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Pick‑up and assembling 
of chemically sensitive van der 
Waals heterostructures using dry 
cryogenic exfoliation
Vilas Patil , Sanat Ghosh , Amit Basu , Kuldeep , Achintya Dutta , Khushabu Agrawal , 
Neha Bhatia , Amit Shah , Digambar A. Jangade , Ruta Kulkarni , A. Thamizhavel  & 
Mandar M. Deshmukh *

Assembling atomic layers of van der Waals materials (vdW) combines the physics of two materials, 
offering opportunities for novel functional devices. Realization of this has been possible because of 
advancements in nanofabrication processes which often involve chemical processing of the materials 
under study; this can be detrimental to device performance. To address this issue, we have developed 
a modified micro‑manipulator setup for cryogenic exfoliation, pick up, and transfer of vdW materials 
to assemble heterostructures. We use the glass transition of a polymer PDMS to cleave a flake into 
two, followed by its pick‑up and drop to form pristine twisted junctions. To demonstrate the potential 
of the technique, we fabricated twisted heterostructure of  Bi2Sr2CaCu2O8+x (BSCCO), a van der Waals 
high‑temperature cuprate superconductor. We also employed this method to re‑exfoliate  NbSe2 and 
make twisted heterostructure. Transport measurements of the fabricated devices indicate the high 
quality of the artificial twisted interface. In addition, we extend this cryogenic exfoliation method for 
other vdW materials, offering an effective way of assembling heterostructures and twisted junctions 
with pristine interfaces.

Keywords van der Waals heterostructures, High-temperature superconductors, 2D materials, PDMS, 
Cryogenic exfoliation

Two-dimensional (2D) vdW materials have great potential, providing opportunities for scientific and 
technological  innovation1–3. Various van der Waals-heterostructures (vdWH) have been fabricated by 
stacking different 2D materials like graphene, hexagonal boron nitride (h-BN), and other 2D transition metal 
dichalcogenides (TMDCs) for the study of fundamental  electronic4,5 and optical  properties6,7. vdWH provide a 
unique avenue to bring materials with completely different, sometimes even with competing properties, together 
in a single artificial material system. The device fabrication with 2D materials mainly includes two approaches. 
In bottom-up approach, growth of thin films of different materials are carried out using techniques like chemical 
vapour  deposition8 and epitaxial  growth9. The top-down approach, on the other hand, consists of growing bulk 
single crystals followed by mechanical  exfoliation10 or anodic bonding  exfoliation11,12, among other methods to 
thin it down to atomic thicknesses.

Fabrication of heterostructures using mechanically exfoliated flake uses various transfer methods such as wet 
 transfer13, dry released  transfer14 and  polycarbonate15 (PC)/polypropylene carbonate (PPC)16 based stamping 
process. Most processes use the dry transfer and PC/PPC-based stamping methods as these techniques are 
flexible and efficient for fabricating various types of heterostructures. Usually, the dry transfer method uses a 
polymer polydimethylsiloxane (PDMS)14. In this method, 2D materials are exfoliated on this polymer sheet and 
then transferred onto other substrates. Although this dry transfer method does not use any organic solvent/
chemical it is known to leave residues on the transferred material surface. The stamping method uses PPC and 
PC polymeric thin films to pick up and drop 2D materials and make heterostructure of different 2D materials. 
An organic solvent is required at the final step of device fabrication for dissolving PPC and PC polymer thin 
 films15–17. Although the heterostructures are typically encapsulated between hBN and do not come in direct 
contact with the organic solvent, there are possibilities of the solvents seeping through the heterostructure; 
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this can be detrimental for various chemically sensitive materials. Among many, one such material is the high-
temperature cuprate superconductor BSCCO. As an example, we now describe the fabrication of twisted devices 
of BSCCO using the cryogenic dry exfoliation technique. We also study the efficacy of this technique for other 
2D materials, including  CrCl3,  NbSe2,  WSe2,  MoS2 and  GeBi2Te4.

There is an increasing interest in studying the unusual superconducting properties of a few atom-thick van 
der Waals superconductors. Among the layered superconductors, BSCCO has garnered significant attention 
 recently11,12,18. Studying the superconducting properties of 2D BSCCO yielded inconsistent electrical  response19 
due to the degradation in properties of few-atom thin BSCCO in an ambient atmosphere. The degradation of 
superconductivity results in out-diffusion of oxygen atoms from the lattice above 200  K20,21. However, covering 
the material with graphene/h-BN has been shown to slow the process of  degradation18,20,22. Also, the chemically 
unstable nature of BSCCO quickly leads to surface deterioration by the adsorption of water  molecules22–24. As 
a result, the fabrication of heterostructures involving BSCCO using the standard PPC/PC and PDMS stamp 
methods has limitations in controlling these conditions, and the fabrication of twisted BSCCO devices has proven 
to be  challenging20. Here we employ cryogenic dry exfoliation in a controlled environment to overcome these 
difficulties. This method ensures high-quality superconducting devices by avoiding any chemical processing. Our 
technique provides a unique opportunity to address and solve fabrication-related problems with BSCCO. The 
cryogenic pick-up and transfer method we have developed is motivated by the work of Zhao et al.25 and improves 
upon it. We realize more control of the meniscus by using the hemispherical PDMS  stamps26 and exploit the 
glass transition of PDMS at -120 °C to exfoliate the crystal rather than using external mechanical force. Avoiding 
external force for cleavage reduces the chances of cracking and microscopic damage to the flakes. Devices have 
been fabricated by re-exfoliating a bulk BSCCO flake into two pieces and stacking them using a PDMS stamp; 
this ensures alignment of the crystal axis and a well-defined twist angle (with an accuracy of ± 0.5°). The time 
for device fabrication has also been optimized for better junction properties. We demonstrate that the devices 
fabricated by this method exhibit high quality, as suggested by the superconducting transition temperature and 
critical current density of the junction. Further, the developed method can be utilized for other 2D chemically 
sensitive materials.

Cryogenic setup details
The low-temperature exfoliation was carried out inside a glove box in an argon (Ar) atmosphere with  O2 and 
 H2O levels < 0.1 ppm. We accomplished better repeatability of devices using Argon compared to our initial 
attempts using nitrogen in the glove box. The low-temperature stage inside the glove box used for cryogenic 
exfoliation is custom-made and is depicted in Fig. 1a. An existing 2D flake transfer setup has been modified for 
cryogenic exfoliation, as presented in Fig. 1b,c. The cold stage, utilized for exfoliation at low temperatures, is a 
stainless-steel hollow cylinder with a top copper surface measuring 2.5 cm in diameter and 2.5 cm in height. Two 
Polytetrafluoroethylene (PTFE) tubes are connected to the stage to circulate liquid nitrogen  (N2), which cools 
the substrate. One end of the PTFE tube is connected to the liquid  N2 container, while the other is connected 
to a vacuum pump via a valve to control the flow of the cryogen to the stage. Controlling the impedance of the 

Figure 1.  (a) Schematic of the cryogenic exfoliation setup. (b) Photograph of the low temperature stage. (c) 
Photograph of the cryogenic exfoliation setup inside the glove box. The schematic is made in Blender software.
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valve controls the flow of cryogen. The temperature sensor mounted on the cold stage monitors the sample 
temperature. Additionally, the cold stage is attached to a micromanipulator to enable sample movement in X, 
Y, and Z directions. During cryogenic exfoliation, we keep the substrate with mechanically exfoliated BSCCO 
flake on the stage and start a vacuum pump for circulating liquid  N2 through the PTFE tube for cooling down 
the stage. More details of the low-temperature exfoliation procedure are described next.

Device fabrication methods
The cryogenic exfoliation technique enables the re-exfoliation of a thicker BSCCO flake, which was previously 
mechanically exfoliated on a  SiO2/Si chip using scotch tape. The re-exfoliated flake is then immediately transferred 
over the remaining flake on the substrate to form the twisted junction, as shown in Fig. 2, while maintaining 
the cryogenic temperature in the controlled environment. This low-temperature exfoliation method effectively 
prevents the degradation of the interfacial and superconducting properties of BSCCO crystals.

We use a hemispherical PDMS  stamp26 as this shape accurately controls meniscus flow for preferential flake 
pick-up and transfer during 2D heterostructure fabrication. First, we cut the commercially available Gel-pak 
PDMS (PF-60x60-0065-X4) into cylindrical pieces with a diameter of ~2 mm. We then put a small drop of 
homemade viscous PDMS onto the cylindrical pieces to achieve the hemispherical shape and cure it at 150 °C 
for 15 min. The homemade PDMS is prepared using a silicone elastomer base and curing agent Sylgard 184 
(Sigma Aldrich) with a 10:1 ratio. For the exfoliation of BSCCO crystal, we used a  SiO2/Si substrate, which was 
cleaned by  O2 plasma for 90 s and heated at 150 °C overnight inside the glove box. First, we mechanically exfoliate 
BSCCO (Bi-2212) crystal with scotch tape and transfer the exfoliated BSCCO flake onto the pre-cleaned  SiO2/
Si substrate. Then we put the substrate on the cryogenic stage and search for thick (~ 50–80 nm) and uniform 

Figure 2.  Low-temperature fabrication process for twisted BSCCO devices. Step 1: Exfoliate the BSCCO flake 
on the  SiO2/Si substrate and identify it under a microscope. Step 2: Attach the hemispherical PDMS stamp 
at − 25 °C to the exfoliated flake. Step 3: Cool down the stage to − 120 °C where the PDMS stamp enters into 
the glass transition stage, causing the re-exfoliation of BSCCO flake. Step 4: Quickly rotate the PDMS stamp 
to the desired angle and attach it to the flake of the substrate. Step 5: Warm up the stage to 10 °C and remove 
the PDMS stamp to realize a BSCCO junction on the  SiO2/Si substrate. Step 6: Align the SiN mask with the 
fabricated stack and deposit the electrodes through it via evaporation. In steps 1, 4, 5, and 6, bidirectional 
arrows show the schematic and optical images of the corresponding steps. The schematics are made in Microsoft 
powerpoint software.
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BSCCO flakes through the optical microscope. Once we identify the desired flake, we cool down the cryogenic 
setup to − 25 °C using liquid nitrogen. We then attach the hemispherical PDMS stamp to the BSCCO flake and 
wait for the temperature to reach ~ − 120 °C. At this temperature, the PDMS goes through a glass transition. 
Because of the transition, the PDMS meniscus hardens and cleaves off a part of the BSCCO flake. The cleaved 
flake gets attached to the PDMS stamp. Then we quickly rotate the PDMS stamp at an angle of choice and 
re-attach the PDMS stamp on top of the bottom flake, as shown in Fig. 2. We aim to minimize the time within a 
minute between the re-exfoliation and stacking process for BSCCO. We stop the cooling and wait for the stage 
temperature to rise above  10 °C and slowly remove the hemispherical PDMS stamp. At this temperature, the 
adhesion of the BSCCO flake with PDMS becomes low, resulting in the detachment of the flake from PDMS. 
Finally, we align a SiN mask with the fabricated stack and deposit gold (Au) metal electrodes using e-beam 
evaporation. Thus, our entire fabrication process does not involve any chemical processing of the device and 
does not require mechanical strain. After completing device fabrication, we immediately load the device in a 
high vacuum (2.5 ×  10–6 mbar) cryostat for measurement.

Electrical characterization of fabricated twisted BSCCO devices
To check the quality of fabricated devices, we perform electrical transport measurements using a four-probe 
configuration in a Lakeshore cryogenic probe station (Lakeshore CRX-6.5 K) for a nominally zero-degree 
twisted BSCCO device shown in Figs. 3a and 4a. The four-probe resistance as a function of temperature is 
shown in Fig. 3b. The blue and pink curves are the response from the twisted junction and pristine BSCCO, 
respectively. Both curves exhibit superconducting transition temperatures close to each other. The measured 
critical temperature Tc is 86 K, consistent with the reported values for the Bi-2212 phase of the BSCCO  crystal21. 
Additionally, a single Tc of junction suggests that the low-temperature re-exfoliated BSCCO flake contains a 
single phase, and the interface is clean. We tested several  devices27 and found that their Tc was similar. Figure 3c 
shows the current–voltage characteristics (IVCs) across the junction at 70 K. There are multiple discrete jumps 
in the I–V characteristics in the superconducting-to-normal state transition. The first jump corresponds to the 
critical current of the interfacial Josephson junction whereas the consecutive jumps at higher currents come from 
switching of intrinsic Josephson junctions along the c-axis which are inherent to the bulk BSCCO  crystal27. The 
critical current Ic of the interfacial junction at 70 K is 1.2 mA, which translates to a critical current density Jc of 
0.34 kA/cm2, as shown in Fig. 3c. Figure 3d shows the dc I–V characteristics for the temperature range of 70 K 
to 90 K. In Fig. 4b we observe the critical current density of a nominally 0° twisted junction at 10 K is ~ 1.34 kA/
cm2 which is comparable to the critical current density of the intrinsic Josephson junctions in the bulk  BSCCO28; 
this is direct evidence of the high-quality nature of the junctions made by the cryogenic exfoliation method.

Pick‑up and drop of other vdW materials
We tested the versatility of our modified cryogenic exfoliation methodology by fabricating heterostructures with 
a wide range of 2D materials, including  CrCl3,  NbSe2,  MoS2,  WSe2, and  GeBi2Te4. These materials were initially 
exfoliated onto a pre-cleaned  SiO2/Si substrate, followed by the re-exfoliation step described previously. As shown 
in Fig. 5a and b,  CrCl3 and  NbSe2 flakes with a thickness of approximately 60 and 130 nm were successfully 
re-exfoliated and dropped on the original flake to fabricate a nominally 0° twisted structure. Implementing our 
modified low-temperature re-exfoliation method in an Ar environment will mitigate the degradation of  CrCl3 
and  NbSe2 thereby, facilitate the fabrication of intricate pristine twisted tunnel junctions.

We also fabricated nominally twisted (0°) devices of  NbSe2, another prototypical 2D van der Waals 
superconductor. For  NbSe2 flakes we noticed that the yield of re-exfoliation increases if the thickness is > 100 nm. 
We successfully re-exfoliated  NbSe2 flakes of a thickness of 136 nm and 120 nm, whereas the re-exfoliation did 
not work with the flakes of a lesser thickness (~ 30 nm). We characterize the fabricated  NbSe2 junction in terms 
of its R vs T and dc I–V response. Figure 6a shows optical micrograph of a  NbSe2 junction with gold electrodes 
deposited through SiN shadow mask. R vs T response (Fig. 6b) shows Tc of the junction is 6.2 K, close to the Tc 
(~ 6.5 K) of pristine  NbSe2

29. dc I–V characteristic of the junction at 5.7 K is shown in Fig. 6c for both directions 
of bias current sweep. The critical current of the junction at this temperature is 1.35 mA which corresponds to a 
critical current density of 1.15 kA/cm2; this value of critical current density is comparable to 1.08 kA/cm2 for ~ 6° 
twisted device at 5.7 K, reported by Farrar et al.30.

Our experimental results indicate that our method’s efficacy in re-exfoliating flakes depends on the vdW 
material in question. While we successfully demonstrated the re-exfoliation of BSCCO,  CrCl3 and  NbSe2, our 
method did not result in the re-exfoliation of other layered materials. Alternatively, it resulted in the complete 
pick-up and drop of  WSe2,  MoS2, and  GeBi2Te4 flakes, as illustrated in Fig. 5c–e. Amidst these vdW materials, 
and  GeBi2Te4 are unstable, making our chemical-free assembly particularly advantageous for their fabrication. 
Numerous recent reports carry out the fabrication of these materials in a glove box, yet despite these efforts, 
chloroform is still commonly utilized to dissolve the PC/PPC films, resulting in unintended degradation. In 
contrast, the approach outlined in this manuscript effectively eliminates the need for chemical treatment. Stable 
TMDCs such as  WSe2 and  MoS2 also benefit from this cryogenic pick-up method. These materials are often 
used to assemble heterostructures with highly unstable materials, such as  MoTe2, to stabilize their angle, form 
a moiré lattice, or induce proximity  effects31. Our low-temperature pick-up/drop method can integrate these 
stable TMDCs with highly unstable materials to explore exotic moiré physics.

It should also be noted that competition exists between the complete pick-up and re-exfoliation of these 
layered materials, which is contingent upon a multitude of factors, such as their crystal structure, as well as the 
competing van der Waals forces at play between the inter-atomic layers, substrate, and  PDMS32,33. In an effort to 
re-exfoliate the previously mentioned flakes, which were found to be completely picked up, an attempt was made 
to enhance the adhesion between the Si/SiO2 substrate and the flake by carrying out a surface treatment process 
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Figure 3.  (a) Optical image of a 0° twisted BSCCO device. (b) Corresponding resistance (R) versus temperature 
(T) data for the junction (BD electrode) and pristine BSCCO flake (BC electrode) of 0° twisted device. (c) 
Current density versus voltage (J–V) characteristics of the 0° twisted device measured at 70 K. (d) A colour scale 
plot of dc I–V characteristics of the 0° twisted device as a function of temperature. The white-shaded dome area 
is the superconducting transport regime of the device. The data is plotted with Python software.

Figure 4.  (a) Optical image of a 0° twisted BSCCO device. (b) Current density versus voltage (J–V) 
characteristics of the 0° twisted BSCCO device measured at 10 K, in the inset the I–V characteristic of the device 
is shown for the same temperature. The data is plotted with Python software.
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whereby the substrate was exposed to  O2 plasma for 10 min at 50 W. Nonetheless, our observations indicate 
that these materials were still prone to complete pick-up, indicating that re-exfoliation could not be achieved 

Figure 5.  (a,b) Re-exfoliation of  CrCl3 and  NbSe2: Optical image of the  CrCl3 and  NbSe2 flakes, followed by its 
re-exfoliation and pick up on the detached PDMS stamp. (b–e) Pick-up of other vdW materials: Optical images 
of the thick flakes before pick-up on  SiO2/Si substrate, followed by their pick-up on detached PDMS stamp: (b) 
 NbSe2 (c)  WSe2 (d)  MoS2 (e)  GeBi2Te4.
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for them. To investigate the impact of flake thickness on the success of our modified cryogenic transfer method, 
we conducted experiments on flakes with varying thicknesses for all the aforementioned materials. Table 1 
summarizes the results obtained for re-exfoliation, pick-up, and drop.

Conclusion
In summary, we have developed a facile method of re-exfoliation, picking up and transferring 2D materials 
using a low-temperature cryogenic setup. The developed technique is easy for stacking and twisting 2D materials 
showing the good quality of the interface and being most suitable for chemically sensitive materials. As an 
example, we have fabricated 0° twisted device of BSCCO which is cleaved and transferred using this technique. 
Electrical transport measurements were carried out to verify the high quality of the device. We also fabricated 0° 
twisted device of  NbSe2 and characterized it. In addition, the method is also tried for other systems such as  CrCl3 
and  GeBi2Te4, including TMDCs such as  WSe2,  MoS2, and  NbSe2. In general, the developed method provides a 
way for micro-fabrication of any chemically sensitive van der Waals materials.

Figure 6.  (a) Optical image of twisted  NbSe2 device. (b) R vs T characterization of 0° twisted  NbSe2 device (c) 
dc I–V characteristic of the device measured at 5.7 K. The data is plotted with Python software.

Table 1.  Summary of cryogenic exfoliation yield for 2D materials with different thicknesses on multiple 
re-exfoliation attempt.

Materials Flakes thickness Substrate surface treatment Number of trials Pick up/cleaving

BSCCO

52 nm

O2 plasma cleaned

1

Cleaved
87 nm 1

37 nm 2

80 nm 1

CrCl3

~ 90 nm 1

Cleaved~ 80 nm 2

~ 30 nm 1

~ 20 nm 3
Not cleaved

~ 15 nm 3

NbSe2

~ 30 nm
O2 plasma cleaned 5

Not cleaved
UV ozone 5

~ 130 nm
O2 plasma cleaned 5 Not cleaved

UV ozone 5 Cleaved

MoS2

~ 60 nm

O2 plasma cleaned

3

Pickup
~ 30 nm 2

~ 5 nm 2

~ 3 nm 1

WSe2

~ 60 nm 2

Pickup
~ 30 nm 1

~ 6 nm 2

~ 3 nm 1

GeBi2Te4
~ 50 nm 3

Pickup
~ 30 nm 2
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Data availability
The datasets used and analyzed during the current study are available from the corresponding author upon 
reasonable request.
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