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Abstract

Inherent properties of superconducting Bi2Sr2CaCu2O8+x films, such as the high

superconducting transition temperature Tc, efficient Josephson coupling between neigh-

boring CuO layers, and fast quasiparticle relaxation dynamics, make them a promising
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platform for advances in quantum computing and communication technologies. How-

ever, preserving two-dimensional superconductivity during device fabrication is an out-

standing experimental challenge because of the fast degradation of the superconducting

properties of two-dimensional flakes when they are exposed to moisture, organic sol-

vents, and heat. Here, to realize superconducting devices utilizing two-dimensional

superconducting films, we develop a novel fabrication technique relying on the cryo-

genic dry transfer of printable circuits embedded into a silicon nitride membrane. This

approach separates the circuit fabrication stage requiring chemically reactive substances

and ionizing physical processes from the creation of the thin superconducting structures.

Apart from providing electrical contacts in a single transfer step, the membrane encap-

sulates the surface of the crystal shielding it from the environment. The fabricated

atomically thin Bi2Sr2CaCu2O8+x-based devices show high superconducting transition

temperature Tc ≃ 91K close to that of the bulk crystal and demonstrate stable super-

conducting properties.

Keywords

2D materials, contact printing, via contacts, high temperature superconductivity

Introduction

The Bi2Sr2CaCu2O8+x (BSCCO) cuprate having the d-wave pairing symmetry 1 and display-

ing superconductivity even when being a monolayer , 2,3 is an ideal candidate for building

highly functional quantum devices. Twisted van der Waals (vdW) heterostructures com-

posed of BSCCO layers were predicted 4–6 to break time-reversal symmetry at certain twist

angles, a phenomenon which was demonstrated experimentally.7 As such, BSCCO twisted

heterostructures could potentially lead to topological states and Majorana modes 8 Addi-

tionally, twisted interfaces between cuprate crystals have been proposed as an adaptable
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platform for Josephson junctions with controllable coupling, 9–14 which is a desirable feature

for quantum applications. Thin BSCCO films promise to become an important platform for

quantum sensors and detectors, since bolometers fabricated from thin structured BSCCO

crystals demonstrated a high level of single photon sensitivity above 25K. 15,16 Yet, the main

challenge for building these structures is to maintain the superconducting phase of thin

BSCCO crystals while integrating them into an electrical circuit, as the oxygen dopants are

mobile at temperatures exceeding 200 K. 17,18 Furthermore, thin BSCCO flakes easily react

with water leading to structural changes and modification of the oxygen doping level, which

is crucial since altering the doping can drive BSCCO film into an insulating phase. 19–22 The

preservation of interface superconductivity of the BSCCO crystal has been recently achieved

by means of a cryogenic exfoliation technique combined with a solution-free stencil mask ap-

proach, enabling the fabrication of electrical devices entirely in an inert atmosphere. 13,14,23

The bottleneck hindering the realization of functional integrated circuits based on cuprate

superconductors is the metallization of atomically thin crystals. The previously mentioned

stencil mask approach enables the realization of simple electrical contacts

1. Parralel Fabrication of Circuits on a Host Substrate 
  

Transfer 
Printing

2. Hybrid Circuit Formation
Via Transfer Printing

Wire
Bonding

3. Electrical Characterisation   

Figure 1: Schematic illustration of the general process flow. 1. Microelectronic circuit boards
are fabricated with classical CMOS processes in a highly parallel fashion. 2. Embedded via
contacts enable hybrid devices through contact printing of the circuits onto a 2D material.
3. Direct wire bonding facilitates a fast and easy characterization.
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in a single-layer geometry through the thermal evaporation of relatively low melting metals,

such as gold, while providing a resolution down to 1 µm. 3 However, highly energetic metal

clusters and the atoms bombarding the surface of the crystal during the deposition alter its

doping level near the contact region due to local heating. To circumvent crystal distortions

associated with the metallization process, different cold lamination techniques were devel-

oped for other vdW materials. These include the direct transfer of metal films, 24 contacts

attached to the bottom of poly(methyl methacrylate) (PMMA) sheets ,25,26 metal deposition

by inkjet printing, 27 and contacts integrated into the h-BN flakes .28,29 However, all these

methods have certain limitations making them unsuitable for integrating complex circuits

with materials as sensitive as BSCCO. The first two approaches are limited to simple contact

geometries with a minimal feature size around 3 µm.24–26 Similarly, printed contacts have a

comparably low resolution in the range of tens of microns and require an annealing step to

obtain an acceptable electrical conductivity. 30 The BSCCO itself can be damaged during

the annealing or printing due to heating or chemical reactions with the binders and solvents

of the ink. In contrast, via contacts embedded within h-BN flakes can provide a submicron

resolution and avoid direct lithographic patterning onto the 2D crystal. 28,29 Nevertheless,

the h-BN flakes cannot host complex circuits as a consequence of their small size, requiring

additional time-consuming processes to obtain a functional device. 28,29 To overcome these

limitations, we develop a novel via contact method that relies on the dry cryogenic place-

ment with a polydimethylsiloxane (PDMS) stamp, 31 to transfer electrical circuits embedded

within inorganic SiNx nanomembranes. We employ this experimental technique to fabricate

and measure a Hall bar device, based on an atomically thin BSCCO crystal. We show that

this technology offers a unique opportunity to introduce cuprate heterostructures in com-

plex circuits, such as microwave resonant superconducting circuits, widely used in the field

of optoelectronics ,32,33 and quantum computing. 34
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Experimental

Contact Printed Micro Circuit Boards

The SiNx membrane acts as a transferable microcircuit board (µCB) hosting all the necessary

electrical circuitry. The contact formation is completely decoupled from the realization of the

electrical contact lines and dielectric barriers that are produced by traditional complementary

metal-oxide-semiconductor (CMOS) processes. A 2D thin crystal is electrically contacted by

bottom contacts, which are connected through the via contacts with the contacting pads and

contact lines at the top surface of the membrane. Upon contact printing of the membrane,

as illustrated in Figure 1, the device can be directly wire-bonded to a standard chip carrier

enabling its electrical characterization. In addition to providing electrical contacts, the

membrane acts as a barrier to the environment, facilitating the handling of the integrated

2D material.

The fabrication of the membranes starts with a silicon-on-insulator (SOI) substrate (Fig-

ure 2a I), where the silicon device layer acts as a sacrificial layer later on, enabling the

creation of a freestanding transferable circuit. A 5 nm thick Al2O3 layer is deposited by the

atomic layer deposition (50 cycles ALD) onto the cleaned surface of the substrate. The bot-

tom metal contacts are created, in the following step, on top of the Al2O3 layer, by UV- or

electron beam lithography (EBL), sputter deposition, and lift-off (Figure 2a II). The whole

sample is subsequently covered by a 500 nm thick SiNx layer deposited by the plasma en-

hanced chemical vapor deposition (PECVD). A similar dielectric stack was used previously

as a strain engineering platform to form three-dimensional devices, such as capacitors and

optical resonators .35,36 After the deposition of the SiNx layer, the via contacts connecting the

bottom and the top surface of the membrane are formed. They are fabricated by a two-step

process. First, holes are etched by reactive ion etching (RIE) reaching the bottom metal

layers (Figure 2a III). Then the via and electrical conduction lines are created on the top

surface using lithography and lift-off (Figure 2a IV). In the following step, the SiNx film is
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Figure 2: a) Schematic illustration of the fabrication process. (I) The SOI substrate; (II) The
Al2O3 passivated substrate with Au bottom contacts; (III) The SiNx deposition and via
etching; (IV) The contact pad definition and via filling; (V) The definition of the membrane
by RIE and (VI) DRIE; (VII) The passivation of the top surface and opening of access
windows; (VIII) The release of the meambrane and the isotropic removal of the passivation
layer. b) Microscopic image of a released microcircuit board, the sub-panels (1)-(3), show the
bottom side of membranes. The bottom contacts can be distinguished via their difference
in color. Sub-panel (1) shows optical lithographically patterned structures, while sub-panel
(2) shows an SEM image of the EBL written one. Sub-pannel (3) shows the magnification
of the bottom contacts shown in b)(2). c) Microscopy image of a bonded Hall bar device.
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structured to form quadratic individually releasable membranes with a side length of 550 µm

hosting tethers at each corner. The tethers are needed to keep the membranes in place once

they are released. Additionally, they facilitate their pickup with a polymer stamp (Figure 2a

V). The individual membranes are then isolated from each other through the creation of

5 µm wide trenches reaching the buried oxide (BOX) layer. These trenches are formed in the

bare silicon by deep reactive ion etching (DRIE). The whole sample is afterward passivized

with a 5 nm thin Al2O3 layer (50 cycles ALD). The coated trenches suppress the side-wards

propagation of the etch front, limiting the release to a restricted area below the µCB’s. In the

following step, access windows are created in the Al2O3 layer (RIE: BCl3, Cl2, Ar), enabling

XeF2 gas to access the Si sacrificial layer (Fig 2a VII). After the release is finished, the whole

chip is immersed for 5 min into a tetramethylammonium hydroxide (TMAH) solution to

dissolve the Al2O3 passivation. After that, the chip is transferred to isopropanol and critical

point dried (CPD), see Figure 2a VIII. After CPD, the chip hosting the µCB is ready to

use (More details on the fabrication can be found in the supporting information Figure S2).

A freestanding, transferable circuit hosting a Hall bar structure is shown in Figure 2b. The

central bottom side area of a membrane is displayed in Figure 2 b) 1, while it is attached to

a PDMS stamp. The bottom contacts, which recline on the surface of the 2D material under

investigation, are clearly visible. For the EBL exposed structures, 500 nm wide contact lines

with the sub 200 nm resolution are obtained, demonstrating a clear advantage in comparison

with previous approaches for contact printed contacts, see Figure 2b) 1-3. Figure 2c displays

a representative bonded device based on a thin BSCCO crystal. To reveal the sharpness of

the interface between the crystal and the electrical contact at atomic resolution, we perform

cross-sectional high-annular dark-field scanning transmission electron microscopy (HAADF-

STEM) in the region indicated in Figure 3a. The TEM image is shown in Figs. 3b-c with

different magnifications. The gold layer reclines perfectly on the thin crystal displaying a

flat edge. Bright spots correspond to the heavy Bi atoms that terminate each layer of the

BSCCO crystal. At the top and bottom surfaces of the BSCCO crystal, a sub-unit cell
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degraded region (dark area) can be observed due to a 30-minute exposure of the flake to

the glovebox atmosphere (Ar: 99.999%, O2 f 0.1ppm, H2O f 0.1ppm) between the crystal

exfoliation and the stacking of the membrane on top of it. In our system, we are able to

preserve interface superconductivity and crystalline order in regions exposed less than one

minute to the Ar atmosphere at cryogenic temperatures .13,14 A pristine BSCCO/Au inter-

face can thus be created by a quick stacking of the circuit on top of the crystal, which is,

however beyond the scope of the present study.

Au

5 nm

Bi
Sr

Ca
Cu

Cu
Sr
Bi

Si

SiO2

SiNx

BSCCO

Au

a) c)

Aub)

1 UC
20 nm SiO2

0.
5 

U
CO2H O2

Figure 3: a) A sketch of a cut through the central part of the membrane illustrating the via
and bottom contacts. The red dashed rectangle indicates the region investigated by cross-
sectional high-angle annular dark-field scanning transmission electron microscopy (HAADF-
STEM). b) HAADF-STEM image of a BSCCO/Au interface. c) Zoom into the region within
the dashed green rectangle in b). The Bi atoms are most notably resolved as bright spots
due to their high atomic mass.

Results and discussion

Superconducting Hall Devices

To demonstrate the strength of this novel via contact technique, a BSCCO Hall device is

fabricated from an atomically thin crystal. The schematic illustration of the fabrication
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process, along with experimental details, is reported in Figure S2 in the Supplementary

Information (SI). In the first place, the chip hosting the µCBs is placed on a liquid nitrogen-

cooled stage kept at -30 °C A PDMS stamp is then brought into contact with a µCB, utilizing

a micro-manipulator, and let it thermalize to enhance its stickiness. By quickly detaching the

stamp from the chip, we pick up the target membrane hosting the circuit. Next, the BSCCO

flakes are exfoliated at room temperature via the scotch tape method on a SiO2/Si substrate,

previously treated with oxygen plasma to enhance the vdW forces between BSCCO and SiO2,

and baked overnight (180 °C) to get rid of water molecules. By optical contrast, we identify

a very thin flake (≃ 13.5nm), as shown in Figure 4a, and align the membrane before the

contact printing. Finally, the sample is slowly heated up to room temperature, followed by

the slow removal of the PDMS stamp. One of the key advantages of our technique is that

the electrical contacts are established at low temperatures within a few minutes after
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Figure 4: a) Microscopy image of the BSCCO crystal with a thickness of ≃13.5 nm (4.5
unit cells). b) Closeup of the the device consisting of the flake contacted by a µCB. c) Sheet
resistance (left axis) of the crystal across the superconducting transition measured right after
the fabrication of the device (I) and after ten days (II). The black solid and green dashed
lines correspond to the experimental data and the fit, respectively. The red curves (right
axis) represent the derivative of the experimental data displaying the inflection point Tinf .
The fitting parameters are τϕ = 0.38 ns, τ = 0.1 ps, Tc = 91.28K for case (I); τϕ = 0.36 ns,
τ = 0.1 ps, Tc = 91.39K for case (II). d) Mean areal contact resistance at room temperature
(left axis) and the inflection point Tinf (right axis) of a 40 nm-thick BSCCO flake measured
over time. Between each measurement the sample is stored in an Ar atmosphere and kept
at -40◦ C between #1 and #5 and at room temperature between #5 and #6.
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the crystals cleavage before the top layers of the cuprate crystal strongly degrade. Figure 4b

displays the close-up of the contact area of the device right after printing the µCB onto

the BSCCO flake. Our protocol allows for extremely clean electrical contacts to BSCCO

with an areal resistance < 35 kΩ µm-2. The observed contact resistances are similar to the

one obtained by evaporation, while for transfer printed contacts a lower parameter spread is

observed (Figure S5). Additionally, evaporated, low ohmic contacts sometimes show indica-

tions of degradation, which we do not observe for transfer printed one. For example, some

samples with evaporated contacts show a reminiscent low resistance below Tc an increase of

the resistance upon reaching a resistance below the noise floor, if the temperature is further

decreased. Occasionally no superconducting transition is observed at all. The high elec-

tronic quality of our fabricated device is also revealed in Figure 4c, which reports the 4-point

sheet resistance for the Hall device measured right after its fabrication (I) and after storing

the sample 10 days in an Ar filled glovebox at -40 °C (II). The two data sets show nearly

identical inflection points of 91.45K and 91.50K, respectively. The small changes in the Tc

and the sheet resistance can be explained by the loss of oxygen dopants, as even a storage

at - 40 °C cannot totally prevent a degradation of the sample over time. To totally stop

the loss of dopants, even lower temperatures are required, as the mobile oxygen is frozen

out at temperatures below 200 K .17,18 To arrive at a consistent theoretical description, the

behavior of the system across the metal-insulator transition (SIT) is analyzed employing the

theory of two-dimensional superconducting fluctuations .3,37 The scattering time τ is taken

as approximately 0.1 ps, while the inelastic scattering time τϕ and the critical temperature

Tc are extracted from the fits. For the two sets of data (see Tab. 1), we get similar results,

with a slightly larger Tc and τϕ observed for the data shown in Figure 4 c I, the sample being

measured immediately after its fabrication. In both cases, the critical temperature estimated

from the fits is close to the inflection point of the experimental data, and it is identical to the

value reported for the optimally doped bulk crystal ,38 demonstrating a device with pristine

and stable superconducting properties. This is confirmed by monitoring the values of the
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contact resistance and the critical superconducting temperature for a 40 nm thick crystal

over several weeks (Figure 4d). All these findings suggest that our methodology based on

the transfer of µCB preserves the superconducting properties of the BSCCO crystal and that

the membrane acts as an encapsulation layer blocking detrimental effects of disorder over a

long time. The robustness of the membrane is demonstrated by the numerous thermal cycles

performed for our experiments. The Hall resistance and the magnetoresistance of the thin

device (shown in Figure 4a) and the corresponding theoretical analysis are presented in the

SI.

Table 1: Fitting parameters for superconducting transition

Set: Tc τϕ τ

Fig.4 (I) 91.28 K 0.38 ns 0.1 ps
Fig.4 (II) 91.39 K 0.36 ns 0.1 ps

Conclusion

In summary, we demonstrate a novel route to integrate sensitive and thin BSCCO crystals

into complex nanodevices. This integration is achieved by the cryogenic dry transfer of

microcircuits embedded in an inorganic dielectric nanomembrane, where the via contacts

connect the bottom electrical contacts to the 2D crystal with contact lines formed on the

top surface of the membrane. Additionally, the membrane provides a physical barrier to

the environment, which enables the handling of sensitive devices in ambient conditions.

Employing this fabrication technique, we realize an atomically thin BSCCO device with

high-quality electrical contacts (areal resistance <35 kΩ µm-2), exhibiting pristine and stable

superconducting properties for a very long time (TC ≃ 91.5K). Our technology, with the

capability to realize high-resolution contact lines on multiple levels and through the use

of inorganic dielectrics, provides an effective path toward the implementation of electric

gates necessary for individually tuneable devices, a core requirement for complex integrated

circuits.
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Methods

Micro Circuit Boards: The SOI wafers are purchased from Ultrasil and diced into 10 X

10mm substrates before use. The substrates are cleaned for 10 min under mild ultrasonica-

tion in a bath of 1., hot dimethyl sulfoxide (DMSO) (120 °C); 2., acetone; 3., isopropanol.

The samples are then blown dry under nitrogen flow, and cleaned in an O2 plasma for 30

min (Diener Pico).

Below, we provide the details of each process section of the fabrication:

ALD: Al2O3 is deposited by the ALD Arradiance GEMstar at 280°C with H2O and trimethy-

laluminum as precursors.

PECVD: SiNx is deposited by PECVD (Sentech Si500D) at 280°C with SiH4 (5% in He)

(50 sccm) and N2 (80 sccm) as precursors. The pressure is p = 0.019mbar, and the power of

the inductively coupled plasma (ICP) P = 200W.

RIE: SiNx is etched using Oxford instruments - Plasmalab 80 system. Bias voltage U =

155V, ICP-Power: P = 50W, T = 30 °C, the precursors are CF4 with a flow of 10 sccm,

CHF3 at 20 sccm, O2 at 4 sccm.

RIE: Al2O3 is etched under the same conditions, but with different precursors (BCl3 at

20 sccm, Cl2)

RIE: Si is etched using SF6 at 80 sccm and O2 at 8 sccm as precursors (ICP-Power: P =

450W, bias voltage: U = −30V, T = 120 °C.

Lithography: Resist AZ5214E is spun onto samples at 4500 rpm and pre-baked for 180 s

on a hotplate at 90 °C. The samples are then exposed to a maskless aligner (Heidelberg MLA

100 ). For all etching steps, the resist is used as a positive (dose = 90 mJ cm-1). The samples
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are finally developed for 60 s with AZ 726 MIF. For the lift-off a negative slope is used (dose

= 30mJ cm-2, post-baking for 450 s at 120 °C and flood-exposure for 45 s). For the definition

of the bottom contacts, the development process lasts 45 s (with AR 300-35), while for top

contacts it lasts 16 s (with AZ 726 MIF).

Metallization: contacts are sputtered using the Torr CRC600 Series tool. Gold bottom

contacts are deposited with a rate of Ås-1 for a total thickness of 80 nm. The top contacts

are formed by depositing 5 nm of Cr with a rate of 1 Ås-1 and 80 nm of Au at 1 Ås-1. Lift-off

is performed in DMSO overnight.

Release: the samples are exposed in a gas phase etcher (SPTS, Xactix ) to multiple cycles

(60 s exposure) of XeF2 vapor (4mbar) until the membranes are completely freestanding. The

progress of the release is monitored with an optical microscope. The released membranes are

immersed into an alkali developer (AZ 726 MIF) for 5min to remove to bottom Al2O3 layer,

transferred for 10min into H2O, before being transferred into isopropanol overnight. The

prepared sample is then CPD dried and baked overnight on a hotplate at 125 °C to remove

residual water.

Cleaving of BSCCO: Floating-zone grown Bi2Sr2CaCu2O8+d crystals cut orthogonal to

the c-axis are mechanically exfoliated inside a high purity argon filled glove-box (MBraun

H2O < 0.1 ppm, O2 < 0.1 ppm), onto Si/SiO2 substrates via the Scotch tape method (3M,

Scotch magic tape). Rectangular flakes with a desired size (L g 100 µm, w g 40µm and

thickness h f 40 nm), are selected under an optical microscope.

Electrical characterisation: After transferring a µCB onto a BSCCO thin flake, the

sample is glued onto a sample holder with silver glue and bonded under ambient conditions

(FS Bondtec 58 series). The sample is loaded into a cryostat (Quantum Design PPMS )
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and the electronic characteristics are recorded with a lock-in amplifier (Stanford Research

Systems SR830 ). The Hall and magnetoresistance data shown in the SI are symmetrized

to exclude geometric effects. The electrical characterization of Figure 4 d) is performed in a

cryostat (Quantum Design Versalab). The circuit used to evaluate the contact resistance is

shown in Figure S4 and the spread of the contact resistance for contact printed and evapo-

rated contacts is shown in Figure S5. The injected current is I = 1 µA for 1, I = 5 µA for 2

& 4-6 . For 3 the injected current is I = 10 µA.

Acknowledgement

The authors thank the Deutsche Forschungsgemeinschaft for financial support (DFG 452128813,

DFG 512734967, DFG 492704387, DFG 460444718). The work of V.M.V. and C.N.S. was

supported by Terra Quantum AG and partly by the NSF 2105048 (V.M.V). The authors are

grateful to Heiko Reith and Ronny Engelhard for providing access to cleanroom infrastruc-

ture and Nicolas Perez Rodriguez for providing access to cryogenic measurement facilities.

The authors thank Henk-Willem Veltkamp for technical support at the MESA+ facility. The

authors thank Thomas Wiek for the preparation of the TEM lamella. The work at BNL

was supported by the US Department of Energy, Office of Basic Energy Sciences, contract

no. DOE-sc0012704. The authors are also grateful to S. Y. Frank Zhao, Philip Kim, Hans

Hilgenkamp, and Francesco Tafuri for illuminating and fruitful discussions.

Competing Interests: The authors declare that they have no competing interests.

Author contributions: N.P. supervised the experiment; C.N.S. and N.P. conceived the

micro-printed contacts and their cryogenic transfer methodology; C.N.S., S.S., Y.L., per-

formed the experiments and analyzed the data with the contribution of V.B., T.C., and

14



V.M.V.; D. W. performed the HAADF-STEM analysis; The theoretical analysis of the Hall

effect was done by V.B. and V.M.V.; The cuprate crystals were provided by G.G. The fab-

rication procedure and the results were discussed by C.N.S., S.S., D.M., V.M.V., K.N., and

N.P. The manuscript was written by C.N.S., M.M., V.B., V.M.V., K.N., and N.P.; all authors

discussed the manuscript.

Supporting Information Available

The following files are available free of charge.

• Supporting Information: 2D high temperature superconductor integration in contact

printed circuit boards: The supporting information includes a more detailed description

of the experimental methodology and fabrication methods. Furthermore a detailed

analysis of the Hall data is provided.

References

(1) Tsuei, C.; Kirtley, J. Pairing Symmetry in Cuprate Superconductors. Reviews of Modern

Physics 2000, 72, 969.

(2) Yu, Y.; Ma, L.; Cai, P.; Zhong, R.; Ye, C.; Shen, J.; Gu, G. D.; Chen, X. H.; Zhang, T.

High-temperature Superconductivity in Monolayer Bi2Sr2CaCu2O8+δ. Nature 2019,

575, 156–163.

(3) Zhao, S. F.; Poccia, N.; Panetta, M. G.; Yu, C.; Johnson, J. W.; Yoo, H.; Zhong, R.;

Gu, G.; Watanabe, K.; Taniguchi, T.; Postolova, S. V.; Vinokur, V. M.; Kim, P. Sign-

reversing Hall Effect in Atomically Thin High-temperature Bi2.1Sr1.9CaCu2.0O0+δ Su-

perconductors. Phys. Rev. Lett. 2019, 122, 247001.

15



(4) Can, O.; Tummuru, T.; Day, R. P.; Elfimov, I.; Damascelli, A.; Franz, M. High-

temperature Topological Superconductivity in Twisted Double-layer Copper Oxides.

Nature Physics 2021, 17, 519–524.

(5) Tummuru, T.; Lantagne-Hurtubise, S., E.; Franz, M. Twisted Multilayer Nodal Super-

conductors. Phys. Rev. B 2022, 106, 014520.

(6) Liu, Y.-B.; Zhou, J.; Yang, F. Making Chiral Topological Superconductivi-

ties from Non-topological Superconductivities Through the Twist. 2023, DOI:

10.48550/arXiv.2301.07553, Accessed:2023/08/29.

(7) Margalit, G.; Yan, B.; Franz, M.; Oreg, Y. Chiral Majorana Modes via Proximity to a

Twisted Cuprate Bilayer. Phys. Rev. B 2022, 106, 205424.

(8) Mercado, A.; Sahoo, S.; Franz, M. High-temperature Majorana Zero Modes. Phys. Rev.

Lett. 2022, 128, 137002.

(9) Volkov, P. A.; Zhao, S. Y. F.; Poccia, N.; Cui, X.; Kim, P.; Pixley, J. H. Joseph-

son Effects in Twisted Nodal Superconductors. 2021; DOI:10.48550/arXiv.2108.13456,

Accessed:2023/08/29.

(10) Tummuru, T.; Plugge, S.; Franz, M. Josephson Effects in Twisted Cuprate Bilayers.

Phys. Rev. B 2022, 105, 064501.

(11) Volkov, P. A.; Wilson, J. H.; Lucht, K. P.; Pixley, J. Current- and Field-induced Topol-

ogy in Twisted Nodal Superconductors. Phys. Rev. Lett. 2023, 130, 186001.

(12) Volkov, P. A.; Wilson, J. H.; Lucht, K. P.; Pixley, J. Magic Angles and Correlations in

Twisted Nodal Superconductors. Phys. Rev. B 2023, 107, 174506.

(13) Lee, Y.; Martini, M.; Confalone, T.; Shokri, S.; Saggau, C. N.; Gu, G.; Watanabe, K.;

Taniguchi, T.; Montemurro, D.; Vinokur, V. M.; Nielsch, K.; Poccia, N. Encapsulat-

16



ing High-temperature Superconducting Twisted van der Waals Heterostructures Blocks

Detrimental Effects of Disorder. Adv. Mater. 2023, 35, 2209135.

(14) Martini, M.; Lee, Y.; Confalone, T.; Shokri, S.; Saggau, C. N.; Wolf, D.; Gu, G.;

Watanabe, K.; Taniguchi, T.; Montemurro, D.; Vinokur, V. M.; Nielsch, K.; Poccia, N.

Twisted Cuprate van der Waals Heterostructures with Controlled Josephson Coupling.

Mater. Today 2023,

(15) Seifert, P.; Durán Retamal, J. R.; Luque Merino, R.; Herzig Sheinfux, H.; Moore, J. N.;

Aamir, M. A.; Taniguchi, T.; Watanabe, K.; Kadowaki, K.; Artiglia, M.; Romag-

noli, M.; Efetov, D. K. A High-Tc van der Waals Superconductor Based Photodetector

with Ultra-high Responsivity and Nanosecond Relaxation Time. 2D Mater. 2021, 8,

0350533.

(16) Charaev, I.; Bandurin, D. A.; T., B. A.; Phinney, I. Y.; Drozdov, I.; Colangelo, M.;

Butters, B. A.; Taniguchi, T.; Watanabe, K.; He, X.; Bozovic, I.; Jarillo-Herrero, P.;

Berggren, K. K. Single-photon Detection Using High-temperature Superconductors.

Nat. Nanotech. 2023, 18, 343–349.

(17) Fratini, M.; Poccia, N.; Ricci, A.; Campi, G.; Burghammer, M.; Aeppli, G.; Bianconi, A.

Scale-free Structural Organization of Oxygen Interstitials in La2CuO4+y. Nature 2010,

466, 841–844.

(18) Poccia, N.; Fratini, M.; Ricci, A.; Campi, G.; Barba, L.; Vittorini-Orgeas, A.; Bian-

coni, G.; Aeppli, G.; Bianconi, A. Evolution and Control of Oxygen Order in a Cuprate

Superconductor. Nat. Mater. 2011, 10, 733–736.

(19) Novoselov, K. S.; Jiang, D.; Schedin, F.; Booth, T. J.; Khotkevich, V. V.; Moro-

zov, S. V.; Geim, A. K. Two-dimensional Atomic Crystals. PNAS 2005, 102, 10451–

10453.

17



(20) Song, D. et al. Visualization of Dopant Oxygen Atoms in a Bi2Sr2CaCu2O8+δ Super-

conductor. Adv. Funct. Mater. 2019, 29, 1903843.

(21) Sandilands, L. J.; Reijnders, A. A.; Su, A. H.; Baydina, V.; Xu, Z.; Yang, A.; Gu, G.;

Pedersen, T.; Borondics, F.; Burch, K. S. Origin of the Insulating State in Exfoliated

High-Tc Two-dimensional Atomic Crystals. Phys. Rev. B 2014, 90, 081402.

(22) Huang, Y. et al. Unveiling the Degradation Mechanism of High-Temperature Supercon-

ductor Bi2Sr2CaCu2O8+δ in Water-bearing Environments. ACS Appl. Mater. Interfaces.

2022, 14, 39489–39496.

(23) Zhao, S. Z. F.; Poccia, N.; Cui, X.; Volkov, P. A.; Yoo, H.; Engelke, R.; Ronen, Z.;

Zhong, R.; Gu, S., G.and Plugge; Tummuru, T.; Franz, M.; Pixley, J. H.; Kim, P.

Emergent Interfacial Superconductivity Between Twisted Cuprate Superconductors.

2021; DOI: 10.48550/arXiv.2108.13455, Accessed:2023/08/29.

(24) Liu, G.; Tian, Z.; Yang, Z.; Xue, Z.; Zhang, M.; Hu, X.; Wang, Y.; Yang, Y.; Chu, P. K.;

Mei, Y.; Liao, L.; Hu, W.; Di, Z. Graphene-assisted Metal Transfer Printing for Wafer-

Scale Integration of Metal Electrodes and Two-dimensional Materials. Nat. Electron.

2022, 5, 275–280.

(25) Liu, Y.; Guo, J.; Zhu, E.; Liao, L.; Lee, S.-J.; Ding, M.; Shakir, I.; Gam-

bin, V.; Huang, Y.; X., D. Approaching the Schottky–Mott Limit in van der Waals

Metal–semiconductor Junctions. Nature 2018, 557, 696–700.

(26) Liu, L. et al. Transferred van der Waals Metal Electrodes for Sub-1-nm MoS2 Vertical

Transistors. Nat. Electron. 2021, 4, 342–347.

(27) Zheng, W.; Saiz, F.; Shen, Y.; Zhu, K.; Liu, Y.; McAleese, C.; Conran, B.; Wang, X.;

Lanza, M. Defect-free Metal Deposition on 2D Materials via Inkjet Printing Technology.

Adv. Mater. 2021, 2104138.

18



(28) Telford, E. J.; Benyamini, A.; Rhodes, D.; Wang, D.; Jung, Y.; Zangiabadi, A.; Watan-

abe, K.; Taniguchi, T.; Jia, S.; Barmak, K.; Pasupathy, A. N.; Dean, C. R.; Hone, J.

Via Method for Lithography Free Contact and Preservation of 2D Materials. Nano Lett.

2018, 18, 1416–1420.

(29) Jung, Y.; Choi, M. S.; Nipane, A.; Borah, A.; Kim, B.; Zangiabadi, A.; Taniguchi, T.;

Watanabe, K.; Yoo, W. J.; Hone, J.; Teherani, J. T. Transferred Via Contacts as a

Platform for Ideal Two-dimensional Transistors. Nat. Electron. 2019, 2, 187–194.

(30) Lysień, M.; Witczak, L.; Wiatrowska, A.; Fiaczyk, K.; Gadzalinska, J.; Schneider, L.;

Strek, W.; Karpinski, M.; Kosior, L.; Granek, F.; Kowalczewski, P. Highresolution

Deposition of Conductive and Insulating Materials at Micrometer Scale on Complex

Substrates. Sci. Rep 2021, 12, 9327.

(31) Meitl, M. A.; Zhu, Z.-T.; Kumar, V.; Lee, K. J.; Feng, Y.; Huang, Y. Y.; Adesida, I. l.;

Nuzzo, R. G.; Rogers, J. A. Transfer Printing by Kinetic Control of Adhesion to an

Elastomeric Stamp. Nat. Mater. 2006, 5, 33.

(32) Day, P. K.; LeDuc, H. G.; Mazin, B. A.; Vayonakis, A.; Zmuidzinas, J. A Broadband

Superconducting Detector Suitable for Use in Large Arrays. Nature 2003, 425, 817–821.

(33) Natarajan, C. M.; Tanner, M. G.; Hadfield, R. H. Superconducting Nanowire Single-

photon Detectors: Physics and Applications. Superconductor science and technology

2012, 25, 063001.

(34) Blais, A.; Huang, R.-S.; Wallraff, A.; Girvin, S. M.; Schoelkopf, R. J. Cavity Quantum

Electrodynamics for Superconducting Electrical Circuits: An Architecture for Quantum

Computation. Phys. Rev. A 2004, 69, 062320.

(35) Saggau, C. N.; Gabler, F.; Karnaushenko, D. D.; Karnaushenko, D.; Ma, L.;

Schmidt, O. G. Wafer-scale High-quality Microtubular Devices Fabricated via Dry-

etching for Optical and Microelectronic Applications. Adv. Mater. 2020, 32, 2003252.

19



(36) Saggau, C. N.; Valligatla, S.; Wang, X.; Dong, H.; Ma, L.; Schmidt, O. G. Coaxial

Micro Ring Arrays Fabricated on Self-assembled Microtube Cavities for Resonant Light

Modulation. Laser Photonics Rev. 2022, 2200085.

(37) Postolovaa, S. V.; Mironova, A. Y.; I., B. T. Nonequilibrium Transport Near the Su-

perconducting Transition in TiN Films. JETP Lett. 2014, 100, 635–641.

(38) Wen, J. S.; Xu, Z. J.; Xu, G. Y.; Hücker, M.; Tranquada, J. M.; Gu, G. D. Large Bi-

2212 Single Crystal Growth by the Floating-zone Technique. J. Cryst. Growth 2008,

310, 1401–1404.

20



TOC Graphic

Hostsubstrate with Micro Circuit Boards
  

Transfer 
Printing

Hybrid Circuit 
Wire

Bonding

21


