shaped Kapton double-sided tape. (B) Attachment of the double-sided tape to a glass slide, followed by removal of the covering film. This stamp is used as a pre-exfoliation stamp. (C) A piece of rhombus-shaped, stiff, single-sided tape. (D) Attachment of the single-sided tape to the double-sided tape stamp as shown in (B), where the narrow vertex extends slightly beyond the edge of the glass slide, forming the tape stamp. (E) An example image of the process for obtaining a residue-free region using a tape stamp and a pre-exfoliated stamp. Inset: variation of residue-free region yields with tilt angle.

Figure 3: Residue-free fabrication procedures utilizing the pre-exfoliation and tape stamps. (A) Attachment of a bulk crystal to the adhesive surface of the pre-exfoliation stamp. (B) Pre-exfoliation of the bulk crystal to achieve a clean and uniform sub-micron-thick crystal for 3–5 times. (C) Attachment of the tape stamp to the top surface of the pre-exfoliated crystal, ensuring stable contact by maintaining an approximate tilt of 5°. (D) Exfoliation of the residue-free region. (E) Firm attachment of the residue-free region to the substrate. (F) Achievement of a single residue-free flake.

Figure 4: Principles of pick-up and release processes using a residue-free stamp. (A) Attachment of the residue-free stamp to a partial area of the target flake. (B) The pick-up process of the target flake via vdW interaction is applied in the normal direction (+Z direction). (C) Attachment of the picked-up target flake to the substrate. (D) Release process of the target flake by applying a shear force at the vdW interface in the horizontal direction (+X direction for the residue-free stamp; -X direction for the sample stage).

Figure 5: Bottom-up stacking process for assembling h-BN/MoS2/h-BN heterostructure. The assembly method involves a layer-by-layer stacking process on the substrate, using both vertical and horizontal movements of the residue-free stamp.

Figure 6: Top-down stacking process for assembling h-BN/MoS2/h-BN heterostructure. The method shows the assembly of the heterostructure utilizing both vertical and horizontal movements within the residue-free stamp.

Figure 7: Characterizations of residue-free MoS2. (A) Surface morphological analysis using HR-TEM and EDS. (B) Chemical composition analysis using XPS. (C) Electrical characterization results. Devices were fabricated as shown in the optical image, with four MoS2 field-effect transistors (FETs) measured for output and transfer characteristics. The figure is reproduced from Lee et al.22.

Figure 8: Residue-free single flakes and comprehensive characterization using AFM and Raman spectroscopy. (A,D) Optical images of the transferred h-BN and MoS2 flakes on a SiO2/Si substrate. (B,E) AFM topographic images (dashed black boxes in (A) and (D)) with height profiles and Rq values (blue boxes), highlighting the cleanness and thickness of the flakes. (C,F) Raman spectra of h-BN and MoS2, showing the characteristic peak positions of E2g, E12g, and A1g modes. The red lines represent the Lorentzian fitting.

Figure 9: Optical images of the assembled h-BN/MoS2/h-BN heterostructures. (A) Bottom-up stacking process (Hetero A). (B) Top-down stacking process (Hetero B). (C) Modular stacking process. The six-layered heterostructure results from the combination of Hetero A and Hetero B. The sequence of the stacked layers is displayed on the right.

[bookmark: _Hlk198040531]Figure 10: Assembly of the h-BN/MoS2 heterostructure. (A) Optical image of the heterostructure assembly. (B) AFM-tip squeezing technique used to remove gas-filled blisters at the heterointerface, as indicated by the red box in (A). The applied force is gradually increased from 30 nN to 1000 nN, with AFM topographic images and statistical analysis of blister counts across different blister sizes. The x-axis for blister size has a step size of 0.2 mm2.

Figure 11: Single residue-free MoS2 flakes. (A) Optical images of MoS2 single flakes (labeled S1–S9), with thicknesses ranging from bi-layer to 504.06 nm. Scale bars are 10 mm for S1–4, 6, and 7, and 200 mm for S5, 8, and 9. (B) Effective area of the flakes as a function of their thickness. The effective area was measured using ImageJ, based on the thinnest region of each flake. The area tends to increase as the thickness increases. The figure is reproduced from Lee et al.22.

Video 1: Acquisition of residue-free region using a tape stamp from the pre-exfoliated h-BN.

Video 2: Achievement of single residue-free h-BN flake on a SiO2 substrate.

Video 3: Achievement of a single residue-free MoS2 flake on a SiO2 substrate.

Video 4: Bottom-up stacking process for the h-BN/MoS2/h-BN vdW heterostructure (Hetero A).

Video 5: Top-down stacking process for h-BN/MoS2/h-BN vdW heterostructure (Hetero B).

Video 6: Modular stacking process for assembling a six-layered heterostructure by combining Hetero A and B.

DISCUSSION:
[bookmark: _Hlk191927195]Leveraging vdW interactions and controlling the direction of applied forces at the vdW interface enables the assembly of structures ranging from residue-free single flakes to heterostructures. In contrast to other approaches, this method eliminates the need for complex infrastructure, stringent fabrication processes, and experimental variables such as exposure to polymers, solvents, or temperature variations23,24. Beyond the fabrication of residue-free single flakes, vdW heterostructures can be assembled through top-down, bottom-up, and modular stacking processes.

[bookmark: _Hlk191931767][bookmark: _Hlk197784680][bookmark: _Hlk198055710][bookmark: _Hlk198055411][bookmark: _Hlk197995135]The tilting (~5°) of the stamp is crucial when obtaining flakes or performing manipulations with the tape stamp. This tilt facilitates precise control over the contact area between the 2D materials and the residue-free stamp, ensuring stable and reliable adjustment. To provide a more precise criterion for the tilt angle, a series of experiments were conducted by varying the tilt angle from 0° to 11.3°, with each step repeated 20 times according to step 3.3.5. The yield of residue-free regions exceeded 75% only when the tilt angle was at least 5°, while lower angles resulted in a significant decrease in yield (the inset of Figure 2E). Notably, at 0°, the process was entirely unfeasible. Therefore, a minimum tilt angle of 5° is recommended to ensure consistent and reproducible results. Following the pre-exfoliation process, the next step involves creating a residue-free region by using the characteristics of 2D materials, specifically their strong in-plane covalent bonding and weak interlayer vdW interactions (Figure 3D). This residue-free region facilitates the production of thin and residue-free single flakes through weak vdW interactions with the SiO2 substrate, which surpasses the interlayer vdW energy in the residue-free region (Figure 3F). Additionally, the residue-free region serves as a stamp for manipulation techniques, such as pick-up and release processes (Figure 4). However, controlling the thickness and size of the obtained flakes remains challenging, often requiring multiple repetitive processes until the desired geometry is achieved, with visual feedback obtained through optical microscopy. The reproduced data illustrate the accessible area of residue-free MoS2 (Figure 11)22. Additionally, the thinnest residue-free flake (S1) is a bi-layer MoS2, while the formation of a monolayer flake remains a challenge experimentally.

[bookmark: _Hlk198062928]To effectively control the direction of forces applied at the vdW interface during the pick-up and release processes, the area of the residue-free stamp must be sufficiently large. If the area is too small, normal and shear forces may not be applied as intended, making the release process difficult. Moreover, this process is only feasible for 2D materials capable of achieving superlubricity, such as graphene, h-BN, MoS2, and WS239–42. In the case of MoS2, its vulnerability to oxidation hinders the realization of superlubricity, which requires an atomically clean surface. Such degradation not only suppresses superlubric behavior but also reduces interfacial vdW energy, making the pick-up and release processes unfeasible25,43. Therefore, to preserve surface integrity and ensure reproducible performance, it is recommended to either conduct the fabrication processes in vacuum environments or minimize exposure to ambient conditions by completing the procedures within a short time frame. In fact, the results presented here were achieved by completing the entire process within a few minutes, demonstrating the effectiveness of this approach.

In the assembly of heterostructures, when the flake to be stacked makes contact with the SiO2 substrate, the resulting high friction facilitates a smooth release process. However, if the flake must be positioned exclusively on the 2D material, superlubricity can occur between the flake and the 2D material on the substrate, complicating the release process. Therefore, the release process can be addressed by minimizing the overlapping area between the residue-free stamp and the flake from the onset of the pick-up process; however, achieving precise positioning remains a challenge.

The thickness of the residue-free stamp is also critical; it is most advantageous when it is comparable to that of the target flake. If the residue-free region of the stamp is excessively thin relative to the target flake, pick-up becomes challenging due to the stamp bending easily, complicating control. In contrast, a thick residue-free region can prevent direct observation of the contact state with the material, resulting in unstable manipulations.

Regarding the blisters that occur at the heterointerface, the AFM-tip squeezing technique confirmed the improvement of the interfaces. Alternatively, conducting the process at high temperature and in a high vacuum environment also enhances the quality of a heterointerface21. However, while residue-free fabrication of 2D materials can be effectively achieved using vdW interactions, a tape stamp may still impose certain limitations.
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