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a simple Scotch tape exfoliation down to 
constitutive monolayers.[1] High-temper-
ature superconductors (HTSCs) provide 
a wide variety of such layered correlated 
systems. Remarkably, even the atomically 
thin Bi2Sr2CuCa2O8+δ (BSCCO) layers, i.e., 
the layers containing a single or a few ele-
mentary cells, have been found to possess 
the superconducting transition tempera-
ture close to that of the bulk samples[2,3] 
and showed the superconductor–insu-
lator transition driven by the evolution of 
the density of states.[4] Because of these 
properties, HTSCs can serve as starting 
building blocks for the vdW heterostruc-
tures. However, isolating the cuprate 
single layers that hold superconductivity 
remains a challenging task, especially if 
one wishes to realize thin and crystalline-
ordered interfaces. The point is that the 
atomically thin BSCCO flakes turn highly 
insulating if contaminated with oxygen 
under the ambient atmosphere.[1,5] Raman 

measurements[5,6] reported high chemical activity of oxygen in 
thin BSCCO flakes. More detailed studies[7] revealed that water 
molecules can also quickly deteriorate the surface of BSCCO 
flakes. In addition, oxygen dopants in cuprates are mobile above 

High-temperature cuprate superconductors based van der Waals (vdW) 
heterostructures hold high technological promise. One of the obstacles 
hindering their progress is the detrimental effect of disorder on the properties 
of the vdW-devices-based Josephson junctions (JJs). Here, a new method of 
fabricating twisted vdW heterostructures made of Bi2Sr2CuCa2O8+δ, crucially 
improving the JJ characteristics and pushing them up to those of the intrinsic 
JJs in bulk samples, is reported. The method combines cryogenic stacking 
using a solvent-free stencil mask technique and covering the interface by 
insulating hexagonal boron nitride crystals. Despite the high-vacuum condi-
tion down to 10−6 mbar in the evaporation chamber, the interface appears to 
be protected from water molecules during the in situ metal deposition only 
when fully encapsulated. Comparing the current–voltage curves of encap-
sulated and unencapsulated interfaces, it is revealed that the encapsulated 
interfaces’ characteristics are crucially improved, so that the corresponding 
JJs demonstrate high critical currents and sharpness of the superconducting 
transition comparable to those of the intrinsic JJs. Finally, it is shown that the 
encapsulated heterostructures are more stable over time.
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1. Introduction

Layered quasi-2D materials comprising the stack of monolayers 
held together by van der Waals (vdW) forces can be cleaved via 
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200  K,[8,9] destroying high-quality superconductivity requiring 
ordered distribution of oxygen defects.[10,11] In comparison with 
the bulk crystalline order, the robustness of the spatially cor-
related superlattice orders in BSCCO down to a few unit cells 
is remarkable.[12] Thus, cryogenic temperatures and a well-
controlled environment are necessary to prevent detrimental 
disorder effects in the spatially correlated superlattices and to 
freeze oxygen defects in their functional original positions for 
realizing the high-quality cuprates-based vdW heterostructures.

The possibility of making twisted HTSC-based hetero-
structures has attracted substantial interest because of the 
d-wave pairing symmetry.[13] Previously twisted BSCCO junc-
tions using the bulk crystals or flakes were realized through 
an annealing process at high temperature in oxygen atmos-
phere,[14,16] which can reconstruct the interfacial structure.[15] 
The obtained structures did not demonstrate any angular 
dependence of the Josephson current.[14,16] Nevertheless, the 
non-monotonic angular behavior of the critical current has 
been reported on the cross-whisker HTSCs junctions, with 
the critical current being much reduced as compared to the 
critical current of the bulk intrinsic junctions.[17] On the other 
hand, the angular dependence of the critical current in cuprate 
in-plane grain boundary junctions is indeed well described 
by the d-wave pairing symmetry because of the large in-plane 
coherence length as compared to that in the out-of-plane junc-
tions,[18,19] which reduces the detrimental disorder effects. 
However, the transmission electron microscopy has shown 
that the grain-boundary Josephson junctions (GBJJs) are 
generally composed of facets in the range of 10–100  nm and 
demonstrate a strong dependence of their properties upon 
the particular HTSC, the substrate, the conditions of the film 
deposition, and of the presence of defects.[20] Facets could take 
place in all three dimensions as a consequence of the adopted 
fabrication techniques for bicrystals, biepitaxial growth, or 
step edges.[21] The GBJJs have been well studied, and their 
electronic properties were found to be controlled by the mis-
orientation between two grains.[22] Because of that, the facets 
create additional complexity and difficulties in controlling the 
JJs’ properties.

An angular dependence of the critical current of an out-of-
plane Josephson junction resulting in its change over two orders 
of magnitude has been demonstrated in thin BSCCO twisted 
heterostructures prepared by the cryogenic stacking technique 
while preserving the coherence of the crystalline and oxygen 
order at the interface.[23] An additional important evidence of 
the significant reduction of the Josephson critical current when 
changing the twist angle has been reported in [24]. It was found 
that the corresponding critical currents are, on average, lower 
than the critical current of an intrinsic Josephson junction for 
the BSCCO,[23] given that the fabrication did not occur under 
cryogenic conditions. The general improvement of the control 
over the BSCCO properties in the low-dimensional limit stimu-
lated the theoretical activities. The emergence of the topological 
states in the twisted vdW heterostructures of HTSC BSCCO 
layers with the d-wave superconducting order parameter was 
suggested.[25–30] The twist angle close to 45° was found to result 
in a time-reversal symmetry (TRS) broken chiral supercon-
ducting ±−d idx y xy2 2  phase, which was also reported at the inter-
mediate twist angles and was attributed to the unconventional 

sign structure of the d-wave order parameter.[26,31] Strong sup-
port for this theoretical proposal came from the experimental 
detection of some new interfacial superconductivity,[23] mani-
festing as a dominant second harmonic of the Josephson cur-
rent close to 45° angle. However, the TRS breaking in the high 
temperature superconducting phase can be suppressed by 
strong disorder at the interface,[31] hence careful studies of det-
rimental disorder effects on the interfaces and novel methods 
that rely on cheaper and/or innovative process of fabrication 
are required.

2. Fabrication

We fabricate six 0° Josephson junctions and one 43.2°-twisted 
Josephson junction based on the optimally doped BSCCO flakes 
using a cryogenic dry transfer technique in a pure argon atmos-
phere. This technique consists of cleaving a sequential pair 
of fresh surfaces of the BSCCO from the pre-exfoliated single 
crystal and stacking the two resulting flakes on top of each 
other. This procedure of the junction fabrication is sketched 
in Figure 1 and can be described as follows. First, the BSCCO 
crystals are mechanically exfoliated using a Scotch tape on the 
SiO2/Si substrates, previously treated with oxygen plasma and 
baked overnight to get rid of water molecules. Next, utilizing 
the optical contrast, we identify the BSCCO flake with a thick-
ness in the range between 80 and 100 nm and cool the sample 
stack down to −90 °C, to preserve the crystalline structure and 
the superconducting state of the interface while building the 
junction. After that, we cover the BSCCO flake with an edge 
of a poly(dimethylsiloxane) (PDMS) stamp placed on a glass 
slide mounted on a micromanipulator and let the assembly 
thermalize. At the temperature, being a little bit above the glass 
transition of our PDMS (Tg = −120 °C), the stamp becomes very 
adhesive. By quickly detaching the stamp from the substrate, 
we cleave the crystal along a flat plane between the BiO planes, 
obtaining two thinner flakes. The flake standing on the PDMS 
stamp is aligned and placed back onto the bottom flake on the 
substrate within 40 s. The time between cleaving and stacking 
makes a huge impact on the junction quality. We find out that 
both flakes should be thicker than 30 nm, otherwise they are 
not rigid enough to create a flat interface without modulating 
the surface. Finally, the stack is slowly heated up to −30°C and 
the top flake is released from the bottom one as the stamp is 
no longer adhesive. In Figure 1, the bottom color bar illustrates 
representative temperatures (e.g., melting temperature TM) 
of the commonly used polymers for exfoliation, such as poly
carbonate (PC) and polypropylene carbonate (PPC).[32] The 
control over the adhesion of the PDMS stamp allows us to fab-
ricate the junctions by taking advantage of a solvent-free and 
dry transfer at low temperatures. In this way, the encapsulated 
sample survives after being exposed to an ambient condition 
for at least three hours.

For three out of the seven junctions (two at 0°, and one 
twisted at 43.2°), we opt to additionally protect the interface 
above the BSCCO heterostructures, especially from water 
molecules by placing an encapsulating hexagonal boron nitride 
(hBN) flake on top of the stacked flakes immediately afterward. 
The bottom surface of the lower flake in the heterostructure is 
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attached closely to the substrate and, therefore, is not exposed 
to the ambient atmosphere, which is critical for the degradation 
of BSCCO. Electrical contacts are then deposited in two steps 
using a chemical-free stencil mask technique[3] in an evapora-
tion chamber directly connected to the glovebox cluster. First, 
gold electrodes are evaporated right on the junctions while the 
temperature of the liquid nitrogen-cooled stage is kept at −50°. 
The base pressure of the deposition chamber is 10−6 mbar. 
Next, electrical contact pads are deposited via stencil masks by 
evaporating Au/Cr while the temperature of the sample stage 
is −30°C. These double evaporations aim to avoid deposition 
of the Cr directly onto the BSCCO, which would result in an 
insulating behavior of the underlying region, as Cr could cap-
ture oxygen atoms from the flakes.[33] We found that the con-
tact resistance obtained from the deposition of Cr right onto the 
sample by performing a single evaporation (Au/Cr) was of the 
order of 1 kΩ, which is ten times higher than the resistance 
of the contact obtained by the two-steps evaporation protocol. 
Figure 2a,b shows the closeup optical images of two representa-
tive devices, one without encapsulation on top of the junction 
and the other with encapsulation, respectively. Figure  2c pre-
sents the temperature dependence of the electrical resistance R 
through the junctions (normalized by the resistance at 280 K) 
of the two corresponding devices. The R(T) of the interface is 
measured across the junction with the four-terminal method. 
In addition, the resistance as a function of temperature for top 
and bottom flakes is reported in Figure  S2 (Supporting Infor-
mation). The T dependence of R is linear in the normal state, 
consistent with the nearly optimal doped Bi2Sr2CuCa2O8+δ

[34] 
and exhibits a superconducting transition, at a temperature 
slightly lower than that of the bulk samples.[35] The supercon-
ducting critical temperature Tc in the junction with the encap-
sulated (uncovered) interface is 84.5 K (88 K), defined as the 
peak value in the derivative dR/dT (Figure 2c). The Tc is close to 
that of a bulk crystal, indicating the high uniformity of oxygen 

dopants even at the junction in both of the devices, and its 
values are within the distribution of Tc in twisted BSCCO junc-
tions.[23] Yet, the device with the encapsulated junction displays 
a visibly sharper transition from the resistive to the metallic 
state, indicating the improved interplanar coupling.[36] The crit-
ical temperatures Tc of other JJs are given in Table 1 along with 
the other characteristic properties. The resistances as functions 
of temperature for all 0° junctions are displayed in Figure  S1 
(Supporting Information).

Cross-sectional high-annular dark-field scanning transmis-
sion electron microscopy (HAADF-STEM) is performed to 
image the 0° BSCCO junction at atomic resolution. We prepare 
a lamella cut out of the BSCCO junction by focused ion beam 
milling. The TEM measurement is carried out immediately 
after the specimen preparation to prevent deterioration from air 
exposure. Moreover, the sample is treated with Ar–O plasma for 
30 s to suppress contamination while imaging locally with an 
electron beam. Figure 2d illustrates the HAADF-STEM image of 
the junction’s cross section between the top and bottom flakes, 
recorded in [100] zone axis orientation. Bright spots are identi-
fied as atoms that scatter electrons, and the brightest ones are 
Bi atoms, which are only fully resolved in these imaging condi-
tions. Figure   2e shows zoom-in at the junction indicated by 
the red dashed box in Figure 2d, emphasizing the high quality 
of the junction between the flakes. The monolayers of BSCCO 
are placed in series along the c-axis with the lattice constant of 
≈1.5 nm for both flakes and the crystalline order in the junction 
is well preserved. The line profile across the junction sketched 
by a red arrow is displayed in Figure 2f, presenting the larger 
distance between the Bi atoms at the junction (3.8 Å) than that 
of Bi atoms in each crystal (3.5 Å) along the c-axis. The c-axis 
position of the interface is in an agreement with the thickness 
of the two flakes estimated by its optical contrast. The STEM 
image of the full stack for the junction is shown in Figure S4 
(Supporting Information).

Adv. Mater. 2023, 35, 2209135

Figure 1.  Cryogenic fabrication process for BSCCO junctions. An exfoliated BSCCO flake is identified by its optical contrast under a microscope and 
a PDMS stamp is approached towards the flake on the substrate. The cold PDMS stamp is dragged, cleaving the crystal at −90 °C and then quickly 
aligned along the flake. Stacked flakes are slowly warmed to −30°C, and the PDMS is pulled off. The junction interface is covered by landing an hBN 
flake using a PDMS at room temperature. Electrical contacts on the crystals are deposited by thermal evaporation through a SiN stencil mask. The 
color bar below indicates representative temperatures for oxygen in cuprates and different types of polymer (PDMS, PPC, and PC).
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3. Results and Discussion

The current–voltage, I–V, characteristics and the dynamical 
resistance, dV/dI, across the JJs are measured in a four-
terminal configuration using a lock-in amplifier technique. 
We sweep the dc current from negative to positive values 
in the range of mA while superimposing the small alter-
nating current with a 1 µA amplitude and a frequency of 
17 Hz. We measure simultaneously the dc and ac voltages to 
get the I–V and dV/dI characteristics, respectively. To compare 

the transport data of the two representative JJs (one uncovered 
and the other encapsulated), we normalize the bias current I 
with respect to the junction area A, obtaining the current den-
sity J = I/A. Figure   3a displays the representative J–V charac-
teristics of the non-encapsulated junction shown in Figure  2a 
at 5 and 50 K. The schematic of the device is sketched in the 
inset of Figure 3a. As we sweep the bias current from a large 
negative value, the junction voltage first retraps to the super-
conducting state, V  = 0, and then jumps to the resistive state  
at the critical current density Jc. In this JJ, Jc  = 0.10 kA cm−2 

Adv. Mater. 2023, 35, 2209135

Figure 2.  a) Optical microscopy image of BSCCO junctions with the uncovered interface and b) hBN-encapsulated interface. c) Normalized resistance 
R/R280K as a function of temperature T of corresponding BSCCO junctions in (a) and (b), respectively. Inset: The differential resistance dR/dT as a func-
tion of temperature. The dotted lines show superconducting critical temperature Tc for junctions with encapsulation (red) and without encapsulation 
(blue). d) Cross-sectional HAADF-STEM image of a BSCCO junction recorded in [100] zone-axis orientation. The Bi atoms are only atomically resolved. 
e) Zoom-in at the junction indicated by the red dashed box emphasizing the high quality of the junction between the flakes. f) The line profile across 
the junction at the position indicated by a red arrow in (e) but averaged over the whole width of the image in (d) reveals a significantly larger distance 
between the Bi atoms at the junction (3.8 Å) compared to the Bi atoms (3.5 Å) at each flake along the c-axis.
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at 5K and decreases to Jc  = 0.06 kA cm−2 at 50 K. Figure   3b 
shows the differential resistance dV/dI as a function of the 
current density and temperature. The critical current density 
Jc, at which the inner peaks of dV/dI appear, decreases with 
temperature. Furthermore, multiple peaks are visible at higher 
bias current (for both bias polarities) above 25 K approximately. 
These features possibly arise from the subgap structure of 
the quasiparticle density of states in the intrinsic BSCCO 
Josephson junctions.[37,38] The dV/dI is symmetric with respect  
to J = 0.

The J–V characteristics of the encapsulated JJ depicted in 
Figure 2b measured at 5 and 50 K are presented in Figure 3c. 
The sketch of each corresponding device is displayed in the 
inset of Figure  3d. The transition from the superconducting 
to resistive state occurs at the current density almost ten times 
higher than that of the former junction (Jc  =1.19 kA cm−2 at 
5 K). This value is comparable to the Jc of the intrinsic BSCCO 
Josephson junctions, which range from 0.17 to 1.70 kA cm−2 at 
10 K, depending on the number of junctions along the c-axis.[39] 
This JJ exhibits a sharp transition where the system rapidly 
jumps at Jc from zero voltage to a finite voltage of 20 mV at 
5 K, while it ends up to a voltage of 2 mV at 50 K. This suggests 
that the superconducting gap decreases by order of magnitude 
when the temperature raises from 5 to 50 K, as the switching 
voltage corresponds to the superconducting gap values in ideal 
tunnel junctions.[40] Furthermore, the J–V curve at 50 K displays 
additional voltage jumps when the current density exceeds 
the Jc. This suggests the contribution of each intrinsic junc-
tion in crystals in the framework of the resistively and capaci-
tively shunted junction (RCSJ) model using two resistance in 
series.[41]

To gain further insight, we plot in Figure  3d the dV/dI of 
this encapsulated JJ versus current density and temperature. 

Adv. Mater. 2023, 35, 2209135

Table 1.  Summary of the properties of the twisted Josephson junctions.

Sample θ [°] Encapsulation Area [µm2] Tc [K] Jc@ 10K [kA cm-2]

S1 0.0 no 670 88.5 0.10

S2 0.0 no 640 84.5 0.21

S3 0.0 no 240 89.0 0.38

S4 0.0 no 386 89.0 0.65

S5 0.0 yes 120 84.5 1.00

S6 0.0 yes 300 88.7 0.94

S7 43.2 yes 160 91.5 0.04

Figure 3.  a) Representative current density–voltage J–V characteristics at 5 and 50 K. Inset: Schematic illustration of corresponding BSCCO junction. 
b) Differential resistance as a function of current density and temperature of the BSCCO junction without encapsulation on the interface. c) Analogous 
J–V characteristics at 5 K and 50 K. Inset: Schematic illustration of encapsulated BSCCO junction. d) Differential resistance versus current density and 
temperature of the BSCCO junction with the encapsulated interface.
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The first peaks of dV/dI occurring at Jc exhibit a non-mono-
tonic behavior as a function of temperature. In this case, Jc 
is not mirrored along J  = 0 below 40 K, and small hysteretic 
behavior is presented. Namely, the current density at which 
the junction retraps to the zero resistance state from the nega-
tive bias is slightly lower than the current density at which the 
system jumps to the resistive state at the positive bias. Above 
40 K, dV/dI is symmetric and several peaks can be identified 
above Jc. These features appear at different current densities 
depending on the temperature and can be associated either 
with the subgap structure as in the previous case,[37,38] the for-
mation of the discrete vortex train,[42] or with the multiparticle 
tunneling mechanisms,[43] such as phonon-assisted tunneling 
process.[44,45] These structures in the subgap regime are well 
explained by the resonant coupling mechanism between the 
infrared active optical c-axis phonons and oscillating Josephson 
currents.[44] When the bias is much higher than the critical cur-
rent, no structures are presented, and the J–V characteristic 
is linear.

The dynamical resistance over current density and tempera-
ture for all the six 0° samples are shown in Figure  S3 (Sup-
porting Information). Comparing the encapsulated junction 
(S6) with the similar area as the ones without encapsulation  
(S3 and S4), S6 with the area of 300 µm2 has the Jc of 0.94 kA cm−2 
at 10 K, which is higher than the others. In addition, its value of 
Jc is reduced compared to that of the encapsulated junction with 
the smaller area (S5). This suggests the hBN protects the interface 
regardless of the area.

The experimental method combining cryogenic dry transfer 
technique and hBN encapsulation is also employed to build the 
twisted JJ with the twist angle θ  = 43.2°, aiming at the inves-
tigation of the anisotropy in the superconducting order para-
meter of BSCCO. The optical image of this device is shown in 
Figure 4a along with the temperature dependence of the nor-
malized electrical resistance measured across the junction in 
a four-point geometry. Although the resistance curve is indis-
tinguishable from that of the 0°-junctions (Figure 2c), the J–V 

characteristic is distinctive. The two J–V curves in Figure 4b at 
5 and 50 K display a significant steep jump at the critical cur-
rent density below 0.1 kA cm−2. As visible also in the dV/dI 
colormap (Figure 4c), the Jc is reduced from the value it has in 
the intrinsic junction by almost two orders of magnitude. Here, 
the drop of Jc is not due to the detrimental effects of disorder 
since the interface is protected by the encapsulation layer. This 
conclusion is clearly supported by the sharp transition shown 
by the J–V curves (Figure 4b). The reduction of Jc is attributed 
instead to the d-wave pairing symmetry of the BSCCO. Near 
45°, the nodal SOPs of the two twisted crystals strongly mis-
match, and the direct tunneling of Cooper pairs is strongly sup-
pressed, resulting in a lower value of Jc.[26,31]

4. Conclusion

We have investigated the detrimental effects of disorder on the 
electronic transport in JJs based on stacked BSCCO hetero
structures and demonstrated the improvement of the corre-
sponding I–V characteristics and the dV/dI due to encapsulated 
interface with an hBN-crystal, fabricated using cryogenic, sol-
vent-free transfer techniques in Ar atmosphere. Encapsulation 
of the junction interface is, under our experimental conditions, 
of vital importance for the fabrication of JJs with an electronic 
quality comparable to that in the intrinsic Josephson junctions 
in the single-crystal BSCCO. Our main finding is the enhance-
ment of Jc in the encapsulated JJ, which becomes as high as 
Jc in the intrinsic Josephson junction, achieving the values 
Jc ≈ 1.2 kA cm−2 at 10 K, whereas Jc in the not-encapsulated JJs 
is about one order of magnitude smaller. The sharper supercon-
ducting transition demonstrated by the R(T) dependencies and 
the presence of structures in the J–V characteristics observed in 
the encapsulated device do coincide with the main features of 
the coherent JJs free of detrimental disorder making the vdW 
heterostructures with the encapsulated interface an excellent 
platform for applications.

Adv. Mater. 2023, 35, 2209135

Figure 4.  a) Temperature dependence of the resistance through 43.2°-twisted Josephson junction with hBN-encapsulation. Inset: Optical image of 
the corresponding device. b) Representative current density–voltage J −V characteristics at 5 and 50 K. Inset: Schematic illustration of corresponding 
BSCCO junction. c) Differential resistance as a function of current density and temperature for the 43.2°-twisted Josephson junction.
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