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Abstract 

Charge transport in graphene (Gr) has been studied using conventional superconductors 

(SCs) in different types of devices. Graphene Josephson junctions (Gr-JJ), using s-wave 

superconductors, have shown supercurrents that are gate tunable. Andreev reflection (AR), 

which occurs at both Gr-SC interfaces in a Gr-JJ is responsible for the supercurrent. A prelude to 

realizing Gr-JJ using unconventional SCs, such as Bi2Sr2CaCu2O8+x (BSCCO), is to understand 

transport in a single BSCCO/Gr junction which can reveal unique aspects of AR. We have found 

that charge transfer from BSCCO into graphene creates a hole-doped region at the boundary of 

the BSCCO/Gr junction. This doped region renders two different interfaces, one with a 

superconducting graphene region and the other with a bare graphene region. Together they 

contribute to two scattering mechanisms – AR and Klein tunneling (KT), respectively, that create 

resonance states. We use a global gate to simultaneously gate the doped and bare graphene 

regions and observe an asymmetry in conductance as doping configuration changes from p+-p to 

p-n, a hallmark of KT. A resonant interference condition occurs for every two round trips of 

carriers within the doped region, which produces oscillations in conductance while sweeping the 

gate voltage. We observe the suppression of the oscillation amplitude above a junction bias 

ranging between 10 to 15 mV in over half-a-dozen BSCCO/Gr devices. This energy is consistent 

with the expected size of the induced gap of i ~15 meV measured by others. Furthermore, we 

have studied the transport properties in BSCCO-Gr-BSCCO junctions that were fabricated by 

mechanically cracking a single BSCCO flake, to control the separation length from 20 nm to 3 

m between the SCs, while setting it on graphene. We observe that the oscillation period 

increases as junction length decreases. In long junctions, the period tends to that of the single 
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junction. The oscillations suppress for bias between 20 to 30 meV in the BSCCO-Gr-BSCCO 

junction which corresponds to 2i, as expected for transport between two SCs. These results 

show the rich transport phenomena in junctions of BSCCO and graphene that may lead to the 

realization of gate-tunable high-temperature graphene Josephson junctions for quantum 

computing applications. Superconducting d-wave proximity in graphene could create an 

effective p-wave pairing, which is one of the ingredients to create Majorana excitations. 
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junction with the angle 𝛼 between the junction normal and lobe at 0° (left) and at 45° 
(right) taken at different values of the gating parameter in units of 𝜋. Reproduced with 

permissions from 17. .............................................................................................................. 34 

• Figure 17. (a) A schematic of Gr/YBCO device on STO substrate. The graphene spans over 

superconducting (S) and insulating (Ins) regions of YBCO. The superconducting region of 

graphene is S, barrier normal region formed screening is N’, and the rest of normal region is 

N. (b) Colormap of differential conductance as a function of excitation bias and gating. (c) 

Slices along gate voltage at zero bias and near the superconducting gap edge of YBCO 

showing a period of 75 V, which is 35 meV in Fermi-energy. Figure reproduced with 
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• Figure 18. A simplified schematic of assembling a stack using the pick-and-place 

technique. (left) Start with a PPC/PDMS/Glass Slide stamp. Align it over a selected flake 

for pick up. (middle) After picking up the selected flake with the stamp align it over the 

target flake and release it. (right) The completed heterostructure is informally called a stack.

 .............................................................................................................................................. 40 

• Figure 19. (left) AFM scan of 90 nm SiO2 wafer. (right) An line scan averaged over 100 

pixels which show a surface roughness of ±0.1 nm of our thermal oxide wafers. .............. 42 

• Figure 20. (a) Sequence of images for graphene exfoliation process. We start from a bulk 

crystal on a tape, which anchored to a glass slide. A transfer tape is used to peel off a small 

piece of bulk graphite. The scale of the background mat in (i) is in units of centimeters. 

Panels (ii-vi) show how we tessellate the graphite between two transfer tapes to maximize 

coverage to match the size of the wafer (about 2 x 2 cm2). Each square in panels (ii-vi) is ½ 

X ½ inch. (b) First panel shows the transfer tape being peeled off the 90 nm SiO2 wafer. 

Large bulk graphite flakes exfoliated on the wafer are noticeable to the naked eye. Seeing 

more of these is a good indicator of the chance of finding graphene under a microscope. (c) 

Optical micrograph of exfoliated graphene on 90 nm SiO2/Si wafer. .................................. 45 

• Figure 21. (a) Raman spectrum of monolayer graphene on the highly doped 90 nm SiO2/Si 

substrate collected using 532 nm laser. (b) Height image from AFM scan so that the gold 

color shows graphene after Ar/H2 annealing. Because the step height in graphene is 0.3 nm, 

distortions from interference of the laser reflected from the SiO2 substrate can appear in the 

AFM image, like the slanted fringe background in this image. ........................................... 47 

• Figure 22. (a) Schematic for the motorized multi-sample pick-and-place station. (b) Image 

of the actual apparatus in the glovebox. ............................................................................... 51 

• Figure 23. (a) Schematic of using mechanical movements of the stamp to induce a 

continuous crack in a BSCCO flake. (b) Optical images of cracking a BSCCO flake into 

two individual pieces to make the BSCCO-Gr-BSCCO stacks. To the top right is a 

reference image of graphene and bottom right is an image of the completed stack with 
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• Figure 24. Optical images and schematics showing progression from a single graphene 

flake to a stack and finally to a device. ................................................................................ 56 

• Figure 25. Optical image of the stack from Figure 24 imposed in the Litho-1 design file to 

expose contacts to graphene and contact pads for BSCCO (filled in navy blue mesh). The 

features of photomask contacts to BSCCO (in lavender) are overlayed here to aid the 

alignment between Litho-1 and Litho-2. The scale bar in red located at the bottom left-hand 

corner is 20 m in both axes. ............................................................................................... 58 

• Figure 26. Top - Exposed boxes in PMMA A4 of increasing linewidths on 53 nm BSCCO 

(a) patterned and (b) etched using 20% TMAH. (c) A large trench clearned in BSCCO 

which exposed graphene underneath. (d) Electron micrograph of a 60 nm crack intersecting 

a selectively 125 nm etched trench in BSCCO. ................................................................... 62 

• Figure 27. (a) Schematic cross-section of our device. Gr is superconducting graphene 

under BSCCO, Gr' is a p-doped graphene and Gr is native graphene. d is the length of Gr'. 

The dotted lines at either ends of Gr' denote the interfaces. (b) Optical micrograph of 

device-A from Table-1. S is shorthand for BSCCO. Dotted white outline tags graphene. The 

red X and N1 to N5 are contacts to graphene. C1 to C4 are contacts to BSCCO. Scale bar is 
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• Figure 28. (a) Sheet resistance of typical bare graphene in our devices. (b) Conductance of 

BSCCO/Gr (device-A) junction in response to sweeping the Fermi-energy 𝐸𝑓 The red lines 

indicate the position of the troughs. (c) Top - A p-n junction is formed in Gr'-Gr by 

electrostatic gating. The classical trajectory of the holes and electrons is depicted by dashed 

and solid lines respectively. The number labels count the trips for the interference 

condition. .............................................................................................................................. 67 

• Table 1. Properties of the junctions examined in this work: TC is the transition temperature 

of BSCCO, W is the junction width, 𝑹 × 𝑾 the junction resistance, 𝑬𝒕𝒓 − 𝒕𝒓 the period of 

oscillations, and 𝒅 the estimated length of the Gr’ region, 𝚫𝒊 from bias dependence of 

oscillations. ........................................................................................................................... 71 

• Figure 29. (a) Conductance of the S-Gr junction as a function of the back-gate voltage 𝑉bg 

measured at different 𝑉𝑆−𝐺𝑟, corrected for the position of the Dirac point 𝑉𝐷𝑃 of Gr at +2.3 

V (b) Amplitude of the oscillations as a function of the bias across the junction decays 

beyond ~15 mV. The solid curve is a guide to the eye. (c) A schematic representation of 

carriers outside of the pseudogap of Gr entering Gr' when 𝑉S−Gr ≫ Δ𝑖 across the junction.
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• Figure 30. Differential resistance (dV/dI) of two BSCCO/Gr junctions at liquid helium 

temperature showing an induced pseudo-gap Δ𝑖 below 15 mV. .......................................... 74 

• Figure 31. (a) Junction conductance for device-A is discussed in the main text at different 

temperatures. (b) The relative amplitude of the resonances of another BSCCO/Gr junction 

showing the amplitude decreasing as the critical temperature of BSCCO (Tc ~ 72 K) is 
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• Figure 32. (a) Bulk spectral function for doped graphene, and doped graphene in the 

presence proximity induced d-wave superconductivity (b). Panel (c, d) shows the spectral 

function for the (c) unbiased and (d) biased gating conditions in the Gr' region. Panel (e) 

shows the computed dI/dV at 𝑉𝑆−𝐺𝑟 =  0.07 × Δ, with the locations of the conductance 

minima of Dirac points marked by green (𝜇bg = 0) and blue (𝜇bg = 0.06𝑡) dashed lines 

for the Gr and Gr' regions respectively. (Theory and figure were contributed by our 

collaborator J. Lado. Published) ........................................................................................... 78 

• Figure 33. (a) Colormap of the BSCCO/Gr resistance as a function of gate voltage and 

perpendicular magnetic field for device-B from Table 1. (b) Line cuts at 0.0 T and 2.4 T 

from the 3D map. (c) Electron (solid) and hole (dashed) trajectories at the Gr’-Gr interface 

in the absence and presence of a perpendicular magnetic field. The normal mode when 𝐵 =
0, the transmission 𝑇 = 1 according to KT. However, when 𝐵 ≠ 0 the electrons are 

incident at oblique angles and 𝑇 decays ∝ 𝑒−(sin𝜃𝑖)
2  . ........................................................ 81 

• Figure 34. (a) Schematic of BSCCO1-Gr-BSCCO2 junction in the top panel and the 

corresponding band diagram in the bottom panel. 𝐺𝑟𝛥1,𝛥2 (gray) are the regions of graphene 

with induced superconductivity and heavy hole-doping due to charge transfer. Similarly, 

the 𝐺𝑟1,2
′  regions are hole-doped barriers due to charge transfer and have a finite length 𝑑1,2. 

SEM images of the shortest (Reg-1) and longest (Reg-3) BSCCO1-Gr-BSCCO2 junctions in 

(b) and (c) respectively. ........................................................................................................ 87 

• Figure 35. Representative normalized conductance of devices from different length regimes 

(𝐿 = 21 nm, 377 nm, and 3.043 m measured at 4.2 K are offset and shown here for 

comparison. .......................................................................................................................... 88 

• Figure 36. (a) The normalized FFT amplitude of the oscillatory junction conductance for 

different devices as function of the period. We see a decreasing shift in period going form 

Reg-1 to Reg-3. The primary period of the devices in Reg-3 tend to the average period of 

1.5 V. (b) The period as a function of junction length shows the inverse scaling in period of 

resonances. Scatter points are primary period form FFT. The line is a fit curve according to 

the relationship in the main text. .......................................................................................... 89 

• Figure 37. Carrier trajectories in the short junction limit leading to interference from 

multiple Andreev reflections. The electrons (solid) undergo AR at each 𝐺𝑟Δ interface and 

convert to holes (dashed). ..................................................................................................... 90 

• Figure 38. (a) The normalized amplitude of oscillations for the shortest device in Reg-1 at 

different DC bias while sweeping the gate voltage. The oscillation amplitude is diminished 

at twice the induced gap, 2Δi~30 meV. (b) The differential conductance (dI/dV) of the S-

Gr-S junction as a function of sweeping the DC bias. A sub-gap feature of 2Δ𝑖~30 meV is 
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1. Introduction 

Quantum computers break the limitations of classical binary state computing by utilizing 

superposition and entanglement and rely on the inherent parallelism to exponentially speed up 

specific calculations. Recent advances in superconducting qubit technology1,2 have achieved 

quantum supremacy, i.e., demonstrated their programmable quantum computers can solve a 

problem that is impossible for a classical computer to solve within a reasonable amount of time. 

Superconducting transmon qubits are appealing because of their manufacturing scalability using 

existing semiconductor fabrication facilities. These devices are comprised of Josephson junctions 

(JJs) made of conventional low-temperature superconductors, such as Al or Nb, that need to 

operate at millikelvin temperatures and thus require dilution refrigerators. These Josephson 

junctions have an insulating barrier (oxide or nitride) sandwiched between two superconducting 

electrodes. Improving the qubit relaxation and coherence times requires greater control over 

surfaces, interfaces, and contaminants3. Van der Waals heterostructures using two-dimensional 

(2D) materials have shown that atomically pristine surfaces can surprisingly be easily achieved 

and thus reveal new physics. The variety of 2D (or layered) materials has grown incredibly since 

the discovery of graphene, a semi-metal, to now include insulators, semiconductors, 

superconductors, topological insulators, and even topological superconductors4. Therefore, we 

are presented with the opportunity to explore Van der Waals heterostructures with clean 

interfaces to create JJs that operate at high temperatures.   

Graphene nanoelectronics have greatly evolved since the discovery in 20045
 which showed 

that pristine monolayers can be mechanically exfoliated. Its electronic properties, governed by 

the Dirac equation, lead to novel physics such as half-integer quantum Hall effect6,7, Klein 
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tunneling8–10, and Veselago lensing11,12. Experimental studies of proximity-induced 

superconductivity in graphene have demonstrated Josephson junctions13–15, Andreev bound 

states16,17 and supercurrents in the quantum Hall states 18. A special case of inter-band Andreev 

reflection, also known as specular Andreev reflection19, was found in superconductor/bilayer 

graphene junctions20. The helical nature of carriers in graphene is at the core of its exotic 

properties.   

Heterojunctions of superconductors with insulators and metals have led to profound 

discoveries such as the Josephson effect21,22, new scattering mechanisms (Andreev Reflection, 

McMillan-Rowell resonances 23,24, Tomasch resonances25), and emergent bound states (Andreev 

bound states26–28, Yu-Shiba-Rusinov states29–32). Similarly, heterojunctions with high-

temperature nodal (d-wave) superconductors have special scattering mechanisms due to the 

anisotropic order parameter 33,34. 

Supercurrents have been observed in graphene Josephson junctions (GJJ) using a variety of 

conventional s-wave superconductors13. Owing to the nature of s-wave superconductors, these 

GJJs operate at liquid helium temperatures, and the supercurrent vanishes in a small magnetic 

field35. The supercurrent in the GJJ is gate tunable, exhibits the Fraunhofer pattern, and was 

found in the quantum Hall regime36. Until recently, little was reported about proximity-induced 

effects in graphene with high-temperature superconductors37–40, partly due to fabrication 

challenges41,42. However, several theoretical predictions of novel transport phenomena in d-

wave/graphene junctions43–46 and of the nature of the induced pseudo-gap47–49 have urged 

 
 projection of pseudo-spin on the direction of motion 
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experimentalists of the need to find clever solutions to overcome fabrication challenges and 

investigate these possibilities.  

The junctions made of Bi2Sr2CaCu2O8+x (BSCCO) and graphene (Gr) discussed in this work 

inform the scope of realizing high-temperature GJJs. They shed light on the proximity effects in 

graphene due to d-wave superconductivity and charge transfer from BSCCO. Two scattering 

mechanisms, Andreev reflection and Klein tunneling, occur together and contribute to the 

resonance in the single BSCCO/Gr devices. We also bring the superconducting contacts close 

together to make BSCCO-Gr-BSCCO junctions of different lengths and observe an inverse 

scaling of resonance period with junction length. This is attributed to losing the interface for 

Klein tunneling and only having resonances from Andreev reflections. Nodal superconductivity 

in graphene, like the pseudo-gap induced from a d-wave superconductor, is of interest for the 

discovery of Majorana fermions which are relevant for quantum computing45,48.   

Chapter-2 delves into the background on the electronic properties of graphene. Details on 

the mechanism of Klein tunneling in graphene are given in section 2.3. We conclude the chapter 

with a summary of seminal results in graphene transport that arise from Klein tunneling – 

specifically the conductance asymmetry and Fabry-Perot resonances.  

An introduction to the basic properties of superconductors is given in Chapter-3 to 

understand the properties of BSCCO. 

Chapter-4 covers the properties of cuprate superconductors, with a specific emphasis on 

BSCCO. We show what makes BSCCO a layered material that we can exfoliate with similar 

methods used for graphene. A brief literature review is given to substantiate d-wave pairing in 
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BSCCO. The doping-dependent electronic properties are discussed as context for our fabrication 

strategies and the properties of BSCCO measured in our devices. 

Chapter-5 begins with the description of Andreev reflection in superconductor-metal 

junctions based on the Blonder-Tinkham-Klapwijk formalism. Then we describe the formation 

of a zero-bias peak in d-wave superconductor-metal junctions observed in Andreev reflection, 

due to nodal fermions in the order parameter, which has been observed experimentally. It also 

supports the presence of a zero-bias mode in the computed spectral functions shown in Chapter-

7. Then we discuss analytical models on gating barriers  

Chapter-6 begins with an introduction to the sample fabrication methods – pick-and-place, 

and exfoliation techniques (see 6.1 to 6.3). The design and operation of the homebuilt glovebox 

pick-and-place system are presented in section 6.4. The design of the system is ergonomic and 

improves repeatability and reliability of the process. Sections 6.5 and 6.6 provide details on the 

pick-and-place and lithography techniques used in making the BSCCO/Gr and BSCCO-Gr-

BSCCO heterostructures discussed here. Basic electrical characterization methods can be found 

in the Appendix. 

Typically, resonances occur from a single scattering mechanism, for example in Andreev 

bound states and Yu-Shiba-Rusinov states. Our results on BSCCO/graphene junctions, discussed 

in Chapter-7, showcase resonances arising from two different scattering mechanisms – Klein 

tunneling and Andreev reflection, due to two naturally occurring interfaces. The device 

schematic details are given in 7.1. The transport data showing conductance resonances with 

gating and the discussion on their origin are provided in 7.2. We also provide calculations of the 

spectral functions and junction conductance, generated by our collaborator, which enhance the 

understanding of the effect of superconducting d-wave proximity in graphene. Additionally, the 
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dependence of resonances on magnetic field are discussed in sections 7.3 that provide a starting 

point for further investigation.  

Chapter-8 of the thesis extends the characterization of the resonant mechanism to BSCCO-

Gr-BSCCO lateral junctions. The spacing between the BSCCO flakes that exposes graphene was 

made possible by a pick-and-place technique that incorporates cracking a single BSCCO, as 

discussed in section 6.5. We observe the period of the resonance scales inversely with the 

junction length ranging from 20 nm to 3 m. Additional data on the effect of varying magnetic 

field on devices of different lengths is provided. This supports the reappearance of the single 

BSCCO-Gr junction behavior in the long BSCCO-Gr-BSCCO junctions and the robustness of 

resonances in the short junction junctions <1 m.  

Finally, the conclusions and outlook for this work are given in Chapter-9. Here we 

elaborate on how our results can guide new experiments to realize high-temperature GJJ and help 

the search for more exotic low-energy bound states, using copper oxide superconductors such as 

BSCCO. 
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2. Graphene 

2.1 Introduction 

The layered nature of graphite led to the invention of the pencil – a household writing 

instrument that has been around for centuries. Theory by P. M. Wallace1 in 1947 predicted the 

unusual properties of a single atomic layer of graphite that later earned the name ‘graphene’. The 

isolation and characterization of graphene2–4 by K. Novoselov & A. Geim et. al confirmed its 

exotic electronic properties described by the Dirac equation and was the first evidence for the 

existence of 2D materials. They were awarded the 2010 Nobel Prize in Physics for their out-of-

the-box approach to obtaining monolayer graphene and rigorous transport studies. Since then, 

numerous 2D materials of different types including semiconductors, insulators, ferromagnets, 

superconductors, and topological insulators, etc., have been synthesized and combined in Van 

der Waals heterostructures5. Graphene continues to be ubiquitous in the research on 2D 

materials, just as the pencil has been essential to scribing.  

“Astonishingly, graphene reincarnates itself every few years”  - Andre Geim, 2020 

Monolayer graphene was isolated from bulk graphite on SiO2/Si wafers using 3M Scotch 

Tape® by K. Novoselov at the University of Manchester during a “Friday night experiment”. 

These experiments were meant to quickly test ideas without consuming too much time and 

effort. The story goes - while he was wondering how one could isolate a single atomic layer of 

carbon, he had seen his colleagues discard pieces of Scotch tape after exposing a fresh surface of 

graphite for their regular electron microscopy samples. He picked up a few of those pieces of 

tape and pasted them onto SiO2 wafers in the lab. Upon peeling the tape and looking under a 

microscope, he discovered strips of thin layers of graphite that were translucent in appearance. 
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This was the beginning of many experiments to isolate monolayer graphene and study its novel 

electrical properties through gating and Hall transport. Research in 2D materials has retained the 

flavor of “Friday night” experimentation - where a naïve question and quick experiment have led 

to major advances and discoveries.  

Section 2 introduces the atomic and electronic structure of graphene, which are needed to 

understand its basic transport properties in sections 3 and 4 that are relevant to our work.  

2.2 Electronic Structure 

Graphene is a monolayer of carbon atoms covalently bonded in a honeycomb structure. The 

two carbon atoms A and B in Figure 1(a) form a basis for the hexagonal lattice with vectors 𝑎1⃗⃗⃗⃗  

and 𝑎2⃗⃗⃗⃗ , with carbon-carbon nearest neighbor distance 𝑎0 = 1.42 Å. The reciprocal lattice vectors 

of the Brillouin zone in Figure 1(b) are given by 𝑏1
⃗⃗  ⃗ and 𝑏2

⃗⃗⃗⃗ . At the corners of the Brillouin zone 

are the K and K’ points where the conduction and valence bands of the Dirac cone meet, 

commonly called the Dirac points6.   

Figure 1 (c) shows the electronic band structure and the conical dispersion at the Dirac 

points along the two-dimensional wave vector 𝒌 = (𝑘𝑥, 𝑘𝑦). The charge carriers in graphene are 

described by the massless Dirac Hamiltonian,  

𝐻𝐾 (𝑜𝑟 𝐾′) = ℏ𝑣𝑓𝝈 (𝑜𝑟 𝝈∗) ∙ 𝒌 

for the K (or K’) point. Here the Fermi velocity, 𝑣𝑓 ≈ 1 × 106 m/s and 𝝈 = (𝜎𝑥, 𝜎𝑦) is a set of 

the 2 × 2 Pauli spin matrices. The linear dispersion relations implies that the group velocity for 

carriers at low energy is constant. The linear energy-momentum relationship is given by 𝐸 =
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±ℏ𝑣𝑓𝑘, unlike the parabolic relationship in semiconductors where carriers have an effective 

mass. Many unusual properties of quantum electrodynamics (QED) have been found in graphene 

owing to the relativistic nature of its carriers. Graphene is considered as a semi-metal due to its 

unique band structure and low carrier density of the order 𝑛~1012 cm-2.  

 

We describe the tight-binding Hamiltonian using the nearest-neighbor coupling the nearest-

neighbor hopping energy is 𝑡 ≈ 2.7 eV and vectors are: 

𝛿1 =
𝑎0

2
(1, √3) , 𝛿2 =

𝑎0

2
(1,−√3),  and 𝛿3 = 𝑎0(−1,0).  

The tight-binding Hamiltonian takes on the form:  

𝐻 = −𝑡 ∑ (𝑐𝜎,𝑖
†  𝑐𝜎,𝑗 + ℎ. 𝑐. )

⟨𝑖,𝑗⟩,𝜎

 

c a b 

Figure 1. (a) Atomic lattice and (b) reciprocal lattice of graphene. 𝛿𝑖 , 𝑖 = 1,2,3 are the nearest-neighbor 

vectors. The K and K’ points in the Brillouin Zone have three-fold symmetry and are the location of the 

Dirac cones, reproduced from 6 with permissions. (c) Electronic band structure of graphene in 𝑘𝑥 , 𝑘𝑦. The 

Dirac cones are visible at the corners of the Brillouin zone reproduced from 26 with permissions. 
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The creation 𝑐† and annihilation 𝑐 operators act on the lattice sites 𝑖, 𝑗. We use this form of 

the tight binding Hamiltonian for single particles in the calculations of spectral functions and 

transport for non-superconducting graphene shown in Chapter-7.   

The spin index (𝜎) in graphene is associated with the two sub-lattice degrees of freedom, 

referred to as a pseudo-spin. Spin-orbit coupling in graphene is negligible due to the small 

atomic number of carbon atoms. The helical nature of carriers in graphene is due to coupling 

between the momentum and the pseudo-spin.  

2.3 Transport in Graphene 

The electrical transport properties of graphene are unique due to the Dirac dispersion 

relation at low energy (<1 eV). It behaves like a gapless semiconductor or semi-metal which has 

a small carrier density that is also tunable through electrostatic gating, similar to MOSFET 

devices. Figure 2 shows the resistance for a monolayer graphene flake as function of gating at 

different temperatures. This is commonly called a “transfer curve”. The peak of the resistance 

indicates the position of the Dirac point in gate voltage. We can estimate several other basic 

transport parameters such as mean free path, mobility, and carrier concentration from this 

measurement.  

The mobility for graphene devices can be estimated using the Drude model, 𝜇 =
𝑣𝑑𝑟𝑖𝑓𝑡

𝐸
=

𝜎

𝑒𝑛
, 

where 𝜎 is the conductivity, 𝑒 is the charge constant and 𝑛 is the carrier density. Graphene 

devices2,7 on SiO2 have poor mobility, when compared to suspended or encapsulated graphene, 

ranging from 1,300 – 15,000 cm2 V-1 s-1 due to charge puddles and surface roughness8. Dean et 

al at Columbia University9 introduced hexagonal boron nitride (h-BN) substrates for graphene, 
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which have dramatically improved the field-effect mobility to >100,000 cm2 V-1 s-1. The mean 

free path can be estimated using the relationship 𝜆𝑚𝑓𝑝 =
ℎ

𝑒2

𝜎

2𝑘𝑓
. Comparing 𝜆𝑚𝑓𝑝 with the length 

of the channel (L) can help us determine whether ballistic and coherent transport (if 𝜆𝑚𝑓𝑝 > 𝐿) 

of carriers are responsible for observed effects 10. Coherent transport is expected when the 

dephasing length 𝐿𝜙 = √𝐷 × 𝑡𝜙 = √(𝑣𝑓 ×
𝜆𝑀𝐹𝑃

2
) × 𝑡𝜙 is comparable to 𝜆𝑀𝐹𝑃. 𝑡𝜙 is the 

dephasing time for carriers in graphene, which is between 22-80 fs. We also utilize the 

electrostatic gating technique to characterize the BSCCO/Gr and BSCCO-Gr-BSCCO junctions. 

See Figure 28 (a) from Chapter-7 where we show a typical transfer curve of graphene in our 

devices and utilize the equation for 𝜆𝑚𝑓𝑝 and find it to be larger than the length of the hybrid 

scattering region.  

 

Figure 2. Longitudinal resistance of graphene on h-BN at different temperatures. 

Reproduced with permissions from 9.  
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2.4 Klein Tunneling 

The Klein paradox (1929)17 presented a surprising consequence of quantum electrodynamics 

- the probability for relativistic electrons to tunnel across a potential barrier is unity18. The 

massless Dirac fermions in graphene, which are responsible for charge transport and the ability 

to set the chemical potential (Fermi level) by electrostatic gating, posed an unprecedented 

opportunity to find experimental evidence for the Klein paradox19.  

A simple way to create a potential wall in graphene is to make a p-n junction using 

electrostatic gates, such that a positive gate voltage will induce electron (n) doping and a 

negative gate voltage will induce hole (p) doping. An electron above the Fermi-level in the 

conduction band of the n-side which is incident on the potential wall tunnels into the valence 

band of the p-side as a hole, see Figure 3 (a). The inter-band tunneling of Dirac fermions in 

graphene p-n junctions is a manifestation of Klein tunneling in a condensed matter system. 

Electrons and holes have longitudinal momenta (𝑘𝑒 = −𝑘ℎ) that are anti-parallel with respect to 

the pseudo-spin 𝜎, owing to their chiral nature19.  Figure 3 (b) shows the trajectories for an 

electron incident at an oblique angle involved in Klein tunneling in graphene n-p junction, where 

the potential changes over a length d. Here too, we see that the longitudinal momentum of the 

transmitted carriers is flipped. The inversion of longitudinal momentum of transmitted carriers in 

a graphene p-n junction leads to another exotic effect called Veselago lensing20. 

The next parts discuss the evidence of Klein tunneling, dependence of carrier transmission 

on orientation angle (𝜃𝑖) and d, and the occurrence of Fabry-Pérot resonances. 
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Evidence for Klein Tunneling was found in transport measurements across a tunable 

potential barrier in graphene7,21 created using a top gate. The four-terminal resistance was 

measured as device was tuned from unipolar (p-p-p or n-n-n) to bipolar (p-n-p or n-p-n) using 

both top and bottom gates. The resistance of the bipolar junction was found to be higher than the 

unipolar junction in various devices. The total resistance in the bipolar regime (200 to 600 ) is 

the sum of the resistance for two p-n junctions in series. In addition, they showed that increasing 

the length of the barrier beyond the 𝑙𝑚𝑓𝑝 resulted in a deviation from theoretical predictions due 

to increase in diffusive transport. The main result from these studies is the increase (decrease) in 

resistance (conductance) going from p-p to p-n, which we refer to as the “conductance 

asymmetry”, a recognizable feature of Klein tunneling in graphene devices. This asymmetry was 

calculated to be 2/3 in abrupt p-n junctions by Low, T. et al IEEE Trans. Electron Devices 

(2009). The conductance asymmetry is also seen in our single BSCCO/Gr junctions discussed in 

Chapter-7. 

  

  

 

  
    

  

  

  

  

 

 

  

 

Figure 3. (a) The Dirac cones with respect to the fermi level (𝐸𝑓) in a graphene p-n junction created by an 

extrinsic electrostatic potential (𝑈). The blue and yellow lines highlight the linear spectrum. Electron 

(filled, black) states in the n-side tunnel through the potential step and becomes a hole (unfilled, white) in 

the p-side. (b) Schematic of the trajectories of an incident electron (ei), the partially transmitted hole (ht), 

and reflected electron (er) components in a graded graphene p-n junction.  

b a 
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The transmission of carriers through a p-n junction in graphene also depends on the angle of 

incidence22. Carriers are 100% transmitted at normal incidence (𝜃𝑖 = 90°) to the p-n interface. 

This case of perfect tunneling is possible because the carriers conserve their pseudo-spin. In 

Figure 3 (b), an electron is incident on a region of graded p-n junction of length d with 

momentum vectors (𝑘𝑥, 𝑘𝑦). An electron that is incident at an oblique angle from the n-side 

partially transmits as a hole (−𝑘𝑥, 𝑘𝑦) into the p-side by Klein tunneling and the remaining 

component reflects as an electron (−𝑘𝑥, 𝑘𝑦). In this process, the longitudinal momentum of the 

transmitted hole is reversed, but the transverse momentum is conserved. The transmission 

probability decays as 𝑇 ∝ 𝑒−(sin𝜃𝑖)
2  , meaning more carriers are reflected as the angle of 

incidence becomes more oblique. Furthermore, abrupt p-n junctions are not always easy to 

realize in devices due to fabrication challenges and fringe-field effects. The change in potential 

across the graded p-n junction, further decreases the transmission probability according to the 

relation 𝑇(𝜃𝑖) = 𝑒−𝜋𝑑𝑘𝐹 sin𝜃𝑖
2
. The increase in resistance for sub-micron wide graphene p-n 

junctions oriented at 45 to split-gates23 provided evidence for the angle dependent transport, see 

Figure 4. The junction resistance was extracted by removing the channel resistances. The buried 

poly-silicon gates were independently controlled to go from unipolar (p-p or n-n) to ambipolar 

(p-n or n-p) regimes. The junction resistance is higher for narrower width channels because 

fewer modes are available for transport.  
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Furthermore, abrupt p-n junctions are not always easy to realize in devices due to fabrication 

challenges and fringe-field effects. The change in potential across a graded p-n junction, further 

decreases the transmission probability according to the relation 𝑇(𝜃𝑖) = 𝑒−𝜋𝑑𝑘𝐹 sin𝜃𝑖
2
. The 

increase in resistance for sub-micron wide graphene p-n junctions oriented at 45 to split-gates23 

provided evidence for the angle dependent transport, see Figure 4. The buried poly-silicon gates 

were independently controlled to go from unipolar (p-p or n-n) to ambipolar (p-n or n-p) 

regimes.  

In another study, two parallel p-n interfaces of bipolar graphene (p-n-p or n-p-n) junctions 

act as partially reflecting mirrors and create Fabry-Pérot resonances24, which are traditionally 

associated with interference in optical cavities. The trajectories of carriers scattering between the 

two p-n interfaces at zero and non-zero magnetic fields are shown in Figure 5 (a) and (b), 

Figure 4. In the left panel is the schematic of the device. Graphene of finite width (≤1 m) is on a 

dielectric with two buried split gates which can independently tune the carrier concentration to create a p-

n junction. In the right panel is the resistance of the p-n junction, after removing other series resistances. 

Perfect transmission (lowest resistance) was observed at normal incidence (𝜃 = 0°). The resistance 

increased to maximum as the orientation of the graphene channel was increased to 𝜃 = 45°, due to 

reduced transmission. Reprinted (adapted) with permission from 23 Copyright 2012 American Chemical 

Society. 
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respectively. At zero field, the change in incidence angle 𝛼 from positive to negative cancels any 

contribution to the phase gained by carriers between reflections. However, the curved carrier 

trajectories due to a magnetic field, shown in Figure 5 (b), can result in the same sign for 

incidence angles and carrier gain additional phase at every reflection. Young et al fabricated p-n-

p junctions with a small barrier region 𝐿~20 nm and large mean free path 𝑙𝑚𝑓𝑝 ≥ 100 nm25
 and 

examined conductance oscillations from the Fabry-Perot process and showed their sensitivity to 

magnetic field, depicted in Figure 5 (b). In S-Gr-S junctions presented in Chapter-8, we observe 

shift in oscillations with gating, which can be due to a similar mechanism discussed here.  

 

The basic electronic properties and results from transport studies of graphene covered in this 

chapter have been essential for analyzing our results. 

(c)

Figure 5. Trajectories of carriers undergoing back-reflection and resulting in a Fabry-Perot interference 

without (a) and with (b) magnetic field. These are reproduced with permission from24. (c) Conductance 

oscillations, reproduced with permissions from25, as a function of carrier density (𝑛2) in the potential 

barrier of a bipolar graphene junction from 0 (black), 200, 400, 600, and 800 (brown) mT.  
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3. Superconductivity 

This chapter introduces the basic properties and classifications of superconductors that are 

required to describe the experimental work discussed later on.  

3.1 Introduction 

The four-terminal resistance measurement of a conductor is the voltage dropped along a 

length of the conductor divided by the current flowing through it. The schematics in Figure 6 (a) 

and (b) show the circuit used to measure the resistance of a normal metal (𝑅𝑁) and a 

superconductor (𝑅𝑆). Figure 6 (c) shows a representative plot of 𝑅𝑁 (gray), which shows a 

decrease in resistance with reduced temperature due to the reduction in thermal scattering from 

lattice vibrations. 𝑅𝑁 > 0  even close to zero temperature due to imperfections and impurities. 

Interestingly, when a superconductor (green) is below the critical temperature (𝑇𝐶), it undergoes 

a macroscopic phase transition from a state with finite resistance to a state of zero resistance, 

𝑅𝑆 = 0 ,  first discovered by H. K. Onnes in 1911.  

 

b 

Figure 6. (a) A normal metal has a finite resistance. (b) Whereas, a SC has no resistance below critical 

temperature, current and magnetic field. (c) Schematic of the resistance of a superconductor (green) and a 

normal metal (gray). (d) Magnetic field (left) permitted and (right) expelled by a superconductor exhibiting 

the Meissner effect.  

a c d 
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The current flowing through the superconductor is commonly called a “supercurrent” and is 

carried by Cooper pairs1 – which are paired electrons (or holes) of opposite spin and momenta. 

The transport of Cooper pairs is without dissipation up to a critical limit 𝐼𝐶, beyond which 

Cooper pairs are broken. Another distinguishing feature of a superconductor is that it is a perfect 

diamagnetic, up to a critical field (𝐻𝐶), i.e., it expels the magnetic field2. This is called the 

Meissner effect and is shown in Figure 6(d). 

3.2 Classification for Superconductors 

Superconductors can be classified based on their transition temperature, properties under an 

external magnetic field, and the symmetry of the superconducting order parameter. These 

classifications are discussed below and help us understand the properties of BSCCO.  

3.2.1 Transition Temperature 

The cryogens required to reach critical temperatures are a basis for generally categorizing 

superconductors. Low-temperature superconductors have 𝑇𝐶 accessible with liquid helium which 

has a boiling point of 4.2 K at atmospheric pressure. Elemental superconductors like Al, Hg, Pb 

and Nb were some of the earliest materials identified with superconducting properties. Some 

alloyed superconductors like MoRe, NbN, and layered NbSe2 (𝑇𝐶 > 4.2 K) are also low-

temperature superconductors. A material is regarded as high-temperature superconductor when 

its 𝑇𝐶 is above the boiling point of nitrogen (77.2 K), for example - cuprate superconductors. 

Furthermore, materials are being explored for superconductivity at room-temperature without the 

need for special conditions like applying a high pressure. 𝑇𝐶 can be easily determined electrically 

by measuring the resistance of the material as a function of temperature. Measuring the magnetic 



 

15 

 

susceptibility is another way, where a negative value arises at the onset of superconductivity due 

to diamagnetism. In tunneling studies, a superconducting gap begins to form below 𝑇𝐶. We rely 

on the resistance measurement to find the Tc of BSCCO in our devices and have used tunnel 

contacts to measure its superconducting gap. 

3.2.2 Magnetic Field 

The properties of superconductors in an external magnetic field can be explained by the 

Ginzburg-Landau theory 2,3. The main achievement of this theory was explaining the coexistence 

of superconducting and normal domains in near the critical fields. The two quantities that 

determine the Ginzburg-Landau parameter 𝜅 =
𝜆𝐿

𝜉𝑠
 are: 𝜆𝐿 is the London penetration depth of an 

external magnetic and 𝜉𝑠 ≈
ℏ𝑣𝑓

Δ0
 is the superconducting coherence length.  

• The type-I superconductor preserves its superconductivity up to a single critical field, 𝐻𝐶, 

exhibiting the Meissner effect. Superconductivity is suddenly broken at fields above 𝐻𝐶 – 

dashed line in Figure 7 (a). Hg, Al, and Pb (typically films of a single element) are examples 

of type-I superconductors. Due to their long coherence length, 𝜅 <
1

√2
.  

• The type-II SC also exhibits the Meissner effect up to a critical field 𝐻𝐶1. Above 𝐻𝐶1, 

magnetic field penetrates the superconductor in the form of Abrikosov vortices, up to a large 

second critical field 𝐻𝐶2 without completely breaking superconductivity, see Figure 7 (a). In 

this intermediate state, superconducting domains coexist with the normal vortices. One 

Abrikosov vortex permits a single quantum of magnetic flux Φ0 =
ℎ

2𝑒
≈ 2 × 10−15 T m-2, 

see Figure 7 (b). The center of the vortex is normal, and a supercurrent circulates at the 

boundary. Abrikosov vortices can arrange themselves in a closed packed lattice and bind to 
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defects. Above 𝐻𝐶2, the entire material becomes normal. Alloys such as NbN, MoRe, YBCO, 

and BSCCO are examples of type-II superconductors with 𝜅 >
1

√2
.  

 

3.2.3 Symmetry of Order Parameter 

Another classification is on the spatial symmetry of the order parameter. Its symmetry has 

interesting consequence to the mesoscopic tunneling mechanisms in S-N junctions, which is 

discussed later in Chapter-5.  

The s-wave order parameter is isotropic and has a finite superconducting gap energy (), 

seen in most type-I superconductors, which are considered conventional superconductors 

according to the BCS theory. Left panel in Figure 8 shows the uniform s-wave order parameter 

(top) and the corresponding single particle density of states (bottom).  

Figure 7. (a) Schematic phase diagram for superconductors with respect to magnetic field and 

temperature. Reproduced from Kopnin, Nikolai B. “Introduction to The Theory of Superconductivity 

Cryocourse” 2009 Helsinki, Finland. (b) Cross section schematic of Abrikosov vortices permitting a 

flux quantum through the superconductor and the circulating super current in dashed lines. (c) The 

London penetration length (solid) vs. B and coherence length (dashed) vs. the superconducting wave 

function from the center of the vortex. (b) and (c) adapted from Kleiner, R. and Koelle, D. (2004). 
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The d-wave order parameter is anisotropic, i.e., the gap energy is direction-dependent. The 

superconducting gap vanishes along the nodes and reaches maximum along the lobes; it is 

therefore called a pseudo-gap, see right panel of Figure 8. The phase of the pair potential 

oscillates between positive and negative phases in the dumbbell shaped lobes of the order 

parameter4. Two variations for the d-wave order parameters are - 𝑑𝑥2−𝑦2 and 𝑑𝑥𝑦. The latter is 

oriented at 45 with respect to axes, whereas the formed is oriented along the. The lobes are 

oriented along the [100] and [010] directions in the case of 𝑑𝑥2−𝑦2. Cuprates are examples of d-

wave superconductors.  
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exist at the Fermi level in orange, but single particles are present away from zero energy. 
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4. Bi2Sr2CaCu2O8+x 

4.1 Introduction 

The discovery of high-temperature cuprate superconductors (HTCS) in 1986 1 opened doors 

for the exploration of superconducting effects beyond what was known in s-wave 

superconductors. In the decade following the discovery, many studies on the pairing symmetry 

established several cuprate superconductors to be singlet d-wave2 through experiments on 

SQUID microscopy3,4, Josephson junctions5 and Andreev reflection6. Although 

superconductivity was identified to exist in the Cu-O planes of HTCS, the exact reasons for its 

occurrence are yet to be explained7. The Cu-O planes are doped by the surrounding layers, which 

function as charge reservoirs to contribute (electron-doped) or extract (hole-doped) electrons8, 

which participate in the phase transition to superconductivity. YBa2Cu3O7-x (YBCO) and 

Bi2Sr2CaCu2O8+x (BSCCO) are hole-doped superconductors whose Tc can be four times higher 

than that of electron-doped cuprate superconductor such as Pr1.85Ce0.15CuO4-x (PCCO, Tc ~ 22 

K)7. For transport studies, making clean ohmic contact to these materials is difficult because their 

exposed surfaces can quickly become insulating. Since BSCCO is a layered material and large-

area crystals can be exfoliated using the scotch-tape method, it is an optimal candidate for us to 

combine with graphene using dry stamping techniques.  

In this section, we elucidate on the specific material and electronic properties of BSCCO. 

The key results which established d-wave superconductivity in BSCCO are discussed to support 

our treatment of d-wave superconducting proximity effects in BSCCO/graphene junctions. Then, 

the doping-dependent electronic phase diagram of BSCCO (1-2.5-unit cells) developed through 

ionic gating is discussed. This gives context to the degradation of its superconducting properties.  
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4.2 Properties 

Bi2Sr2CaCu2O8+x, commonly called Bi-2212, is a quintenary alloy made of bismuth, 

strontium, calcium, copper, and oxygen. The orthorhombic single unit cell (c = 3.07 Å) of 

BSCCO is comprised of two monolayers that are separated by a Van der Waals (VdW) gap 

shown in Figure 9, which is not present in other HTCS. This layered nature allows us to 

mechanically exfoliate large-area crystals of BSCCO using the scotch-tape method, similar to 

graphene9.  

 

As expected for an alloyed material, it is a type-II superconductor with a high Tc ~ 85 K and 

carrier concentration of the order 𝑛~1015 cm-2. Recently, Tc in a monolayer of BSCCO10 was 

measured to be comparable to optimally doped bulk samples. The true two-dimensionality of 

superconductivity in BSCCO defies Hohenberg-Mermin-Wagner theorem11,12, unlike the 

Figure 9. Crystal structure of BSCCO reproduced with permission 

from Yu et al.10 (2019), showing a single unit cell comprised of 

two monolayers which are separated by a VdW gap. The dotted 

green boxes are added to highlight the Cu-O layers which are host 

to superconductivity. The surrounding layers aid the Cu-O layer 

by donating carriers.  



 

21 

 

reduced Tc in monolayer NbSe2
13. The theorem suggested that long-range order, such as 

superconductivity and ferromagnetism, vanishes in one and two dimensions due to interactions 

from surrounding short-range disorder.  

The size of the superconducting pseudo-gap is 40 < Δ < 50 meV in high-quality 

BSCCO10,14,15. The 2D superconductivity in BSCCO manifests a large difference in the 

coherence lengths in the a-b plane as compared to c-axis, i.e., 𝜉𝑎𝑏 = 2 𝑛𝑚 > 𝜉𝑐 = 0.1 𝑛𝑚. The 

short coherence lengths set limitations on the distance over which superconductivity can persist 

in materials in contact with BSCCO. Proximity-induced superconductivity from BSCCO has 

been possible in layered materials with low diffusion coefficients (𝐷 = 𝑣𝑓 ×
𝜆𝑚𝑓𝑝

2
) and small 

carrier density16, such as graphene and topological insulators. These observations from 

experiments on Andreev reflections are discussed in Chapter 5. 

ARPES 17 and tunneling experiments6 on cuprate superconductors were successful in finding 

the anisotropy and size of the order parameter. SQUID loops of YBCO-Au-Pb18 demonstrated 

the 𝜋 phase shift of the critical current due to the d-wave pairing in YBCO. The oscillating phase 

of the d-wave order parameter for cuprates was explored using scanning SQUID microscopy of 

superconducting rings (YBCO)3 and Josephson weak-links4 (BSCCO) where a spontaneous 

(without an external magnetic field) half-integer flux quantum was generated at tri-crystal 

junctions. This is due to the odd number of sign changes of the pairing current in the weak-link. 

In more recent experiments, d-wave Cooper wave density was spatially mapped in BSCCO using 

scanning Josephson tunneling microscopy19. Another unexpected result from Andreev reflection 

in BSCCO-metal junctions is the occurrence of a zero-bias peak 20 arising from single particles 

along the nodes21,22. Based on the cumulative evidence, it is believable that the superconducting 

pairing symmetry in BSCCO is d-wave. 
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Changes in carrier densities in BSCCO have been possible by ionic gating 14,23
. Since the 

carrier density in BSCCO is on the order of 1015 cm-2, one would need special gating techniques 

to alter the BSCCO properties, such as the use of liquid or solid ionic gates which rely on ion 

(Li+, Ca+, Al+) intercalation. Using a 90 nm SiO2 layer, as in our study, we can induce carrier 

densities of order 1012 cm-2, at least two orders of magnitude lower than that needed to affect 

BSCCO. The electronic phase diagram for thin layers of BSCCO as a function of temperature 

and hole doping is shown in Figure 10. 

 

At low hole doping (<0.025), an anti-ferromagnetic insulator (AFI) state is known to exist in 

BSCCO24. The loss of oxygen from layers of BSCCO reduces the hole doping necessary for the 

superconducting (SC) phase to form at low temperature25,26. Without special steps to protect the 

surfaces of BSCCO, it is commonly found that a finite thickness (5-15 nm) film becomes 

insulating by loss of oxygen. Degradation is worse upon exposure to water vapor at room 

temperature25,26. The formation of an insulating layer on unprotected surfaces also makes it 

difficult to achieve ohmic contacts using conventional lithography techniques. Recent studies on 

Figure 10. Phase diagram of BSCCO as a 

function of temperature and hole 

concentration adapted from 23 (open 

access). The resistance of BSCCO 

samples ranging in thickness from 1 unit-

cell to 2.5 unit-cells were measured as a 

function of temperature at different 

doping controlled by solid ion gating 

method. 
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BSCCO have developed fabrication techniques in inert glovebox systems27,28 at low 

temperature29–31
 and utilized maskless lithography methods23,30,32 to create ohmic contacts. Based 

on recent progress, we were convinced to develop glovebox fabrication capabilities and 

lithography processes to achieve ohmic contacts to BSCCO.  

The superconducting (SC) state is found between doping of 0.05 to 0.27, with 𝑇𝐶 ranging 

from 30 K (low and high doped) to 85 K (optimal). Above Tc, in the underdoped regime (0.1-

0.15), there is a pseudo-gap (PG) phase characterized by a non-linear change in resistivity with 

temperature. At optimal doping around 0.15, there is a phase termed as strange metal (SM), 

which has 100X resistivity of conventional metals and is a general property of HTCS behaving 

as strongly correlated electron systems8. Lastly, above Tc and in the over-doped regime (0.15-

0.2) there is a power law dependence of resistivity with temperature as evidence for the metallic 

fermi-liquid (FL) state. The elaborate phase diagram for BSCCO, and cuprates in general8, is an 

active area of research. 

In this work, we are concerned with the superconducting properties of bulk BSCCO at low 

temperatures (4.2 - 77 K). The 𝑇𝐶 of BSCCO in most of our devices (77-85 K) is comparable to 

optimal samples in the reports discussed above. Our tunneling experiment on BSCCO also found 

a comparable magnitude for the superconducting gap, Δ~40 meV, see Appendix A.2

 Tunneling measurements of BSCCO 
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5. Superconductor-Graphene Heterojunctions 

The confirmation of semi-metallic band structure in graphene (Gr) governed by the Dirac 

equation prompted the quest for new transport phenomena in superconductor-Gr junctions1. The 

goal of this chapter is to convey a basic theoretical and experimental background on the transport 

properties of SC-Gr junctions. The chapter begins with a brief discussion of Andreev reflection 

(AR) in conventional SC-NM junctions. Then, we will look at how AR in graphene changes with 

energy and review an experiment aimed at finding evidence for this. Finally, we will see how 

varying a gate-tunable barrier at the SC-Gr interface, both theoretically and experimentally, 

contributes to conductance oscillations.  

5.1 Transport in Superconductor-Metal Junctions 

Charge transport in SC-NM junctions can be described by a tunneling mechanism called 

Andreev reflection (AR). The trajectories of carriers involved in this process are shown in Figure 

11 (a). An electron from a normal metal that enters a superconductor at energy 𝜀 < Δ combines 

with another electron to form a Cooper pair and reflects a hole into the metal. The NM-SC 

interface is not always ideal and will contain imperfections that become barriers to electron 

transport. These barriers impede the probability of AR across the NM-SC interface. The 

Blonder-Tinkham-Klapwijk (BTK)2 formalism quantified the barrier using a dimensionless 

quantity Z. In an NM-SC junction, where the barrier is absent (𝑍 = 0),  AR occurs with unit 

probability, and the conductance doubles for sub-gap excitation energies 𝜀 ≤ Δ. As the barrier 

height is increased (0 < 𝑍 < 1), the conductance gradually reduces because AR decreases. For 

large barrier heights (𝑍 > 1), AR is almost null and leads to a dramatic drop in conductance for 
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sub-gap energies and looks like the case for tunneling through an insulator (I) in NM-I-SC. See 

panels (b) and (c) of Figure 11 showing the 𝑍 dependence.  

 

AR in a junction of a d-wave superconductor (SCd-wave) with a metal is dependent on the 

orientation of the tunneling direction with crystalline axes, quantified by 𝛼 in the left panel of 

Figure 12. The right panel of Figure 12 shows the tunneling spectra for different orientations and 

barrier heights (𝑍) are compared with the bulk density of states in normal state. Electrons and 

holes that tunnel into a SCd-wave are sensitive to the phase of the order parameter, i.e., they 

experience different pair potentials Δ(𝜃+) and Δ(𝜃−) respectively3–5. Where the angle of 

incidence is 𝜃, and 𝜃+ = 𝜃 𝜃− = 𝜋 − 𝜃. The tunneling conductance in NM-I-SCd-wave (I – 

insulator) depends on both the amplitude and phase of the pair potentials. In addition, a zero-bias 

peak (ZBP) in conductance is expected when tunneling into to the nodes of the SCd-wave when a 

barrier is present. The nodal direction is along [110] for the 𝑑𝑥2−𝑦2 order parameter, seen the 

Figure 12 (right - b, c) as 𝛼 approaches 
𝜋

4
. The ZBP arises from constructive interference of the 

(a) 

Figure 11. (a) NM-SC junction with an interfacial barrier (Z). The filled black circles are electron-like 

states and the white one is hole-like state. (b) The calculated normalized current in NM-SC junctions 

having different Z as a function of energy. (c) The corresponding differential conductance. RN is the 

resistance of the junction above Tc. Reproduced with permissions from 2. 

(c) (b) 
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single-particle states in the nodes. Our calculated spectra functions (Figure 32) shows a mode at 

zero-bias, originating from the nodal fermions of the superconducting d-wave order parameter. 

 

Another important feature which is common to the conductance spectra from AR (s-wave or 

d-wave) discussed above is the difference in conductance above and below the superconducting 

gap (Δ0). For near perfect AR (𝑍 ≈ 0), the sub-gap conductance increases due to formation of 

Cooper pairs. Increase in 𝑍 reduces the sub-gap conductance due to decrease in probability of 

AR, however Δ0 is still inferable. When 𝑍 ≫ 1 and conductance spectra begins to resemble the 

tunneling conductance of a SC-I-NM junction, a sharp drop in conductance occurs at Δ0 

corresponding to very small probability for AR. For the d-wave case, ZBP are seen with 

increasing 𝑍, due to the reason explained above.  

Figure 12. (left) Trajectories of quasiparticles and (right) 

theoretical tunneling conductance of d-wave NM-I-SCd-wave 

junction. 𝛼 = 0,
𝜋

8
,
𝜋

4
 in (a), (b) and (c) respectively is the angle 

of orientation between the lobe of the d-wave SC and the 

junction normal. 𝜃 is the angle of incidence of the incident 

electron. A, B, and C correspond to different values of Z = 0, 

1, 5 respectively are normalized the bulk density of states in 

the normal state (D). Reproduced with permissions from 3. 
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5.2 Andreev Reflection Graphene 

AR in the SC-Gr junction, shown in Figure 13 (a), is unique in comparison to the SC-NM 

because the trajectory of particles is energy-dependent owing to the gapless helical dispersion of 

graphene. The SC region outlined in blue is graphene with superconducting pairing induced by 

the proximity effect from a conventional superconductor. Beenakker (2006) used the Dirac-BdG 

equations for graphene and predicted that specular Andreev reflection6 (SAR) occurs at low 

doping (𝐸𝑓) and excitation energy (𝜀). For AR to occur, we have to keep the 𝜀 < Δ, which is 

experimentally possible by keeping the DC bias 𝑒𝑉 < Δ. Consider the case when 𝐸𝑓 ≤ Δ. An 

electron in the conduction band of graphene, which is incident on the SC, is reflected as a hole in 

the valence band. This inter-band reflection occurring at low energies is SAR, shown in Figure 

13 (b). The transverse momentum (𝑘𝑦) is conserved and longitudinal momentum (𝑘𝑥) is 

reversed in electron-hole conversion process of SAR (Figure 13 (a)), like Klein tunneling (KT) 

in graphene p-n junctions. This is again due to the helical nature of carriers in graphene where 

the reflected hole preserves the pseudo-spin of the incoming electron.  

 When 𝐸𝑓 ≥ Δ, the hole is reflected in the conduction band, which is called retro Andreev 

reflection (RAR) shown in Figure 13 (c). In RAR, the momentum vector of the reflected particle 

is reversed, just like AR in an SC-NM junction, shown in Figure 13 (a). Here we see how AR in 

graphene is sensitive to doping. Exact measurement of transition from SAR to RAR is ongoing, 

as we explain below.  
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Another similarity between AR and KT is the angle dependence. The probability for 

Andreev reflection has a cosine dependence on the angle of incidence (𝜃𝑖) measured from the 

normal. Carriers that are at normal incidence (𝜃𝑖 = 0°) reflected with unit probability. The 

transmission probability decreases at oblique incidence, 0° < 𝜃𝑖 < 90°.  

The experimental evidence for specular Andreev reflection junction was reported in 

junctions of NbSe2 and bilayer graphene (BLG) on hexagonal boron nitride (h-BN) substrates by 

D. Efetov et al.7. The electron-hole puddles in the dielectric substrates, such as SiO2, broaden the 

observable dispersion of graphene’s electronic spectrum by 𝛿𝜖𝑓~50 meV around the Dirac 

point. This broadening is much greater than the superconducting gap Δ < 2 meV of most 

conventional SCs and has thwarted the observation of SAR in monolayer graphene. h-BN has 

proven to be a great substrate for graphene to minimize broadening and improve mobility8. The 

bottom graphene layer of BLG provides additional screening against charge puddles and keeps 

𝛿𝜖𝑓 < 1 meV. Definite evidence for SAR in monolayer graphene is an active area of research9,10.  

     

        

 

 

  

  

  

  

  

    

        

  <  

     

  >  

Figure 13. (a) Trajectories for SAR (red) and RAR (violet). Filled (empty) circles are electron (hole) like 

states. The SC region is superconducting graphene. The band diagram for the two scattering processes, 

SAR in (b) and RAR in (c), with graphene on the left and the SC to the right. The orange line is the 

Fermi-level at which the Cooper pairs in of the SC reside.  

a b c 
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The large superconducting gap (Δ > 20 meV) of cuprate superconductors allows the 

observation of low-energy transport in SC-Gr junctions despite broadening in graphene’s 

spectrum. Additionally, transport properties in cuprate SC-Gr junctions depend on the orientation 

of the d-wave order parameter and the presence of single-particle states within the gap that 

compete with AR. Below, we will review key results that have shown evidence for proximity 

effects in Dirac materials using high-Tc SCs.   

The temperature and bias-dependent transport studies of BSCCO junctions with topological 

insulators (Bi2Te3 and Bi2Se3) and graphite, by P. Zareapour et al11–13, identified different gap 

features in AR spectra from proximity-induced superconductivity. The transfer of 

superconductivity from BSCCO, with a bulk pseudogap of Δ0, creates an induced gap of Δ𝑖 in 

the material in contact and reduces gap of BSCCO at the interface to Δ𝑟. Zareapour et al 

observed the emergence of an induced gap in Bi2Te3 and graphite of Δ𝑖 ≈ 10 meV for the zero-

bias peak due to AR, i.e., low values of the 𝑍 parameter. See Figure 14 (a, b) for details. The Δ𝑖 

feature sharply appears at 40 K and continues to grow along with Δ𝑟 and Δ0 features below 30 K. 

These studies of Andreev reflection were seen in BSCCO/Bi2Te3 (Figure 14 (a)) and 

BSCCO/graphite (Figure 14 (b)) junctions using bulk materials. We expect graphene in contact 

with bulk BSCCO, such as in our BSCCO/Gr junctions, to acquire a comparable 

superconducting gap energy. 
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Based on the background discussion on theory and experiment above, the change in sub-gap 

conductance due to AR in SC-NM junctions can be useful to estimate the size of the 

superconducting gap. We confirm the origin of resonances from AR when 𝑒𝑉 ≤ Δi in 

BSCCO/Gr junctions (Figure 29 (a)) and 𝑒𝑉 ≤ 2Δi in BSCCO-Gr-BSCCO junctions (Figure 38 

(a)), where Δi is the superconducting gap in graphene in contact with BSCCO. The resonances in 

our devices are reduced by an order of magnitude when DC bias is above Δi > 15 mV. This is 

comparable to the induced gap found in AR study of BSCCO/graphite junction shown in Figure 

14 (b) and tunneling bias spectra on CVD graphene on single-unit cell BSCCO14.  

5.3 Gating a Barrier at the SC-Gr Junction 

The work by S. Bhattacharjee and K. Sengupta (2006)15 considered a graphene NM-I-SC 

junction with a conventional SC. The potential barrier height (𝑉0) in the I region of length, 𝑑, is 

 
 The barrier region “I” stands for doped graphene and not an insulator. It is the same as Gr’ in the discussion 

of our experimental results.  

 

Figure 14. Normalized differential conductance for (a) BSCCO/Bi2Te3 (taken at 75 K, 60 K, 50 K, 40 K, 

30 K and 20 K) and (b) BSCCO/Graphite junctions (70 K to 25 K every 5 K, and lastly at 11 K) with 

transparent interfaces. Figure adopted with from13 (open access). 
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gate-tunable, as depicted in Figure 15 (a). Bulk metals which have large carrier concentrations 

can create barriers in the form of p-n junctions when in contact with graphene (𝑛~1012 cm-2) by 

charge transfer. As we have discussed before in Chapter-2, Klein tunneling occurs at the p-n 

interface and is evidenced by reduced conductance. Similarly bulk superconductors can also 

transfer charge and create p-n junctions when brought in contact with graphene. A p-n junction 

formed at the SC/Gr interface is similar to the structure considered by Bhattacharjee et al and 

acts like the I region. The single BSCCO/graphene devices discussed in Chapter-7 are based on 

this concept.   

 

Gating the I region of the NM-I-SC was predicted to result in an oscillatory behavior for the 

junction conductance when the barrier height was varied by a theoretical gating parameter 𝜒 =

𝑉0𝑑

ℏ𝑣𝑓
, shown in Figure 15 (right). The oscillations have a period of 𝜋 with maxima at 𝜒 =

(𝑛 +
1

2
) 𝜋, where 𝑛 is an integer. This device structure could be fabricated using e-beam 

lithography to make a small gate (10-20 nm) at the I region. Alternatively, one can estimate the 

length of the I region due to its relationship with the resonance period. Similarly, we estimate the 

Figure 15. (left) Schematic of N-I-S device considered in 15, where the barrier is a gate tunable region 

of graphene. (right) The normalized tunneling conductance with respect to a theoretical gating 

parameter 𝜒 in units of 𝜋. Reproduced from 15.  
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length of the I region (called Gr’ in Chapter-7) formed due to charge transfer in single 

BSCCO/graphene junctions is ~60 nm. 

Note that the theory discussed above came before the theory on Fabry-Perot resonances 

from Klein-Tunneling in graphene p-n junctions in 200816. In Chapter-7 we explain our results 

on resonances in BSCCO/Gr junctions can be treated as Fabry-Perot resonances occurring due to 

two mechanisms - Andreev reflection and Klein tunneling. 

 

The advancement to this prediction was made by J. Linder and A. Sudbø (2008), who 

analytically examined the tunneling conductance of both s-wave and d-wave SC-I-Gr17 junctions. 

The oscillations are expected to persist for different barrier heights (𝐸𝑓′) in the I region, as shown 

in Figure 16 (a). Figure 16 (b) shows the conductance for the SCd-wave-I-Gr junction for different 

values of the gating parameter, where 𝛼 is the angle the d-wave lobe makes with the junction. 

The zero-bias peak when 𝛼 =
𝜋

4
 corroborates with the results in SCd-wave-NM junctions, which is 

a consequence of constructive interference of nodal single particle states4,5. The period of 

a b 

Figure 16. (a) Normalized conductance as a function of the gating parameter 𝜒 taken at different 𝐸𝑓
′/𝐸𝑓 

regions for s-wave SC-I-Gr. (b) Normalized conductance of a SCd-wave-I-Gr junction with the angle 𝛼 

between the junction normal and lobe at 0° (left) and at 45° (right) taken at different values of the gating 

parameter in units of 𝜋. Reproduced with permissions from 17. 
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oscillations in the SCd-wave-I-Gr case is also 𝜋. The resonant condition calculated in this work 

was 𝜒 = 𝑛𝜋, without the phase shift of 
𝜋

2
 derived in 15, for either superconducting pairing. The 

oscillation amplitude in the d-wave case is lower than the s-wave case, due to competing 

transport from single-particles within the gap that do not participate in Andreev reflection. In the 

experiment, this is evidenced by the reduction in oscillation amplitude with increasing bias 

which increases single-particle transport and is shown in Chapter-7.  

Next, we discuss the experimental work by D. Perconte et al. (2018) on Gr/YBCO 

junctions18. The high-temperature d-wave SC, YBCO, was grown on a thick strontium titanate 

(STO, with relative permittivity 𝜖𝑟 = 1000) substrate. A region of it was capped with 4 nm of 

Au to protect its superconducting properties. This superconducting YBCO region is marked “S” 

in Figure 17 (a). The uncapped YBCO was intentionally degraded to be insulating (the “Ins” 

region) with a surface roughness of 4 nm. CVD graphene was transferred to this structure to 

complete the device. By the proximity effect, the graphene on the Au/YBCO region becomes 

superconducting and is labeled “S” and the normal graphene region “N” is on Ins, also shown in 

Figure 17 (a). There is an intermediate N’ region of doped graphene which forms naturally 

because of dielectric screening in the junction and acts as a tunable potential barrier. They 

performed three-terminal measurements of the S-N’-N junction as a function of the excitation 

bias (V), the gate voltage (VG), and temperature. They observed a zero-bias peak of width ±10 

mV in the junction conductance, which can be seen in Figure 17 (b), and starts to appear below 

30 K, in agreement with the superconducting gap of YBCO. 
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The zero-bias peak is a sign of Andreev reflection through a highly-transparent interface 

between graphene and Au/YBCO. Conductance oscillations were observed along gate voltage 

(VG) shown in the vertical axis of Figure 17 (b). Slices along VG at 0 V (𝛩) and 20 meV (𝛴) are 

shown in Figure 17 (c).  The reduced oscillation amplitude from single particle transport at high 

bias is visible in Figure 17 (c). The oscillations have a period of 75 V, which corresponds to ~33 

meV using the proportionality factor 
𝛿𝜒

𝛿𝐸𝐹
~

3𝜋

100
 meV-1 based on the capacitance of the substrate.  

These conductance oscillations are a result of carrier interference in the N’ region. However, due 

to experimental constraints, their devices operated in the highly doped p+-p regime and did not 

reach the p-n regime required to observe Klein tunneling. In our work on BSCCO/Gr junctions 

we are able to gate the devices from p+-p to p-n, supported by conductance asymmetry and 

observation of two minimum conductivity points at high bias. Perconte et al used the oscillation 

period to estimate the length of the N’ region, 𝑤 =
𝛿𝜒

𝛿𝐸𝐹
ℏ𝑣𝑓 ≈ 60 nm. Their model and analysis 

are based on the work by J. Linder (2008)17 discussed earlier. 

a b c 

Figure 17. (a) A schematic of Gr/YBCO device on STO substrate. The graphene spans over 

superconducting (S) and insulating (Ins) regions of YBCO. The superconducting region of graphene is S, 

barrier normal region formed screening is N’, and the rest of normal region is N. (b) Colormap of 

differential conductance as a function of excitation bias and gating. (c) Slices along gate voltage at zero 

bias and near the superconducting gap edge of YBCO showing a period of 75 V, which is 35 meV in 

Fermi-energy. Figure reproduced with permissions from 18. 
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This chapter concludes the discussion of the background information required to understand 

our experimental results. We have shown the similarities between Klein tunneling (Chapter-2) 

and Andreev reflection, owing to the helical nature of carriers in graphene. The recent results on 

Gr/YBCO junctions showed resonances from the presence of a potential barrier at the interface, 

supported by pre-existing analytical theories. The reported superconducting gap induced in Dirac 

materials from proximity to BSCCO supports our results on bias dependence of the resonances. 

As we explain in Chapter-7, our work is distinguished by the hallmark feature of Klein tunneling 

- conductance asymmetry as we change the doping from p-p to p-n, which occurs together with 

Andreev reflection as evidenced by the suppression of oscillations above the induced 

superconducting gap.   
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6. Sample Fabrication 

The fabrication of devices using heterostructures of 2D materials for various experiments 

has deviated from conventional methods that often rely on deposition or growth to obtain 

heterogeneous layers of materials. The scotch-tape method, first used by K. Novoselov to isolate 

monolayer graphene, is still used today to exfoliate many 2D materials. The exfoliated layers are 

then characterized by optical microscopy, atomic force microscopy (AFM) and Raman 

spectroscopy to identify isolated “flakes” which are of desired thickness, uniformity, and free of 

contamination. This is followed by a dry stamping technique, called “pick-and-place”, to make 

heterostructures to combine different 2D materials. The finished heterostructure, often referred to 

as a “stack”, can then move to lithographic steps for device fabrication or is ready for desired 

experiments. This chapter presents the details of such methods which were utilized in the 

fabrication of various BSCCO/Gr and BSCCO-Gr-BSCCO devices.  

6.1 Introduction to Pick-and-Place 

The pick-and-place technique for 2D materials was initially demonstrated by using 

heterostructures of hexagonal boron nitride (h-BN) substrates to improve the carrier mobility in 

graphene 4–6. The phonons of high-quality h-BN do not couple to not couple to carriers in 

graphene. This is the reason h-BN has proven to be a better substrate for graphene` compared to 

SiO2. Since then, the technique has evolved rapidly, leading to discoveries and applications from 

combining dissimilar 2D materials7. Another domain of research using 2D materials explores 

physics that emerges when the angle between monolayer 2D materials is precisely controlled to 
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break natural stacking symmetry8–12. This field has earned the names “twistronics” or “Moire 

magic” is also a byproduct of this technique.  

The primary advantage of the pick-and-place technique to create our 2D material 

heterostructures is atomically clean interfaces. Previous work in Prof. Lee’s group on tunable 

Schottky barrier in graphene/WSe2 junctions13 due to the absence of fermi-level pinning is a 

great example of new device physics which is enabled by using pick-and-place to achieve clean 

interfaces. This motivated us to invest more time and resources to develop the technique to 

fabricate heterostructures using other 2D materials, such as BSCCO, in a relatively inert 

environment.  

 

Most commonly, the “stamp” is a clean glass slide on which we place a slab of poly-

dimethyl siloxane (PDMS) about 1-2 mm thick. The PDMS is rinsed in IPA and treated in O2 

plasma. Then a film of polypropylene carbonate (PPC) is draped over the PDMS and held in 

place using a double-sided tape, see Figure 18. The sample with the selected flake (blue) is set to 

45 C (below the glass transition temperature, Tg, of PPC) and the stamp is lowered until it 

Figure 18. A simplified schematic of assembling a stack using the pick-and-place technique. (left) Start 

with a PPC/PDMS/Glass Slide stamp. Align it over a selected flake for pick up. (middle) After picking 

up the selected flake with the stamp align it over the target flake and release it. (right) The completed 

heterostructure is informally called a stack.  
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contacts the substrate, Figure 18 (left), and PPC covers the flake. If the flake has bonded to the 

stamp by Van der Waals forces, it will be picked up from the substrate. The temperature of the 

target substrate (green) is set to 65 C and the stamp/flake is carefully lowered onto the target 

flake. Fine adjustments to the alignment are made as needed, Figure 18 (middle). After contact is 

made, the stamp is raised to release the selected flake onto the target flake. PPC’s adhesion to the 

flake is reduced above Tg, which allows the first flake to be released onto the second one 

resulting in the stack shown in Figure 18 (right).  

The above description is a simple stack of two layers (could be the same or different 

materials) of 2D materials. Far more complex stacks have been fabricated by sequentially 

picking up additional layers either for encapsulation, gating, proximity effects, and 

heterojunctions. The pick-and-place process is usually not ideal because the success of each step 

depends on many factors that are not easy to quantify. For example, we have been able to pick up 

bulk crystals of h-BN, BSCCO, and graphite using the PPC-based stamps. However, it is more 

challenging (or even impossible) to pick up monolayer graphene directly using the PPC stamp. 

Also, plasma-treated substrates make it harder to pick up flakes and can sometimes even 

delaminate the PPC from the stamp. Such factors show that the pick-and-place technique needs 

to be developed for each material layer in a stack accounting for thickness, how they are 

exfoliated, and the stacking order. Mastery over these techniques is built on tentation, as it is for 

most crafts. Lastly, a feedback loop between experimental results and all aspects of fabrication 

(how the individual 2D materials are handled, how the stacks are assembled, lithography, etc.,) is 

necessary to truly gauge the scientific value of the stacks to go beyond visual appeal.  
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6.2 Substrates 

The common substrates to exfoliate 2D materials are silicon wafers with 90 or 300 nm of 

silicon dioxide (SiO2). The optical interference of 2D materials on SiO2/Si produce a good 

correspondence between color (and/or contrast) and thickness when viewed under an optical 

microscope - usually the first estimate for the thickness of the flakes14,15. The charge puddles and 

surface roughness of SiO2 are the two main problems that affect the mobility of graphene. We 

take advantage of CNSE’s 300 mm fabrication facility to procure thermally grown SiO2 on 

doped Si wafers, which have a low surface roughness (<1 nm). The high-doped Si wafer acts as a 

global gate for our devices. We initially used the standard Si wafers and found that the gate was 

freezing out below 50 K for Vg < 0 V due to insufficient doping. To address this, we requested p-

type ion implantation on the Si-surface before growing the SiO2 by thermal oxidation. These 

highly-surface-doped wafers have worked well down to liquid helium temperatures.  

 

Figure 19. (left) AFM scan of 90 nm SiO2 wafer. (right) An line scan averaged over 100 pixels which 

show a surface roughness of ± 0.1 nm of our thermal oxide wafers.  
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The SiO2/Si wafers require minor cleaning steps before exfoliation because they come clean 

out of the fab. Figure 19 left panel shows the 2D AFM image of the SiO2 surface and the 

averaged line scan in the right panel gives us confidence that the surface roughness is very low 

~1 Å. We first dice the 300 mm wafer into smaller 2 × 2 cm2 die. These are then rinsed in 

semiconductor-grade isopropyl alcohol (IPA) and dried with nitrogen. Next, we either plasma 

treat or dehydration bake the die, depending on the 2D material that will be exfoliated (not 

required for graphene), the desired thickness, and if the target flakes will be picked up for 

heterostructure assembly.  

An array of alignment marks is patterned on the 90 nm SiO2/S die by using e-beam 

lithography and depositing of Ti (3nm) + Au (20 nm) prior to exfoliation to help record the 

locations of graphene flakes in optical images (which we refer to as “mapping”) and for inter-

layer alignment during e-beam lithography. The metal deposited for alignment marks needs to be 

>20 nm thick for it to have good contrast under 300 nm of PMMA-A4, the primary resist used 

during e-beam lithography. The metal stack also needs to be robust against any aggressive steps 

such as high-temperature annealing. Graphene can be exfoliated on the marked SiO2/Si die after 

they are treated in an oxygen plasma to ash away any resist residue. 

6.3 Graphene Preparation 

Different sources of high-purity graphite were examined by a previous student in Prof. Lee’s 

research group.  Dr. Sam LaGasse found that Naturagraphit Systems (NGS) Graphenium natural 

graphite yielded high-electron mobility samples (Sam’s thesis: SUNY at Albany ProQuest 

Dissertations Publishing (2019). 22592148). NGS Graphenium has been the primary source 

crystal for all the graphene in devices for this work.  

https://www.proquest.com/openview/37f1ff3bb62a9da389dd58840fa0d835/1?pq-origsite=gscholar&cbl=18750&diss=y
https://www.proquest.com/openview/37f1ff3bb62a9da389dd58840fa0d835/1?pq-origsite=gscholar&cbl=18750&diss=y
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The exfoliation of graphene starts by preparing two sets of finger-long adhesive tapes 

from a standard roll of 3M Scotch Tape®. The first set is used as the “source” tape, used to carry 

a bulk graphite crystal which is gently tessellated for maximum coverage. Care should be taken 

to not bend the tapes or press them too hard while tessellating as this tends to break down the 

graphite crystals and lead to smaller graphene flakes on SiO2 or even reduce yield to nil. The 

source tapes are copied onto a second set of “transfer” tapes which are used to exfoliate graphene 

on the SiO2/Si die. See panels in Figure 20 (a) which shows the entire process of preparing these 

tapes. The die, discussed earlier for graphene exfoliation, is pretreated with a 50 W plasma of Ar 

(50 mTorr) + O2 (100 mTorr) for 90 seconds to reduce hydrocarbons and increase Van der Waals 

forces.   Together they increase the yield of exfoliated monolayer graphene. The transfer tape is 

brought into contact with the SiO2/Si die immediately after they are plasma treated. The back of 

a tweezer is used to gently press the back of the tape which removes air bubbles and improves 

the contact area between the graphite on the tape with SiO2. Next, we anneal the tape/wafer on a 

hotplate at 100 C for 1 minute while continuing to press the back of the tape using a lint-free 

cloth. If the tape is peeled when the tape/wafer is still hot, there will be more adhesive residue 

and the yield of monolayer graphene will suffer. Once the tape/wafer is cooled to room 

temperature by blowing compressed nitrogen, we proceed to carefully peel the tape away from 

the wafer in one continuous motion. Figure 20 (b) gives an idea of how this is executed and how 

the resulting die looks visually. We avoid re-contacting the transfer tape to the wafer while 

peeling because this may contaminate the exfoliated flakes or pick them off the wafer. Finally, 

we use an optical microscope to collect images of the monolayer graphene. An example is shown 

in Figure 20 (c).  
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Figure 20. (a) Sequence of images for graphene exfoliation process. We start from a bulk crystal on a tape, 

which anchored to a glass slide. A transfer tape is used to peel off a small piece of bulk graphite. The scale 

of the background mat in (i) is in units of centimeters. Panels (ii-vi) show how we tessellate the graphite 

between two transfer tapes to maximize coverage to match the size of the wafer (about 2 x 2 cm2). Each 

square in panels (ii-vi) is ½ X ½ inch. (b) First panel shows the transfer tape being peeled off the 90 nm 

SiO2 wafer. Large bulk graphite flakes exfoliated on the wafer are noticeable to the naked eye. Seeing more 

of these is a good indicator of the chance of finding graphene under a microscope. (c) Optical micrograph 

of exfoliated graphene on 90 nm SiO2/Si wafer.   

b c 

a 



 

46 

 

Raman spectroscopy is a powerful technique to determine the number of layers and quality 

of graphene. The ratio of intensities of the 2D (also called G’ at 2700 cm-1) peak with respect to 

the G (at ~1582 cm-1), 
𝐼2𝐷

𝐼𝐺
 and FWHM are quick ways to verify the presence of monolayer 

graphene 16. These quantities are sensitive to various extrinsic effects such as doping by the 

substrate, surface roughness, impurities, and defects. We have observed ratios of 
𝐼2𝐷

𝐼𝐺
 for graphene 

on our plasma treated SiO2/Si substrates in the range between 1.2 to 1.4 ( Figure 21 (a)). Lastly, 

the presence of a D-peak at 1350 cm-1 in is an indication of degradation. The D-peak is not 

observed in our graphene at any stage – from exfoliation to device completion. 

After we collect the Raman spectra, the SiO2/Si wafers with monolayer graphene are 

annealed in a quartz tube furnace (2” diameter) in a gas mixture of Ar (50 sccm) + H2 (100 sccm) 

at 300 C for 3 hours to remove hydrocarbons such as tape adhesive residue. The removal of tape 

residue is crucial to avoid lift-off issues. After annealing, we go back to each of the mapped 

locations to check if the graphene has deformed and only select those that remain unchanged to 

be used in devices. Figure 21 (b) show an example of a topographic image on an exfoliated 

graphene (yellow) after Ar/H2 anneal, acquired using a Bruker Dimension Icon AFM. These 

scans have helped to assess the cleanliness of graphene before the pick-and-place steps. 
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6.4 Glovebox with Pick-and-Place  

After graphene is ready to be used in devices, the next stage of fabrication requires 

exfoliation of BSCCO to assemble the BSCCO-graphene heterostructure. Unlike graphene, 

BSCCO requires an inert glovebox to minimize the degradation from exposure to water vapor.  

We commissioned an N2 glovebox from Inert Corporation to work with sensitive layered 

materials. At this juncture, the lock-down from the COVID-19 pandemic in March 2020 slowed 

our progress. Fortunately, by August 2020 we began testing an existing hand-driven pick-and-

place station to assemble encapsulated graphene and BSCCO-Gr heterostructures. Our 

productivity was thwarted by reduced dexterity from the butyl gloves and poor ergonomics 

which caused great physical strain to the user. Forced to innovate by necessity, we designed a 

motorized pick-and-place station which can carry multiple samples and allow for precise control 

during stacking. The schematic of the pick-and-place station is shown in Figure 22 (a) and the 

Figure 21. (a) Raman spectrum of monolayer graphene on the highly doped 90 nm SiO2/Si substrate 

collected using 532 nm laser. (b) Height image from AFM scan so that the gold color shows graphene 

after Ar/H2 annealing. Because the step height in graphene is 0.3 nm, distortions from interference of 

the laser reflected from the SiO2 substrate can appear in the AFM image, like the slanted fringe 

background in this image. 

b a 
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image of the actual station is shown in Figure 22 (b).  They show four sample holders on the 

translational stages, a tube microscope, and the glass-slide stamp on a separate motor. The details 

of the design and operation are discussed below. 

The temperatures of the sample holders (labelled 1 to 4 in green in Figure 22 (a)) can be 

individually set and monitored by the multi-channel temperature controller (labelled “4-Ch TC”, 

red in Figure 22 (a)). The sample holders have a 1/8-inch vacuum connection to anchor down 

samples during stacking. The sample holders are all mounted on a thermally insulating “sample 

block” to prevent heat transfer between them. Two linear stages (X, Y in grey) that are 

orthogonal to each other provide long-range motion to navigate between samples and permit 

coarse alignment. The sample block is finally mounted on the rotational stage (R in orange in 

Figure 22 (a)), which are together on the of X, Y linear stages. The rotation stage is very helpful 

in making fine inter-layer alignments, <15 with <0.1 degree resolution, while stacking. The 

corresponding components can also be found in the image of the actual station, see Figure 22 (b). 

There is a 2 X 3 cm die on holder-1 to provide a sense of the scale of the different components. 

All stages (X, Y and R) and the temperatures for the four sample locations can be controlled 

from a computer located outside the glovebox.   

The wires to the heater cartridges and thermocouples are encased in a flexible hose to reduce 

clutter and avoid entanglement. There are two valves in the vacuum line to the sample holders. 

The primary quarter-turn valve is positioned close to the user (not visible in Figure 22 (b)), 

towards the window side of the glovebox, which is closed whenever the station is not in use. The 

secondary quarter-turn ball valve is always open and connects to the glovebox’s feedthrough port 

via a tee joint, partially visible in Figure 22 (b). The other end of the tee is provisional for other 

vacuum needs and remains closed.  
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The other aspect of the stacking process is manipulating the stamp which is used to pick-up 

a desired flake of 2D material and set it down at a new location to release or sequentially pick-up 

the next 2D layer. This process can be repeated several times while varying the materials being 

stacked to control the thickness and inter-layer orientation. We opted for a micromanipulator 

driven by piezo motors in three axes (x, y or in-plane and z or up/down) which provides a 30 nm 

resolution over +/- 2.5 cm range. The pitch and roll of the stamp can be separately adjusted 

manually by micrometers to control the contact angle of the stamp. Once the glass slide of the 

stamp is secured by shoulder-screw on the clamp and brought into the field of view under the 

microscope, the stacking process can continue via graphic user programs to control the stamp in 

three axes. Stamp micromanipulators operated by hand have several disadvantages such as poor 

resolution and inaccuracy in alignment. But the worst one is the transfer of vibrations and jerks 

from the human hand to the stamp when it is in the middle of pick-up or set down. These 

disruptions can cause sudden unpredictable damage to the precious heterostructures on which 

many intensive hours were invested. We circumvent these issues by using the motorized stamp 

micromanipulator which is shown in Figure 22 (a) and (b).  

Lastly, we modified the tube microscope by attaching a rotating turret capable of selecting 

between three long-working-distance infinity-corrected objectives (10X, 20X and 50X, blank) to 

offer multiple ranges of magnification while leaving space for a stamp (glass slide + PDMS of ~ 

3 mm) to be in the optical path. It is installed on a heavy-duty adjustable boom stand which 

allows for extension/retraction and swiveling, as indicated in Figure 22 (a). The image is 

captured by a CCD camera and fed to a computer via USB-2.0 feedthrough on the glovebox. The 

working distance can be adjusted by a knob. Fine settings to the image focus can be made by a 

dial on the microscope. The microscope also has a 0.02X to 7X focus module which gives 
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dynamic control over the field of view. The magnification and focus modules with the objective 

turret are visible in Figure 22 (b).  

The sample stages, stamp micromanipulator, and microscope are bolted into a single 1” 

thick aluminum plate to reduce acoustic vibrations. The floor of the glovebox is a stainless-steel 

plate which is not supported by a cross brace, even from the outside. Changes in pressure of the 

box makes the floor behave like a diaphragm. When the three components were separately 

placed on the glovebox’s floor, the vibrations were very noticeable and made it difficult to 

concentrate. The base plate was incorporated to mitigate the vibrations by coupling all 

components to one solid base. One other part that is most susceptible to vibrations is the tube 

microscope with the heavy nosepiece which sometimes oscillates. However, this was not 

detrimental to our operation. 

The cumulative result of the mechanics and automation is a system that has enabled control 

and repeatability to our stacking process and increased our productivity by a factor of four. 

The system can easily locate target flakes, record image and positions, and return to them - all 

while ergonomically friendly.  
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Figure 22. (a) Schematic for the motorized multi-sample pick-and-place station. (b) Image of the actual 

apparatus in the glovebox.  
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6.5 Assembling BSCCO/Graphene Heterostructures 

The exfoliation of BSCCO is performed in the glovebox to minimize exposure to water 

vapor and oxygen. The double-sided Semiconductor Equipment Corp. Heat Release 3198M tape 

has a heat release side and pressure release side. We prefer to use the stickier heat-release side to 

make the BSCCO source tapes and the pressure-release side for the BSCCO transfer tapes. Note 

that the heat-release property is not used in preparing the source tapes. The same level of care in 

preparing the tapes for graphite also applies here. The 90 nm SiO2 die of size 2 × 2 cm2 are 

cleaned with IPA and brought into the glovebox. They are annealed on a hotplate at 100 C for 1 

minute to desorb surface water. They are then allowed to cool down to room temperature before 

exfoliating BSCCO using the transfer tapes. We record positions (x, y) and collect images of 

target BSCCO flakes which are 20-60 nm thick using stages 2 and 3 of the pick-and-place station 

at room temperature. The BSCCO flakes are selected based on: 

1. Cleanliness – No indication of tape residue on the flake or trapped bubbles,  

2. Thickness – Prefer to work with flakes >20 nm because they are easier to pick up.  

3. Uniformity – No step edges, no ripples, no pointy edges that can be embed into the stamp 

and make it difficult to release. 

4. Shape/Size – We need BSCCO flakes that are at least 30 m along one side to be 

compatible with the 4-terminal structures on our photolithography mask.  

We try to minimize the time taken from exfoliation to stack completion. The die with 

annealed graphene and the PPC stamps are loaded in the glovebox with the blank die intended 

for BSCCO. The wafers containing graphene are placed on location-1 of the stage and held at 40 

C. After the mapping of BSCCO flakes is complete, the stamp is inserted into the manipulator 
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and stacking can begin immediately. We compare the optical images of different graphene flakes 

and the mapped BSCCO before making the stack. There may be big graphite flakes in the 

vicinity of the target graphene that may impede the placement of BSCCO or position of contacts 

during lithography. The BSCCO/Gr stacks for the results discussed in Chapter-7 are assembled 

according to the steps discussed in Section 6.1 by placing a clean BSCCO (30-40 nm) flake onto 

a pristine monolayer graphene.  

The fabrication of BSCCO-Gr-BSCCO stacks for the results discussed in Chapter-8 has 

required additional ingenuity by using the piezo-driven stamp to mechanically crack a BSCCO 

flake (~40 nm thick) while setting it on graphene. A schematic and the corresponding 

microscope images of the process are shown in Figure 23 (a) and (b), respectively. We use the 

term “contact front” to refer to the edge of the contact area between the PPC stamp and sample. 

A downward motion of the stamp on or towards the sample causes the contact front to move 

inward. Once we have picked up the BSCCO using a PPC stamp and aligned over a graphene (all 

in the glovebox) using a high-resolution reference image, we set the temperature of the graphene 

sample to 45 C. The contact front moves inward rapidly if the sample is >55 C, making it 

difficult for a human user to respond and stop. Also, the cracking process is not effective when 

PPC >55 C because it begins to lose rigidity. The next step is to lower the stamp/BSCCO into 

contact with the graphene sample and stop the contact front mid-way on the graphene as shown 

in the left panel of Figure 23 (a). We call the movable interface of the stamp with the substrate as 

the “contact front”. We then carefully make incremental steps on the stamp motor to first move 

5-10 m perpendicular to from the contact front and then move 5-10 m along the contact front. 

This shearing force on the stamp causes the BSCCO flake to crack into two. These are labelled 

BSCCO-1 and BSCCO-2 in the second image from the left of the bottom panel in Figure 23 (b). 
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The cracks tend to propagate naturally along the contact front of the stamp. As an example, we 

show an optically visible crack with a spacing of ~5 m, i.e., the junction length between 

BSCCO-1 and BSCCO-2. BSCCO-2 is then set down on graphene. Now we may increase the 

temperature to 65 C to release both BSCCO #1 and #2. The completed stack is shown in the 

lower right-most panel of Figure 23 (b). In some situations, it may be better to simply melt the 

PPC at 90 C and dissolved it away in acetone later without contaminating the BSCCO-Gr 

interface. Using this dry and mechanical technique, we have made several BSCCO-Gr-BSCCO 

devices with junction lengths ranging from <100 nm to 3 um.  
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6.6 Lithography  

Photolithography and e-beam lithography (EBL) were used to make different types of 

contacts to BSCCO and graphene in the devices which led to the results on conductance 

resonances. The details of these processes are described in this section. In addition, we will 

b 

  

  

  

                                                              

                       

        
     

                                                        

a 

Figure 23. (a) Schematic of using mechanical movements of the stamp to induce a continuous crack in a 

BSCCO flake. (b) Optical images of cracking a BSCCO flake into two individual pieces to make the 

BSCCO-Gr-BSCCO stacks. To the top right is a reference image of graphene and bottom right is an 

image of the completed stack with junction length ~5 m. 
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compare a patterning process to etch trenches in BSCCO, in lieu of using the cracking method 

discussed in Section-6.5, to achieve BSCCO-Gr-BSCCO junctions.  

The steps involved in device fabrication are summarized in Figure 24 and listed below. The 

sub-sections 6.6.1 and 6.6.2 delve into the details of the lithography processes. Selectively 

etching and obtaining tunnel contacts to BSCCO are respectively described in 6.6.3. 

 

a) Start with clean pieces of 90nm SiO2 wafer.  

b) Pattern alignment marks and deposit Ti (3 nm) + Au (>20nm).  

c) O2/Ar Plasma treat wafers to improve yield of monolayer graphene. 

d) Exfoliate graphene.  

e) Optically map and collect Raman spectra of candidate graphene flakes. 

f) Anneal graphene bearing samples in Ar/H2 at 300 C for 3 hours. 

g) Assemble BSCCO/Gr and or BSCCO-Gr-BSCCO stacks.  

h) Litho-1: E-beam lithography  

i) Fabricate all probe pads and ohmic contacts to graphene in BSCCO/Gr devices or long 

channel BSCCO-Gr-BSCCO devices.  

Figure 24. Optical images and schematics showing progression from a single graphene flake to a stack 

and finally to a device. 
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j) Deposit Ti (3 nm) + Au (40 nm) using e-beam evaporator. 

k) Litho-2: Photolithography 

l) Fabricate ohmic contacts to BSCCO.  

m) Deposit Ag (10 nm) + Au 50 (nm) using e-beam evaporator.  

n) Perform metal lift-off and/or solvent bath to dissolve resist residue.  

6.6.1 E-beam lithography 

We used the Raith Voyager 50 keV e-beam lithography system to pattern alignment marks 

on plain SiO2 wafers, create electrical contacts to stacks, and define shapes in graphene and 

BSCCO for dry/wet etching. The Voyager system has a very precise piezo stage (<20 nm 

backlash) which makes it easy to achieve <100 nm accuracy in level-to-level alignment without 

the need for scanning marks. However, the marks are required to match 3 locations on the 

sample to the same 3 locations in the layout design file to achieve level-to-level alignment. The 

pitch, area covered, and unique identifiers of the mark array need to be defined to correctly 

identify candidate flakes. After we pattern the mark array, we deposit Ti (3) nm + Au (>20 nm) 

and perform the graphene exfoliation as described before. After the stacks are assembled, we 

collect optical images at two different magnifications which are then imported into the 

Voyager’s own CAD software. Each optical image needs to contain unique marks to exactly 

match the location of the graphene flake or stack between the sample and design file. Because 

we will need to expose contacts to BSCCO from a photomask in Litho-2, we import and overlay 

their CAD designs into the Litho-1 design file and draw the e-beam features for contact pads 

around them, see Figure 25. 
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Once the designs are finalized, we follow the steps below: 

1. Spin coat MicroChem (now Kayaku Inc.) PMMA-A4 950K on the sample at 3000 rpm.  

2. Bake the PMMA covered sample at 165 C for 15 minutes. Although the  

3. Cool by blowing N2. Remove any dust/debris. Clean bottom surface of the wafer.  

4. Follow through standard operating procedure to complete patterning steps in the 

Voyager. PMMA is a positive tone resist, i.e., areas exposed to the electron beam are 

dissolved away during development (“what shows, goes”). Dose needs to be assigned 

correctly to make <5 k ohmic contacts to any leads with a critical dimension <1 m. 

Usually, a dose factor of 1.2X to 1.3X multiplied to the base does of 580 C/cm2 (10 nm 

step size) has worked well.  

5. Soak the sample in MIBK-IPA (1:3) for 1 minute to develop the exposed regions in 

PMMA.  

6. Deposit metal for contacts using e-beam evaporator. OR etch graphene using oxygen 

plasma.  

Figure 25. Optical image of the stack from Figure 24 

imposed in the Litho-1 design file to expose contacts 

to graphene and contact pads for BSCCO (filled in 

navy blue mesh). The features of photomask contacts 

to BSCCO (in lavender) are overlayed here to aid the 

alignment between Litho-1 and Litho-2. The scale 

bar in red located at the bottom left-hand corner is 20 

m in both axes.  



 

59 

 

7. After metal evaporation, soak the sample in hot acetone (80 C) for 2 minutes and then 

lift-off the unexposed regions by agitating the liquid with a pipette. OR simply soak in 

acetone to dissolve resist after graphene etching. Then, the sample may be allowed to sit 

in PG Remover for 5 to 10 min at 60 C to remove residual PMMA.  

8. Rinse with IPA and dry with N2.  

We have also used this e-beam lithography processes to create Ti/Au tunneling contacts 

(>10 M) to BSCCO. Tunneling measures the density of states of superconductors, i.e., the size 

and qualitative nature of the superconducting gap. This basic study is shown in Appendix. 

6.6.2 Ohmic contacts to BSCCO 

Ohmic contacts to BSCCO are necessary to perform four-terminal (Van der Pauw) 

resistance measurements of the BSCCO/Gr and the BSCCO-Gr-BSCCO junctions, and remove 

any series contact resistance. If the contacts to BSCCO are non-ohmic and have high resistance 

(>1 M) at cryogenic temperatures, they can measure tunneling current. But they cannot 

accurately measure voltage, which is necessary for four terminal resistance measurements. 

Establishing ohmic contacts to BSCCO has required special steps like Ar ion milling to remove 

sacrificial layer before metal deposition or using a shadow mask for sputter deposition in an inert 

environment. However, these methods require specialized equipment and process development 

before they yield good results. We briefly attempted to develop an Ar plasma to etch BSCCO 

after lithography in the e-beam evaporator before depositing metal without breaking vacuum. 

But the finished contacts were not ohmic, possibly because the ion energy was insufficient to 

mill the top insulating layers of BSCCO. We found success using a photolithography process to 

consistently achieve contact resistance of few hundred ohms, as described below. 
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1. Clean the SiO2/Si wafer carrying BSCCO-Gr stacks in acetone to remove any PPC 

residue and rinse with IPA. Dry with N2.  

2. Spin-coat the wafer LOR (lift-off resist) 3A at 4000 rpm for 1 minute. Bake it at 180 C 

for 3 minute to cure the resist. Let it cool down to room temperature.  

3. Then, spin-coat Shipley resist SR1813 on the wafer at 4000 rpm for 1 min. Bake it at 90 

C for 1 minute and then allow it to cool down.  

4. Expose the sample for 2.8 to 3 seconds to a suitable multi-terminal pattern on the 

photomask using the OAI MDL 800 mask aligner (lamp intensity 22 – 25 mW/cm2).  

5. Develop the exposed wafer in AZ-300 MIF (metal ion free, 2.3% TMAH) solution for 45 

seconds in a petri-dish while holding it with a tweezer. Rinse with deionized H2O – this 

will not degrade BSCCO because it is protected with photoresist. It will only rinse away 

the developer from the exposed areas. We then dry with N2 and briefly inspect under a 

microscope with a low mag objective (objectives >20X can further dose the resist if there 

is any UV in the light source) to check if the resist has cleared. Safely discard AZ-300 

MIF.  

6. Prepare a fresh petri-dish of AZ-300 MIF for the next step which is the key to creating 

ohmic contacts to BSCCO (>20 nm thick). We dip the sample again in AZ-300 MIF for 

20-30 seconds and rely on TMAH to etch away the sacrificial layers of BSCCO. Rinse 

with deionized H2O, followed by IPA, and dry with N2.  

7. We deposit Ag (10 nm) and Au (40) without breaking vacuum in an e-beam evaporator. 

8. Perform metal lift-off in hot acetone (80 C). LOR is not removed.  

9. Dissolve the LOR layer in PG remover at 60 C for 5-10 min.  

10. Rinse with IPA and dry with N2.  
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Making contacts to BSCCO has been the last step for most devices. After the final optical 

inspection, the devices are loaded in the LakeShore CPX-VF cryogenic probe station and kept 

under vacuum. We test all BSCCO and graphene contacts before cooling.  

6.6.3 Selective etching of BSCCO 

Prior to pursuing the cracking technique described in Section 6.5, we had explored selective 

etching of BSCCO to create sub-100 nm BSCCO-Gr-BSCCO junctions. Figure 26 (a) is an 

optical image of lines of different widths exposed in PMMA A4 over the edge of a 53 nm 

BSCCO flake. The sample was then dipped in 20% TMAH for ~1.5 minutes at room temperature 

to etch the exposed BSCCO and rinsed in DI water, giving an etch rate of ~20nm/min. We 

increased the etch rate to 120 nm/min using buffered 2.3% TMAH solution of AZ-300 MIF at 60 

C, the etched trench. This process was tested on a BSCCO/graphene stack shown in Figure 26 

(c) and can easily create gaps in the 100 nm range (see Figure 26 (d)). Qualitatively, these side 

walls are tapered and the spacing at the bottom of the trench is 125 nm, whereas it was designed 

to be 50 nm. Blow-out of about 3 to 4 X was seen in lines designed to be 20, 50 and 100 nm. The 

selective etching method did show potential but required process development to control blow-

out issues, trench profile, and possible residue at the bottom of the trench.  
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Figure 26. Top - Exposed boxes in PMMA A4 of increasing linewidths on 53 nm BSCCO 

(a) patterned and (b) etched using 20% TMAH. (c) A large trench clearned in BSCCO which 

exposed graphene underneath. (d) Electron micrograph of a 60 nm crack intersecting a 

selectively 125 nm etched trench in BSCCO.  
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7. BSCCO/Graphene Junctions 

This chapter is an expanded description of our work published in Physical Review Letters.   

Electronic scattering processes in condensed matter systems are typically driven by a single 

mechanism and rarely lead to resonances. Examples include tunneling phenomena in 

semiconductors, confinement in low-dimensional systems, Andreev bound states in 

superconductors (SC)1, and Yu-Shiba-Rusinov states in superconductor-ferromagnet junction 2. 

Here, we show the appearance of resonances due to the combination of two scattering 

mechanisms. Andreev reflection (AR), associated with superconductor/metal interfaces, and 

Klein tunneling (KT)3–5, associated with Dirac fermions, occur together6,7 in our 

BSCCO/graphene junctions. The long carrier coherence attests to the pristine quality of our 

devices, which allows the Fabry-Pérot process that manifests from these scattering processes. We 

estimate the length of the resonance region from the oscillation period. Our results are supported 

by calculations of the spectral functions for graphene with proximity-induced nodal 

superconductivity and the emergent resonant modes in the junction (credit is given to Prof. Jose 

Lado, Aalto University).  

The understanding of transport in the BSCCO/graphene junction has been of interest in the 

graphene research community since the development of the dry transfer techniques8–10. The 

initial experimental advancement was hampered by the degradation of BSCCO, as explained in 

Chapter-4.2. To overcome these challenges, we minimize the degradation of exfoliated BSCCO 

flakes by assembling the heterostructures in the glovebox and using special photolithography and 

 
 1. Jois, S., Lado, J. L., Gu, G., Li, Q. & Lee, J. U. Andreev Reflection and Klein Tunneling in High-

Temperature Superconductor-Graphene Junctions. Phys. Rev. Lett. 130, 156201 (2023). 
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fabrication techniques to achieve ohmic contacts (<500 ) to bulk BSCCO. The details of these 

methods have been discussed in Chapter-6. The basic electrical measurements show the expected 

high 𝑇𝑐~85 K for pristine BSCCO in a majority of our devices, as shown in Figure A2. We also 

measured the intrinsic pseudo-gap in a BSCCO device with tunneling contacts and found Δ~40 

meV, also comparable to previous reports. See Appendix-1 for these results.  

The first section of this chapter presents the device structure. We will see how the scattering 

region (Gr’) can be naturally formed in BSCCO/graphene junctions without requiring a local 

gate as first suggested by theory11. The Gr’ region renders two different interfaces with different 

properties. Next, we see how modulating the global gate to tune the Fermi level in the Gr’ and 

bare graphene (Gr) regions leads to the conductance oscillations predicted for tunable barriers in 

superconductor-graphene junctions12,13, discussed in Chapter-5. Furthermore, we present our 

analysis on the origin of the resonance with evidence for KT by the conductance asymmetry, 

discussed in Chapter-2.4, and for AR by the bias dependence of the resonance amplitude. The 

microscopic mechanism for the single particle interference is explained, in light of a Fabry-Perot 

process. Then, the electronic spectral functions for the different regions of graphene in the device 

are presented along with the calculated junction conductance, to support the experimental 

findings. Lastly, we share preliminary results with an applied magnetic field. 
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7.1 Device details 

 

Three distinct regions of graphene form in our BSCCO/Gr junction. The regions are 

indicated as Gr, Gr', and Gr in Figure 27 (a). Gr is the portion of graphene under BSCCO that 

has a nodal proximity-induced superconducting gap (Δ𝑖). BSCCO is a hole-doped 

superconductor with a high carrier density14 of 1015 cm-2. BSCCO in contact with graphene, 

having lower carrier density (1012 cm-2), transfers charge to create a p-doped Gr' region of 

length 𝑑, in addition to heavily doping Gr. A similar charge transfer process occurs in 

metal/graphene junctions15. The dotted line between the Gr and Gr' regions indicates the 

interface which is responsible for AR. At the other end of the Gr' region is another dotted line to 

indicate the second interface with native graphene Gr which is responsible for KT. Therefore, the 

superconducting Gr region is connected to Gr'-Gr regions that form a p-n junction by a gate. 

Modulation of the gate results in an asymmetric conductance as the doping in the Gr'-Gr regions 

Figure 27. (a) Schematic cross-section of our device. Gr is superconducting graphene under BSCCO, Gr' 

is a p-doped graphene and Gr is native graphene. d is the length of Gr'. The dotted lines at either ends of 

Gr' denote the interfaces. (b) Optical micrograph of device-A from Table-1. S is shorthand for BSCCO. 

Dotted white outline tags graphene. The red X and N1 to N5 are contacts to graphene. C1 to C4 are 

contacts to BSCCO. Scale bar is 10 m.  
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changes from p+-p to p-n, as we show in Figure 28 (b) and Figure 29 (a), beyond what was 

previously reported in YBCO/graphene junctions16,17. Previous studies created potential walls in 

bipolar graphene junctions (p-n-p). These partially reflective interfaces confine carriers that led 

to Fabry-Pérot resonances18–20 from KT alone. The resonance condition occurs within one round-

trip. On the other hand, the Gr-Gr'-Gr junction described here is an SC-p-n junction (Gr is a 

highly p-doped SC) with the two interfaces having different reflection properties that modify the 

interference condition that requires two round-trips. Here, we present results on gating 

BSCCO/graphene junctions in which we observe resonances from the interplay of KT and AR 

owing to the two different interfaces that occur naturally in our junctions.  

7.2 Transport  

 

 

Figure 28. (a) Sheet resistance of typical bare graphene in our devices. (b) Conductance of BSCCO/Gr 

(device-A) junction in response to sweeping the Fermi-energy 𝐸𝑓 The red lines indicate the position of 

the troughs. (c) Top - A p-n junction is formed in Gr'-Gr by electrostatic gating. The classical trajectory 

of the holes and electrons is depicted by dashed and solid lines respectively. The number labels count the 

trips for the interference condition.  
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The typical sheet resistance (RGr) of graphene in our devices in response to the sweep up and 

sweep down (dual sweep) of gate voltage (𝑉𝑏𝑔) is shown in Figure 28 (a). The resistance maxima 

for the Dirac point (𝑉𝐷𝑃) are often found to be between 0 V and +5 V, indicative of slight hole 

doping from the substrate. It is typical to neglect the substrate-induced doping by subtracting 𝑉𝐷𝑃 

from the gate voltage, which we follow here. RGr is hysteresis-free at all temperatures, down to 

4.2 K, suggesting little charge trapping at the graphene/SiO2 interface. The four-terminal 

conductance of the BSCCO/graphene junction of device-A in Figure 28 (b) is measured as we 

sweep the gate, which acts on the non-superconducting regions Gr and Gr'. The gate voltage sets 

the Fermi level in graphene as 𝐸𝑓 = 𝑠𝑖𝑔𝑛(𝑉𝑏𝑔 − 𝑉𝐷𝑃) ℏ 𝑣𝑓 √𝜋 𝐶𝑏𝑔
|𝑉𝑏𝑔−𝑉𝐷𝑃|

𝑒
, where ℏ is the 

reduced Planck constant, 𝑣𝑓 ∼ 1 × 106 m/s is the Fermi velocity in graphene, and 𝐶𝑏𝑔 = 38.37 

nF/cm2 is the gate capacitance for 90 nm SiO2.  

Note that the change in carrier density we can induce in BSCCO using our SiO2/Si gate is 

not enough to affect its properties, unlike what is achievable by ionic gating21,22. In ionic gating, 

the voltage is fixed well above 200 K and is not tunable at cryogenic temperatures. The SiO2 gate 

on a highly-doped Si wafer allows us to smoothly sweep the gate voltage at all temperatures, 

enough to modulate the Fermi level in graphene but not in BSCCO. 

In Figure 28 (b), 𝐸𝑓 = 0 for 𝑉𝐷𝑃 = +2.2 V of Gr from our measurement of 𝑅𝐺𝑟. The extent 

of p-doping in Gr' is 𝐸𝑓
′ = −180 meV, which can be inferred from the second conductance 

minima we observe at the gate voltage of +12 V.  To observe the 2nd minima, we had to apply a 

bias (𝑉𝑆−𝐺𝑟) of more than 25 meV in Figure 28 (a). The importance of studies on bias 

dependence is further explained below in Figure 29. The presence of this p-doped Gr' region 
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renders the two interfaces that are responsible for the resonant interaction between KT and AR in 

the junction, on which we will elaborate next.  

The gate acts on Gr' and Gr regions simultaneously. When the gate bias is such that we 𝐸𝑓 <

0, Gr'-Gr regions are in a p+-p configuration. And when 0 < 𝐸𝑓 < −𝐸𝑓
′  meV, the Gr'-Gr regions 

are in a p-n configuration. The bottom panel of Figure 27 (c) shows the doping in the Gr-Gr'-Gr 

regions relative to the Fermi-level (gray line) when Gr'-Gr regions are in a p-n configuration. A 

nodal gap in the Gr region comes from the proximity to the d-wave order parameter of BSCCO 

and is further supported by the calculated spectral function in Figure 32 (b). In Figure 27 (b), the 

conductance asymmetry manifests as a 30% decrease in the average conductance for the p-n 

configuration compared to the p+-p configuration. This is due to the reduction in the transmission 

of carriers that are incident at oblique angles on the p-n junction4,23, owing to the chiral nature of 

carriers in graphene. The observation of the conductance asymmetry shown in Figure 28 (b) and 

verified in Figure 32 (e) through calculations, is one of the central results of this work.  

The other remarkable feature of Figure 28 (b) is the conductance oscillations that exist in 

both p+-p and p-n doping configurations. The top panel of Figure 28 (c) shows the classical 

trajectories of carriers to visualize the number of round trips in the Gr' region that lead to the 

resonant condition. Consider the p-n configuration in Gr'-Gr and a hole (dashed) entering Gr' by 

KT (top 1). It impinges on the Gr-Gr' interface and reflects as an electron (solid) by AR (2). The 

electron (2) makes a round trip (3) by partial reflection from the Gr'-Gr interface. The returning 

electron (3) travels to the Gr region and reflects as a hole (4). At specific energies, a destructive 

resonant interference condition occurs every two round trips among carriers of the same charge, 

traversing in opposite directions in the Gr' region. The smaller width of the arrows in the Gr 
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region indicates reduced transmission. The described resonant process is unchanged for p+-p, 

except with higher transmission at the Gr'-Gr interface. The resonant mechanism is analogous to 

Fabry-Pérot resonances but requires two full round trips (4 × 𝑑) as opposed to one round trip. 

The momentum-resolved spectral function in Figure 32 (c) of the Gr' region corroborates the 

formation of resonant modes. We note that tunneling into a nodal d-wave superconductor should 

lead to weaker AR compared to a system with an s-wave superconductor11,13. However, the 

significantly shorter coherence length of BSCCO compared to that of a conventional s-wave 

superconductor allows the formation of the three distinct regions needed to observe the 

resonances we report. On the other hand, quasi-periodic oscillations were observed in a Van der 

Waals NbSe2/graphene junction24, whose origin was reported to be unclear. The resistance of 

bare graphene in that work appeared to have oscillations with gating, which could be attributed 

to universal conductance fluctuations from disorder appearing below 1 K. The same could be the 

reason for seeing fluctuations in their NbSe2/graphene junction conductance. 

The positions of the troughs in Figure 28 (b) are highlighted in red. 𝐸𝑡𝑟−𝑡𝑟 ∼ 17.3 meV is 

the average period of resonances in energy for device-A. The average period in gate voltage 

across all devices A through E is ~1.7 V, see Appendix (Figure A5). The small change in the 

period between p+-p and p-n doping configurations can be attributed to the change in d with 

gating. We also note that resonances are less pronounced at low doping. It is likely that the 

energy broadening 𝛿𝜖𝑓 = 50 meV around the Dirac point from charge puddles25 in the SiO2 

washes out the oscillations.  

Next, we estimate the length d of the Gr' region from the oscillation period. The two round-

trips of the scattering region give us a path length of 4𝑑 = 𝑛 𝜆𝑓 = 𝑛 
2𝜋

𝑘𝑓
, as the resonance 
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condition. Here,  𝜆𝑓 and 𝑘𝑓 are the Fermi wavelength and wavevector, respectively, and 𝑛 is the 

integer index at resonance. Using the graphene dispersion relation 𝐸 = ℏ𝑣𝑓𝑘𝑓, we arrive at the 

resonant condition,  

 
𝐸 =

𝑛ℎ𝑣𝑓

4𝑑
 

(1) 

from which we can calculate the length d.   

From Eq.-(1), the length of Gr' is d~59 nm. The values for 𝐸𝑡𝑟−𝑡𝑟 and d for all the devices in 

Table 1 are similar, regardless of other junction parameters such as Tc and junction resistance 

which can vary. The mean free path 𝜆𝑚𝑓𝑝 ∼ 80 nm which we estimate, using 𝜎 = (
2𝑒2

ℎ
) 𝑘𝑓𝜆𝑚𝑓𝑝, 

is longer than the estimated length of the Gr’ region. Billiard ball trajectories of carriers are 

expected from phase-coherent transport26 within the Gr’ region. The phase coherence length is 

estimated to be 29 − 56 nm using the expression 𝐿𝜙 = √𝐷𝑡𝜙, where the diffusion coefficient 

𝐷 = 𝑣𝑓 ×
𝜆𝑚𝑓𝑝

2
= 0.04 m2/s and the dephasing time 𝑡𝜙 can range between 22 − 80 fs27. 

Table 1. Properties of the junctions examined in this work: TC is the transition temperature of 

BSCCO, W is the junction width, 𝑹 × 𝑾 the junction resistance, 𝑬𝒕𝒓−𝒕𝒓 the period of oscillations, and 

𝒅 the estimated length of the Gr’ region, 𝚫𝒊 from bias dependence of oscillations. 

Device 

# 

T
c
 

(K) 

W
S-Gr

 

(m) 

𝑹 × 𝑾 

(k m) 

𝑬𝒕𝒓−𝒕𝒓 

(meV) 

𝒅 

(nm) 

𝚫𝒊 
(meV) 

A 85 28.2 628.24 17.3 59 15 

B 84 26.8 639.23 16.1 64 10 

C 70 4.8 29.85 15.9 65 12 

D 85 5.8 92.85 19.4 53 10 

E 85 4.0 36.00 17.3 60 12 
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The contribution of AR to the resonance is evident by the decay in the oscillation amplitude 

when the bias is larger than the induced gap, as seen in Figure 29 (a, b). Figure 29 (a) is a plot of 

the junction conductance as the bias VS-Gr across the junction is increased. In Figure 29 (a), the 

increasing Fermi window allows the injection of carriers from outside of the induced 

superconducting gap in graphene, i, (see Figure 29 (c)) which suppresses the resonances. Figure 

Figure 29. (a) Conductance of the S-Gr junction as a function of the back-gate voltage 𝑉bg measured at 

different 𝑉S−Gr, corrected for the position of the Dirac point 𝑉DP of Gr at +2.3 V (b) Amplitude of the 

oscillations as a function of the bias across the junction decays beyond ~15 mV. The solid curve is a 

guide to the eye. (c) A schematic representation of carriers outside of the pseudogap of Gr entering Gr' 

when 𝑉S−Gr ≫ Δ𝑖 across the junction. 
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29 (b) shows that the normalized oscillation amplitude decays when VS-Gr>15 mV and implies i 

~15 meV for device-A. We observe the same behavior in the other devices with the inferred i 

from bias dependence ranging between 10-15 meV. This variation is expected due to the 

sensitivity of the proximity effect from fabrication non-uniformities. A comparable magnitude of 

i has been seen in BSCCO heterojunctions with other 2D materials10,28. The differential 

resistance for devices A and B from Table 1 is shown below in Figure 30, which further 

corroborates our inference of i. Refer to the discussion in Chapter-5.2 on the induced 

superconducting gap in BSCCO/graphene junction in tunneling10 and from Andreev reflection in 

junctions of BSCCO with Dirac materials like Bi2Te3 and graphite28,29. Also note that this is 

much smaller than the intrinsic gap of BSCCO (Δ0 = 40 meV) measured by others22,30 and 

verified by us in a tunneling experiment shown in 



 

 

Appendix. 

 

The resonances are robust with temperature for device-A, as shown in Figure 31 (a). We 

show the relative oscillation amplitude for another device (similar to device-A) in Figure 31 (b) 

by subtracting the background resistance. We observe oscillations that persist up to 40 K. This 

observation is consistent with the temperature dependence of i reported by others31. 

Figure 30. Differential resistance (dV/dI) of two BSCCO/Gr junctions at liquid 

helium temperature showing an induced pseudo-gap Δ𝑖 below 15 mV. 
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The electronic properties of the junction are captured using an effective low-energy model 

Hamiltonian of the form: 

ℋ = ℋkin + ℋSC + ℋ𝜇 

with    ℋ𝑘𝑖𝑛 = 𝑡 ∑ 𝑐𝑖,𝑠
†  𝑐𝑗,𝑠⟨𝑖,𝑗⟩,𝑠 + ℎ. 𝑐. 

capturing the kinetic energy of electrons, where 𝑐𝑖,𝑠
†

 is the creation operator on site 𝑖 and 𝑐𝑗,𝑠 is 

the annihilation operator on site 𝑗, with pseudo-spin index 𝑠. The nearest-neighbor hopping 

energy is 𝑡 = 2.7 eV, and ⟨ ⟩ denotes the sum over the first neighbors. The term 

ℋSC = 𝜇Δ ∑ Δ𝑖𝑗𝑐𝑖,↑ 𝑐𝑗,↓
⟨𝑖𝑗⟩∈GrΔ,𝑠

+ ℎ. 𝑐 

accounts for the superconducting proximity effect, where Δ𝑖𝑗 is defined such that its Fourier 

transform leads to a 𝑑𝑥2−𝑦2 order parameter in reciprocal space. Finally, the term 

Figure 31. (a) Junction conductance for device-A is discussed in the main text at different temperatures. 

(b) The relative amplitude of the resonances of another BSCCO/Gr junction showing the amplitude 

decreasing as the critical temperature of BSCCO (Tc ~ 72 K) is approached.  

a b 
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ℋ𝜇 = 𝜇Δ  ∑ 𝑐𝑖,𝑠
†  𝑐𝑖,𝑠 

𝑖∈GrΔ,𝑠

+ 𝜇bg
′ ∑ 𝑐𝑖,𝑠

†  𝑐𝑖,𝑠

𝑖∈Gr′,𝑠

+ 𝜇bg ∑ 𝑐𝑖,𝑠
†  𝑐𝑖,𝑠

𝑖∈Gr,𝑠

 

controls the local chemical potential in the different regions, to account for the experimental 

conditions. The difference in screening in the Gr and Gr’ regions affect the position and 

tunability of their chemical potentials. The chemical potential is defined as 𝜇bg = 0.06𝑡 + 𝜇′bg. 

This way, the gating parameters relate closely to the experimentally applied bias 𝑉bg, and the 

shift 𝜇′bg = −0.06𝑡 ≈ −162 meV corresponds to the doping in the Gr’ region when 𝑉bg −

𝑉𝐷𝑃 = 𝜇bg = 0. The chemical potential in Gr is set to 𝜇Δ = 0.2𝑡, which arises due to charge 

transfer from BSCCO and remains constant due to screening. The gating parameters defined here 

are comparable to experimental observations from Figure 29.  

We define a junction that is infinite in the 𝑦-direction, and a finite Gr' region is defined 

between the two semi-infinite Gr and Gr regions, as depicted in Figure 28 (c). Due to the 

translation symmetry in 𝑦, the spectral function of the junction can be labeled according to the 

parallel momenta 𝐤∥ to the interface. The previous Hamiltonian is solved with the Bogoliubov-

de Gennes formalism, and we compute the electron spectral function at the Gr' region defined as  

𝐴(𝐤∥, ω) = −
1

π
TrGr

′ Im[𝑃𝑒𝒢(𝐤∥, 𝜔)] 

where 𝑃𝑒 is the projection operator in the electron Nambu sector and 𝒢(𝐤∥, 𝜔) is the full Nambu 

Green's function of the system. 𝐴(𝐤∥, ω) is used to directly extract the electronic excitation 

emerging in the junction and is computed with the Green's function re-normalization algorithm32. 

The respective spectral functions in doped graphene in the absence and presence of a d-wave 

superconducting proximity effect are shown in Figure 32 (a) and (b). It is observed in Figure 32 
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(b) that the proximity to a d-wave superconductor opens a momentum-dependent electronic 

pseudo-gap structure in graphene. Panels (c, d) of Figure 32 shows the momentum-resolved 

spectral function at the center of the Gr' region, featuring the emergence of resonant modes. The 

increase in oscillatory single-particle states of Figure 32 (d) shows the sensitivity of the 

resonances to gating. A zero-energy state is present the electronic spectrum for the Gr’ region, 

shown in Figure 32 (c) and (d). This due to constructive interference of electrons and holes (mid-

gap states) present along the [110] direction of present in the d-wave order parameter33,34.  
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Experimental reports have extensively studied KT and AR, but independently. In a previous 

study from our group, we reported angle-dependent transport properties of KT in graphene p-n 

junctions23. The p-n junction resistance is relatively small, about several hundred ohms for a 1 

Figure 32. (a) Bulk spectral function for doped graphene, and doped graphene in the presence proximity 

induced d-wave superconductivity (b). Panel (c, d) shows the spectral function for the (c) unbiased and 

(d) biased gating conditions in the Gr' region. Panel (e) shows the computed dI/dV at 𝑉S−Gr  =  0.07 × Δ, 

with the locations of the conductance minima of Dirac points marked by green (𝜇bg = 0) and blue 

(𝜇bg = 0.06𝑡) dashed lines for the Gr and Gr' regions respectively. (Theory and figure were contributed 

by our collaborator J. Lado. Published) 
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m wide junction, because graphene is gapless35 (refer to Chapter-2.4 for more detail). The same 

could be said about AR for a highly transmissive contact. In current devices, one would not be 

able to observe these resistances if we simply treated these scattering mechanisms as series 

resistances. The reduction of single particle states in the Gr’ region, seen in Figure 32 (c and d), 

can cause the measured resistance of the BSCCO/graphene junction to be higher than the 

individual resistances associated with AR and KT.  

To show the impact of those resonances in transport, the conductance of the entire junction 

𝐺(𝜔) was calculated using the non-perturbative 𝒮-matrix formalism36–39. The resultant 

conductance as we vary the Fermi energy in the Gr'-Gr regions is shown in Figure 32(e) for low 

excitation energy. The minimum conductance at 𝐸 = 0, marked by the green dashed line 

corresponds to the Dirac point of the Gr region. The conductance asymmetry between the p+-p 

configuration (𝐸 < 0) versus p-n configuration (𝐸 > 0) of the Gr'-Gr regions is evident, as also 

seen in the experiment.  

Figure 32 (c, d) shows that gating the Gr’ region causes the resonant states to change their 

separation in energy and redistribute the spectral weight of the single particle states. These 

changes to the electronic spectrum in the Gr’ region can reduce the period of resonances and 

increase overall conductance, as seen in computation (Figure 32 e) and experiment (Figure 28 b). 

We also see the oscillation amplitude increases as the gate voltage approaches -20V and Gr’ 

becomes more p-doped, in Figure 28 (b). The calculated conductance in Figure 32 (e) also 

supports these observations. Further, we point out the increase in oscillation amplitude with 

higher doping of the scattering region is related to the increase in the ratio of 𝑑/𝜆𝑓′, where 

𝜆𝑓
′ (∝

1

𝐸𝑓
′) is the fermi wavelength of the scattering region. This is consistent with the behavior 
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predicted in theory 13. The oscillation amplitude in our devices is typically 10-20% of the 

background conductance, which agrees with the d-wave case described in theory13. 

7.3 Magnetic field data 

Another experiment we did was to understand the transport properties is to apply a 

perpendicular magnetic field. In Figure 33 (a), we show the 3D color plot of the junction 

resistance as a function of gate voltage and magnetic field for device B from Table 1. The 

resistance at the Dirac point (𝑉𝑏𝑔 ≈ +2.5 V) increases by more than six times, from 33 k to 

250 k at the maximum field we can apply at ±2.4 T. The resistance along 𝑉𝑏𝑔 at no field and 

high field are shown in Figure 33 (b). Surprisingly, there is no noticeable change in the resistance 

at high doping beyond 10 V. In comparison, the Rxx resistance of bare graphene in the device 

increases three times from 6 k to 18 k, suggesting unique transport properties of the 

junctions.  

We qualitatively explain the magnetic field dependence by considering only the normal 

mode to the junction since this mode transmits with unity probability at the p-n junction due to 

KT. Any perturbation that disrupts the normal mode can severely affect the junction conductance 

due to the strong angle-dependent transmission of the p-n junction as discussed in Chapter-2.  

Magnetic field is one such parameter that can affect the normal mode trajectory due to the 

Lorentz force.    
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7.4 Conclusions 

In conclusion, we have discussed the origin of resonances found in our BSCCO/graphene 

junctions by the presence of a p-n junction that is formed naturally at the BSCCO/graphene 

boundary. The p-n junction provides one interface for KT. The superconducting graphene 

  

 

Figure 33. (a) Colormap of the BSCCO/Gr resistance as a function of gate voltage and perpendicular 

magnetic field for device-B from Table 1. (b) Line cuts at 0.0 T and 2.4 T from the 3D map. (c) Electron 

(solid) and hole (dashed) trajectories at the Gr’-Gr interface in the absence and presence of a 

perpendicular magnetic field. The normal mode when 𝐵 = 0, the transmission 𝑇 = 1 according to KT. 

However, when 𝐵 ≠ 0 the electrons are incident at oblique angles and 𝑇 decays ∝ 𝑒−(sin𝜃𝑖)
2 .  
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provides the other interface for AR. The scattering between these two interfaces results in the 

resonances with a period of ~17 meV we observe in the junction conductance as a function of 

gate voltage, as initially suggested by theory11,13. The conductance asymmetry observed between 

the p+-p to p-n configurations in our junctions is consistent with the conductance asymmetry 

from KT seen in graphene p-n junctions. The oscillations gradually decrease with an increase in 

bias because of an increase in transmission of single particles from the pseudo-gap of the 

superconducting graphene region. The amplitude drops by one order of magnitude when the bias 

energy reaches the expected induced gap between 10-15 meV. We corroborated this from an 

independent measurement of the induced gap from the differential resistance. For consistency, 

we also verify the appearance of these oscillations below 40 K with previous temperature studies 

of induced superconductivity in graphene from BSCCO. Our calculated electronic structure of 

induced superconductivity in graphene from the d-wave superconductivity in BSCCO shows an 

expected momentum-dependent pseudo-gap. The spectral function of the scattering region has an 

oscillating distribution of single particles in energy that are sensitive to gating, consistent with 

experimental results. Lastly, we have seen an increase in the Dirac point resistance with a 

perpendicular magnetic up that indicates suppression in specular reflection and sets a precedent 

for future work. 
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8. BSCCO-Gr-BSCCO Junctions 

Fabrication and measurement of graphene Josephson junctions using high-temperature d-

wave superconductors (HTS), such as Bi2Sr2CaCu2O8+x (BSCCO) and YBa2Cu3O7 (YBCO)1, has 

been difficult due to several challenges.  They include fabrication challenges of creating highly 

transmissive interfaces and single nanometer separation lengths between the superconducting 

electrodes. The other is the lack of fundamental understanding of their transport properties. 

Therefore, resonances recently found in HTS/graphene junctions 2,3 needs to be studied in the S-

Gr-S scheme to further understand the interactions due to proximity effects and confinement. 

Our recent study, discussed in Chapter-7, of transport in single BSCCO/Gr junctions showed the 

simultaneous occurrence of two scattering mechanisms, Klein tunneling (KT) and Andreev 

reflection (AR), leading to resonances3. Here, we examine the resonant scattering processes by 

joining two BSCCO/Gr junctions together to make BSCCO-Gr-BSCCO junctions. 

We previously attributed the resonant scattering to a naturally formed p-doped barrier 𝐺𝑟′ at 

the BSCCO/Gr boundary due to charge transfer from BSCCO. The 𝐺𝑟′ region of finite length (𝑑) 

provides two interfaces. The first interface with the bare graphene region (𝐺𝑟) contributes to 

Klein-tunneling, supported by the reduced conductance in the p-n configuration by gating4. The 

second interface between the superconducting graphene region (𝐺𝑟Δ) and 𝐺𝑟′ contributes to 

Andreev reflection and is evidenced by the suppression of resonances when the bias is above the 

induced superconducting gap in graphene by BSCCO. The two partially reflective interfaces 

result in a Fabry-Perot interference after two round-trips (4 × 𝑑). By connecting two such 

BSCCO/Gr junctions to make a BSCCO-Gr-BSCCO junction, we link two hybrid scattering 

regions via a normal region of graphene.  
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8.1 Device details 

Schematic representations of the device, a band diagram, and scanning electron micrographs 

of short and long devices are shown in Figure 34. The graphene regions 𝐺𝑟𝛥1 and 𝐺𝑟𝛥2 in Figure 

34 (a) are under BSCCO and are superconducting from the proximity effect. Two p-doped 

regions of graphene 𝐺𝑟1
′ and 𝐺𝑟2

′ of length 𝑑1 and 𝑑2 are naturally formed at the boundary of 

each BSCCO1,2/graphene junction by charge transfer are the resonant barriers. The 𝐺𝑟𝛥1 − 𝐺𝑟1
′ 

and 𝐺𝑟𝛥2 − 𝐺𝑟2
′ interfaces each contribute to AR. The 𝐺𝑟1

′ − 𝐺𝑟 and 𝐺𝑟2
′ − 𝐺𝑟 interfaces are 

responsible for KT. In this manner, the resonant scattering from AR and KT, previously reported 

in single BSCCO/Gr junctions, is recovered. Here, however, we modulate the length of the 

normal 𝐺𝑟 region. A band diagram is shown in the bottom panel of Figure 34 (a) with a nodal 

gap in 𝐺𝑟𝛥1,2. Using the process detailed in Chapter-6.5, we fabricated several BSCCO-Gr-

BSCCO devices of junction lengths (𝐿) ranging from 20 nm to 3 m, as shown in Figure 34 (b) 

and (c). Scanning electron microscopy (SEM) images were collected after transport 

measurements to measure the junction length.  
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8.2 Transport 

We categorize the devices into three regimes according to the junction length. The first 

(Reg-1) below 100 nm, the second (Reg-2) between 100 nm to 1 m, and third (Reg-3) for 𝐿 > 1 

m. We measure the four-terminal conductance of all the BSCCO1-Gr-BSCCO2 junctions at 4.2 

K as a function of gate voltage (Vg) in steps of 0.1 V. For comparison, portions of the normalized 

conductance from different length devices are offset and shown in Figure 35 (a). The shortest 

junction device from Reg-1 (𝐿~21 nm), the top red curve, shows a clean oscillatory conductance 

with the largest period of 3.64 V. For devices in Reg-2, the middle blue curve (𝐿~377 nm), the 

period is ~2 V. The bottom conductance curve in yellow for the long device from Reg-3 (𝐿~3.04 

m) has a visibly reduced period of 1.5 V.  

  

    
  

     

    

   

Figure 34. (a) Schematic of BSCCO1-Gr-BSCCO2 junction in the top panel and the corresponding band 

diagram in the bottom panel. 𝐺𝑟𝛥1,𝛥2 (gray) are the regions of graphene with induced superconductivity 

and heavy hole-doping due to charge transfer. Similarly, the 𝐺𝑟1,2
′  regions are hole-doped barriers due to 

charge transfer and have a finite length 𝑑1,2. SEM images of the shortest (Reg-1) and longest (Reg-3) 

BSCCO1-Gr-BSCCO2 junctions in (b) and (c) respectively. 
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The fast Fourier transform (FFT) of the conductance for different junctions is shown in 

Figure 36 (a), with the period (1/frequency) on the horizontal axis. We observe a reduction of the 

primary frequency from 3.65 V to ~1.5 V as the separation of the BSCCO1-Gr-BSCCO2 junction 

increases beyond 1 m. The inverse scaling of the period with junction length is shown in Figure 

36 (b).  

Unlike the single junction case where studying the length dependence was limited, here by 

forming two junctions we are able vary the confining region Gr. The ~1/𝐿 dependence seen in 

Figure 36 (b) (to be submitted for publication) is consistent with Fabry-Perot like resonance 

between two junctions. Therefore, with decreasing length, in addition to the resonances in the 

𝐺𝑟1,2
′   regions, an additional resonance in the Gr region constraints to the overall resonance 

conditions. The resonance in the Gr region disappears eventually, resulting in the resonance 

condition shown in Figure 37 (b). In the long junction limit, the two junctions become 

decoupled, recovering the period of the single junction.  

Figure 35. Representative normalized 

conductance of devices from different length 

regimes (𝐿 = 21 nm, 377 nm, and 3.043 m 

measured at 4.2 K are offset and shown here 

for comparison.  
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We fit the primary FFT period as a function of length in Figure 36 (b) using the equation: 

𝑃𝑒𝑟𝑖𝑜𝑑 (𝑉) =
𝐴

𝐿
+ 𝑉𝑠𝑎𝑡 

The fitting constants are 𝐴 ≈ 31 mV m) and 𝑉𝑠𝑎𝑡 = 1.72 V is the saturation period in the 

long BSCCO1-Gr-BSCCO2 junctions. 𝑉𝑠𝑎𝑡 is close to the average period of 1.7 V (Figure A5) 

found in the single BSCCO/Gr junctions. This indicates the resonant scattering due to KT and 

AR at the individual BSCCO1,2/Gr junction approaches the single junction limit as the junction 

length between the two BSCCO increases above about 1 m, i.e., devices in Reg-3. The sharp 

increase in the period below a critical length suggests a different resonance condition, as we 

explain below. 

In BSCCO1-Gr-BSCCO2 junctions of Reg-1, when the Gr region of Figure 34 (a) tends to 

zero and 𝐿~𝑑1,2, we expect the entire graphene to be hole-doped. A schematic band diagram for 

  

Figure 36. (a) The normalized FFT amplitude of the oscillatory junction conductance for different devices 

as function of the period. We see a decreasing shift in period going form Reg-1 to Reg-3. The primary 

period of the devices in Reg-3 tend to the average period of 1.5 V. (b) The period as a function of junction 

length shows the inverse scaling in period of resonances. Scatter points are primary period form FFT. The 

line is a fit curve according to the relationship in the main text.  
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the short junction is shown in Figure 37 (a). The p-n interface which is known to contribute to 

KT in single BSCCO/Gr and Reg-2 and Reg-3 junctions is absent in Reg-1 junctions. Therefore, 

carriers only undergo AR at each BSCCO1,2/Gr junction and interfere in one round trip, as shown 

in the schematic Figure 37 (b).  

 

Again, the superconducting origin of these resonances is supported by the studies on 

excitation bias shown in Figure 38. The normalized amplitude of oscillations as a function of 

source-drain voltage (𝑉𝑑𝑠) for the shortest device from Reg-1 is shown in Figure 38 (a). We 

notice the oscillation amplitude drops by an order of magnitude when 𝑉𝑑𝑠 > 30 mV. In our 

previous work on single BSCCO/Gr junctions3, we found the superconducting pseudo-gap 

induced in graphene is Δ𝑖 ≈ 15 meV, consistent with other reports5–7. The presence of two 

superconducting leads in BSCCO1-Gr-BSCCO2 junctions requires twice the gap energy to 

suppress the superconducting transport, i.e., 2Δ𝑖 ≈ 30 meV, which is consistent with the 

observation in Figure 38 (a).  

 

   

    

 

 

     

 
   

 

 
 
 
 
 

  

Figure 37. Carrier trajectories in the short junction limit leading to interference from multiple 

Andreev reflections. The electrons (solid) undergo AR at each 𝐺𝑟Δ interface and convert to holes 

(dashed). 
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The differential conductance across BSCCO1-Gr-BSCCO2 on the same device is shown in 

Figure 38 (b), which was measured at different temperatures and shows the appearance of a gap-

like feature below 28 K. Below 10 K, the gap is clearly visible when 𝑉𝑑𝑠 ~30 mV and is again 

consistent with the expected value of  2Δ𝑖. Specifically, 𝑉𝑑𝑠 ≥ 2Δ𝑖/𝑒 required to diminish the 

oscillations in in Figure 38 (a) is consistent with the induced gap Δ𝑖 ≈ 15 meV and confirms the 

superconducting origin and the role of AR in these resonances. The differential conductance of a 

long BSCCO-Gr-BSCCO (𝐿~2.24) m junction is compared with a single BSCCO/Gr junction 

in Figure A4 of the Appendix.  

 

8.3 Magnetic field data 

Results on the gating studies of different BSCCO-Gr-BSCCO devices in a perpendicular 

magnetic field are shown in Figure 39 below. Figure 39 (a) and (b) correspond to devices in Reg-

1 (𝐿 =  21 nm) and Reg-2 (𝐿 =  377 nm), respectively. The normalized conductance plots here 

  

Figure 38. (a) The normalized amplitude of oscillations for the shortest device in Reg-1 at different DC 

bias while sweeping the gate voltage. The oscillation amplitude is diminished at twice the induced gap, 

2Δ𝑖~30 meV. (b) The differential conductance (dI/dV) of the S-Gr-S junction as a function of 

sweeping the DC bias. A sub-gap feature of 2Δ𝑖~30 meV is also seen below 10 K. 
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show that the oscillatory conductance is largely unaffected at magnetic fields up to 2 T, unlike 

the results shown for the single junction devices and the double junction devices in the long 

junction limit (Figure 39 c). The weak magnetic field dependence is consistent the new 

resonance condition shown in Figure 37 (b) and consistent with the absence of p-n junctions 

whose conductance is dominated by the normal mode as discussed in Chapter-7.3.   

For the long junction device from Reg-3 (𝐿 = 1.95 m), we show the junction resistance in 

a 3D colormap. Here, the oscillatory conductance at high gate voltage is preserved and the 

resistance near the Dirac point increases dramatically with magnetic field, recovering the 

behavior seen in the single junction. This further supports the decoupling of two BSCCO/Gr 

junctions in the long junction limit.   

We estimate a shift of 1 Volt/Tesla for the resonances with magnetic field in Figure 39 due 

to an additional phase acquired by carriers, possibly for reasons similar to observations in bipolar 

graphene junctions8,9 shown in Figure 5. Thus, the magnetic field data confirms the decoupling 

to the junction in the long device limit and a new resonance condition in the short junction limit.  



 

93 

 

 

  

Figure 39. Transport in BSCCO-Gr-BSCCO devices in a perpendicular magnetic field. Normalized 

conductance for devices from Reg-1 (L=21 nm) and Reg-2 in (a) and (b) how resonances are robust with 

increasing magnetic field. (c) The resistance for a long BSCCO-Gr-BSCCO junction from Reg-3 

increases at the Dirac point, however the resonances are unchanged at higher gate voltage.  
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8.4 Conclusion 

We fabricated BSCCO-Gr-BSCCO junctions of different lengths and characterized the 

transport properties with gating. We found an inverse relationship between the resonance period 

and junction length. For the shortest junction, 𝐿 = 21 nm, we observed the highest period of 

~3.64 V. The period approaches 1.5 V in long junctions, 𝐿 > 1 m, this is close to the average 

period of 1.7 V observed in single BSCCO/Gr junctions. We confirm the contribution from 

Andreev reflection by observing an order of magnitude reduction in the oscillation amplitude as 

the applied bias approaches twice the induced superconducting gap, 2Δ𝑖 = 30 meV, expected for 

a weak link between two superconductors. The differential conductance of the junction also 

supports this observation.  The double junction data is consistent with Fabry-Perot resonances 

arising from the strength of the coupling between the two BSCCO/Gr junctions.   
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9. Conclusions and Outlook 

In summary, we have shown that low-energy resonances dominate the transport properties 

of BSCCO/graphene junctions due to Andreev reflection and Klein tunneling occurring at two 

different interfaces of the p-doped Gr’ region at the junction boundary. The resonances are 

observed in the asymmetric junction conductance between p+-p and p-n configurations achieved 

by gating and supported by theory. The resonant condition occurs for every two round trips of 

carriers within the Gr’ region. Phase coherent quasi-ballistic transport within the Gr’ region 

supports the Fabry-Perot nature of the resonances. Our computed momentum-resolved spectral 

functions show the band structure of graphene with d-wave pairing and the sensitivity of the 

resonant modes gate bias, as also observed in the experiments. In BSCCO-Gr-BSCCO junctions, 

we observe an inverse scaling of resonance period with junction length.  

Below are a few strategies for fabrication and characterization of heterostructures using 

BSCCO and graphene that can be pursued in the near future: 

• Incorporating hexagonal boron nitride (h-BN) as a substrate or to encapsulate graphene has 

been shown to drastically improve the mean free path of carriers and reduce broadening in 

Fermi energy. Similarly, using h-BN as a substrate for the devices studied here can improve 

the properties near the Dirac point in transport measurements. Higher quality graphene can 

support quantum Hall states which can be studied in proximity to a graphene with nodal 

superconductivity from BSCCO. 

• Strategies such as stacking at cryogenic temperatures can be explored to improve interface 

transparency of the BSCCO/graphene junction.  
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• Further understanding of the resonances may be gained by methods such as scanning 

tunneling spectroscopy (STS) to profile the density of states of the Gr’ region at the 

BSCCO/graphene boundary. The bias spectroscopy of Gr’ should reveal an oscillatory 

density of states that are sensitive to gating, as shown by our calculations of the spectral 

function.  

• The contributions from specific orientations of the d-wave order parameter to transport in 

BSCCO/graphene junctions can also be explored in a systematic study. Exfoliated BSCCO 

flakes can have three or more crystallographic edges. These multi-faceted edges can be 

placed on graphene. Graphene can be shaped into strips of finite width, so the transport at the 

BSCCO/graphene junction is only into a single edge. 

• The contributions from specular and retro Andreev reflection can be studied more closely in 

devices where the distance between the BSCCO/graphene boundary and the metal lead (𝐿) is 

less than the length of the charge (𝑑) transfer Gr’ region, i.e., 𝐿 < 𝑑. The Gr’-Gr interface, 

which is responsible for Klein tunneling, will not exist by doing so. This strategy could help 

to study only contributions from Andreev reflection in BSCCO/graphene junctions.  

• Supercurrents in BSCCO-Gr-BSCCO junctions may be achievable by combining the 

cracking technique to achieve nanoscale separation between the superconducting contacts 

with annealing or cold stacking to improve the transparency of the BSCCO/graphene 

interfaces and using h-BN as the substrate. 



 

 



 

 

Appendix 

Basic Electrical Characterization 

Once our devices are complete, they are immediately loaded into the Lakeshore CPX-VF 

probe station shown in Figure A (a). The triax connections to the probes and sample stage (for 

back-gate bias to the substrate) allow for low noise current and voltage measurement. The cross-

section schematic of the cryostat in Figure A (b) shows the low-temperature limits of the 

different stages when cooled with liquid helium. Note that the probes are also cooled (15 K) via 

braided heat sinks to reduce large heat transfer to the sample upon contact. There is an indium 

foil to improve thermal contact between the samples and the stage. We mount multiple samples 

on the 2-inch diameter sample stage and ensure all probes reach all devices. Then the radiation 

shield is screwed on, the chamber lid is closed, and the cryostat is evacuated to 1 × 10−5 torr by 

dry pumps.  

 

a b

c

Figure A1. (a) Lakeshore CPX-VF probe station and (b) Cross-section schematic of the cryostat's 

internal stages, reproduced from the product manual. (c) Photograph of many samples on the stage. 



 

b 

 

We go through a series of important preliminary tests to check contact resistances, transition 

temperatures of BSCCO, and the junction resistance at temperatures from 300 to 77 K to help us 

find the devices that are fit for liquid helium measurements. 

We carry out DC measurements using a Hewlett Packard 4156 B parameter analyzer. Its 

source-measure units (SMUs) can source and measure both current and voltage. The connections 

are triaxial from the SMUs to the probes, i.e., the guard is isolated from the signal but carries the 

same voltage as the signal to the probe arm. For AC measurements, we use SR-830 and SR-865 

lock-in amplifiers from Stanford Research Systems. The AC excitation is sourced from SR-865. 

AC + DC measurements are possible by adding the two components using an SR-595 summing 

amplifier. The two-lug BNC outputs from the lock-in amplifiers (or the summing amplifier) are 

connected to the triax ports via a converter that floats the guard on the probes. The probe station 

is designed such that the exterior casing is at the same electrical ground (GND) as the triaxial 

probe connections. If the probe’s guard is connected to GND, discharge events that occur in 

GND can be carried into the probe station and destroy devices. We are also diligent in calibrating 

the instruments. The AC and DC measurement instruments are synchronized with a temperature 

controller and a power supply for the superconducting magnet using GPIB connections. The 

different measurements are driven by LabView programs written by the candidate.  
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A.1 Transition Temperature 

The resistance of BSCCO in all devices is measured by cooling from 90 K to 77 K (ramp 

rate of 1 K/min) either with DC or AC instruments. Figure A (a) below shows the DC resistance 

of BSCCO from a single device measured. We can see the transition from the normal state to 

superconductivity occurring at 𝑇𝑐~82 K which is simultaneously measured in both the four-

terminal (R4-term) and two-terminal (R2-term) resistances. R2-term saturates to the contact resistance 

at 𝑇𝑐 and then increases as temperature decreases. R4-term remains unchanged at 0  below 𝑇𝑐. 

We prefer to keep the temperature sweep within 90 to 77 K because the probes tend to slide or 

lose contact over larger temperature set points. Measuring below 77 K using liquid N2 is possible 

by pumping on the cryogen exhaust port, which cools the sample to ~65 K. The noise in the AC 

4-terminal resistance versus temperature is better than the DC counterpart, which can be seen in 

Figure A (b) for BSCCO in different BSCCO-Gr devices on the same substrate. This difference 

can be attributed to the higher voltage resolution and phase-sensitive detection of the lock-in 

amplifiers. We generally observe 𝑇𝑐 between 80-85 K in all devices.  

  

a b 

Figure A2. (a) DC 4-terminal (left vertical axis) and 2-terminal (right vertical axis) resistances of 

BSCCO in a single device as a function of temperature. (b) AC resistance as a function of temperature of 

BSCCO in four different devices on the same substrate. 
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We have noticed lower 𝑇𝑐 when time consumed in device preparation is longer, likely due to 

the degradation mechanism discussed in Chapter-4. In the best-case scenario, we need 2-3 days 

to go from the exfoliation of BSCCO to the completion of BSCCO-Gr junction devices. When 

the devices are kept cold (<100 K) in the cryostat, we have not observed a significant change to 

the 𝑇𝑐 even after two months.  
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A.2 Tunneling measurements of BSCCO 

The tunneling conductance in metal-insulator-superconductor (NM-I-SC) junctions can tell 

us the size of the superconducting gap. The top few outer layers of BSCCO degrade to an 

insulating state over time by the loss of oxygen. Ohmic contacts are made by etching away these 

layers to contact the pristine bulk as described earlier in Chapter-6. We created tunnel contacts to 

BSCCO by preserving the sacrificial insulating layers and using our standard e-beam lithography 

process described in Chapter-6 for metal deposition and lift-off. The resistance of tunnel contacts 

ranges from 10-20 M, which is five orders of magnitude higher than the ohmic contacts.  

An AC+DC bias was applied on a tunnel contact (yellow) and the other ohmic contact (red) 

was connected to the current input of the lock-in amplifier which filters the DC component of the 

current to the chassis ground. A simplified circuit is depicted in Figure A3 (a) and an optical 

image of the device (𝑇𝐶~80 K) is shown in Figure A3 (b). Panels (c and d) in Figure A3 are the 

differential conductance (dI/dV) measurements in which we verified the superconducting 

pseudo-gap of BSCCO to be Δ0 ≈ 40 meV, comparable with previous results. In addition, we 

see conductance oscillations occurring in intervals of Δ𝐵𝑆𝐶𝐶𝑂 in both positive and negative 

excitation bias.  
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Figure A3. (a) Schematic cross section of a BSCCO device for the tunneling experiment using 

AC+DC measurement. (b) Optical image of the device with tunnel contacts labelled T1 and T2 

and ohmic contacts labelled C1 and C2. Data in (c) shows the size of the superconducting gap of 

BSCCO evolve with temperature.   

a 
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A.3 Differential Conductance Between S/Gr vs S-Gr-S 

The normalized differential conductance (dI/dV) for the single S/Gr junction and a long S-

Gr-S (“S” is short for BSCCO) are shown in Figure A4 below for comparison. From the 

differential resistance of the S/Gr junction, device B shown earlier in Figure 30, we inferred the 

induced pseudogap in graphene is Δ𝑖 ≈ 15 meV. This feature appears softer in the dI/dV for the 

same S/Gr device (black) shown here in Figure A4. The dI/dV for a short S-Gr-S from Reg-1 

(𝐿~21 nm) was shown previously in Figure 38 (b), where 2Δ𝑖~30 meV was inferred. Similarly, 

we see a pseudogap feature at 𝑉𝑑𝑠~30 mV in Figure A4 for a long S-Gr-S junction from Reg-3 

(𝐿 = 2.24 m). As explained previously, an S-Gr-S junction will require a bias 𝑒𝑉 > 2Δ𝑖 for 

transport to be dominated by single particles outside the gap energy. Additionally, in both the 

dI/dV below we can see a second sharper feature around 40-50 mV that corresponds to Δ𝐵𝑆𝐶𝐶𝑂. 

  

Figure A4. Normalized dI/dV for S/Gr (black) compared with S-Gr-S (blue) at liquid helium 

temperature. Both spectra suggest the induced gap in graphene is 𝛥𝑖~15 meV and also show the gap 

edge features at expected energies for Δ𝐵𝑆𝐶𝐶𝑂.  
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A.4 Period in Voltage for all BSCCO/Gr devices 

The mean and standard deviation of oscillation period in gate voltage observed in each of 

the single BSCCO/Gr junctions A-E from Table 1 is shown below in Figure A5. The average 

period across these devices is 1.7 V, indicated by the blue line.   

 

 

Figure A5. Average period of resonances in 

gate voltage for the different BSCCO/Gr 

devices. The mean period across them is ~1.7 

V. The standard deviation (SD) is ~0.24 V.  
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