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Received: 21 October 2015 . Generation and manipulation of quantum entangled electrons is an important concept in quantum
Accepted: 24 February 2016 : mechanics, and necessary for advances in quantum information processing; but not yet established in
Published: 14 March 2016 : solid state systems. A promising device is a superconductor-two quantum dots Cooper pair splitter. Early
 nanowire based devices, while efficient, are limited in scalability and further electron manipulation. We
demonstrate an optimized, high efficiency, CVD grown graphene-based Cooper pair splitter. Our device
is designed to induce superconductivity in graphene via the proximity effect, resulting in both a large
superconducting gap A=0.5meV, and coherence length £ =200 nm. The flat nature of the device lowers
parasitic capacitance, increasing charging energy E.. Our design also eases geometric restrictions and
minimizes output channel separation. As a result we measure a visibility of up to 86% and a splitting
efficiency of up to 62%. This will pave the way towards near unity efficiencies, long distance splitting,
and post-splitting electron manipulation.

A source of quantum entangled particles is essential to quantum information processing* The generation of
entangled photons has been achieved quite a long time ago®. However, the demonstration of a solid state entan-
gler device able to source reproducibly entangled pairs of electrons in an electronic circuit on a chip has only
recently been achieved*°. According to BCS theory, electrons in a superconductor naturally form entangled spin
singlets known as Cooper pairs”®. A device that can spatially separate the entangled electrons in a superconductor
into two normal leads is known as a Cooper pair splitter®!°. High efficiency Cooper pair splitting (CPS) devices
have been made using the superconductor-two quantum dot design'®!". Such devices have been made using
one dimensional nanowires or nanotubes with the central superconductor of Al in a T-shape!!-1°, with reported
efficiencies of up to 90%*. Never the less, the one dimensional nature of the nanowire design limits further com-
plexity of such devices.

Graphene is a single layer, crystalline sheet of carbon with hexagonal structure leading to a gamut of unique
electronic properties which would contribute well to a CPS device'®~'8. Indeed, Cooper pair splitting in graphene
quantum dots (QD) coupled to a conventional-narrow superconducting wire has recently been demonstrated".
In this T-shape design (essentially equivalent to the nanowire based devices) the spatially separated QDs are
partially covered by the superconducting Al wire, resulting in a small charging energy of just 80 yeV. Moreover
the Cooper pairs tunnel directly from the Al wire into the quantum dot pinning the superconducting gap A and
superconducting coherence length & to that of Al. These factors adversely affect the CPS efficiency of the device -
only an efficiency up to 10% has been reported. In our work we design the sample to utilize the two dimensional
and highly crystalline nature of graphene thus improving on all the relevant parameters required to achieve a high
CPS efficiency. As a result, we see CPS efficiency that is up to 6 times greater than the previous work. Moreover,
we predict that by using ultra-clean graphene devices of the same design, near unity efficiency can be achieved.

Results
The ratio between the current due to Cooper pair splitting (A) to the background current due to two electron

processes (Iyg) is 2L = 25 25 10 The prefactor o depends exponentially on the superconducting coherence length

¢ and the separatlon of the normal metal output channels Ar according to the relation: v = (sin(kzAr)/(kpAr))?
exp(— 2Ar/7r£) The variable € is a function of the superconducting gap A and the quantum dot charging energy

Ecl = T + 5 Fmally, «yis the level resonance width, which is related to the tunneling rate, and varies with the
.
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Figure 1. (a) Scanning Electron micrograph of the active area of the device prior to metal deposition. The green
false color region corresponds to the central superconducting lead made from graphene. Dashed lines signify
the region where lead (Pb), a conventional metal superconductor, is deposited to induce superconductivity in
graphene via proximity effect. The yellow false color regions are normal regions of graphene acting as electron
collectors after splitting. The superconducting and normal regions are bridged by graphene nanoribbons that
form quantum dot constrictions about 70 nm width and ~150 nm length. The quantum dots are controlled by
side gates: the regions tinted blue. (b) Device and measurement schematic. CVD graphene is patterned into a

Y shape in order to minimize separation between the normal metal channels. Entrances to the Right and Left
normal channels are constricted into nanoribbons. The nanoribbons form quantum dots (QDy, QD;) due to
edge defects. The central electrode acts as the superconducting lead. Measurements are done via the lock-in
method. AC voltage V. with a possible bias V. is applied to the central lead, currents through the Right (I)
and Left(I}) channels are measured simultaneously. QD and QD; are controlled in tandem via the back gate, or
individually via the self-aligned side gates. (c) AC current versus the bias voltage Vi, and back gate V; through
one of the channels at base temperature and zero magnetic field. Coulomb blockade peaks separated by a gap
can be seen. The presence of the peak shows that quantum dots indeed form, and a measured charging energy of
~5meV is much larger than the superconducting gap of Pb. (d) Current v.s. bias voltage Vy, taken at the apexes
of three Coulomb peaks as marked in (c). (The data are offset by 0.4nA). A superconducting gap is clearly
present with a maximum value of 1 meV.

gate voltages. We tune the design parameters to maximize « and €. In contrast to previous works in which Cooper
pairs tunnel from the superconducting metal directly into the QD, our experiments exploit three fundamental
elements of novelty which increase dramatically the Cooper pair splitting efficiency. Most crucially, we induce
superconductivity in bulk graphene via the proximity effect prior to splitting. Using graphene as the superconduc-
tor allows us to increase £ while keeping A large. Moreover, the device is patterned into a true Y-shape (Fig. 1(a,b)),
placing the output channels maximally close together, minimizing Ar. Finally, the flat, two dimensional nature of
the superconductor-quantum dot interface greatly lowers the capacitance of the quantum dots (compared to the
device where the superconductor overlays the quantum dot) resulting in a large E.. In our Y-shape Cooper pair
splitter we achieve a 100% larger value for o and a full order of magnitude larger € than previously demonstrated
in a T-shape QD geometry with graphene!? (assuming that k is similar in both devices). Maximizing these vari-
ables allows us to find a gate region where the splitting visibility is up to 86% and an efficiency that is 6 times more
efficient than previously demonstrated.

In a step further, we move away from the conventional method of mechanically exfoliated graphene as it has
many of the same drawbacks as the nanowire based samples. Such as: the unpredictable size and location of the
graphene crystals requiring that each device must be designed and aligned individually, and the small average size
of the exfoliated crystals which places limits on the device complexity. Recent advances in growing macroscopic
sized sheets of high quality graphene using Chemical Vapor Deposition (CVD)? allow for more controlled sam-
ple design creating regular arrays of standardized devices*-**. Hence, we utilize high quality CVD graphene as the
material of choice in our devices, paving the way towards integrating the Cooper pair splitter devices into more
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complex circuitry. Macroscopically sized sheet of Graphene grown on Copper® is transferred on to a 285nm
oxide Si/SiO, wafer. An array of devices is defined by Cr/Au bonding pads. The active area of the graphene is
defined via Electron Beam Lithography and unnecessary material is etched away using Argon Plasma. This forms
the central superconducting lead, the quantum dot constrictions with self-aligned gates, and the long (much
greater than the proximity effect) normal metal leads. Finally, Lead (Pb) with a sticking layer of Palladium (Pd) is
used to induce superconductivity in the graphene?>*.

The sample is patterned into a Y-shaped junction to minimize separation between the normal metal channels
(Fig. 1(a,b)). The distance between the outer edges of the channels at the point where they contact the cen-
tral superconducting lead, Ar, is 140 nm. The central lead (made from graphene) acts as the superconductor
(Fig. 1(a) green hued region). Superconductivity in graphene is induced via the proximity effect by having the
conventional metal superconductor lead deposited close to, but not touching the exit channels (Fig. 1(a) dashed
outline). Previous works have shown that a normal metal coupled to a superconductor featured a suppressed
superconducting gap A that decays with distance away from the superconductor?. The quantum dots are placed
no more than 150 nm away from the conventional metal superconducting lead; while previous works have shown
that graphene based jucntions of up to 1500 nm length still feature a supercurrent®>?. Quantum dot constric-
tions at the entrance of the normal metal leads are created by patterning graphene into regions 70 nm wide and
100-150 nm long??. The two quantum dot channels are individually controlled by graphene self-aligned side
gate. Measurements are taken at a base temperature of 100 mK using lock-in technique. An AC voltage of (350 4V)
and a frequency of 447 Hz is applied to the central lead, with a possible DC bias offset. Currents through the right
and the left channels are measured simultaneously. The channels can be controlled individually via the side-gates,
or simultaneously via the heavily doped substrate which acts as a global back gate.

Initial characterization measurements are presented in Fig. 1(c,d). A map of the AC current through one of the
channels is presented versus bias voltage and back gate. Coulomb blockade peaks separated by a zero-bias, super-
conducting gap can be seen. Due to the fact that quantum dots in graphene constrictions on SiO,/Si are formed
by defects, the Coulomb peaks are irregularly spaced. However, we estimate that the quantum dot charging
energy E is around 5 meV, which is greater than the energy gap of Pb (1.2 meV®3°). (Since quantum dot levels in
graphene are four fold degenerate, therefore a large level spacing is not sufficient, and Ec>> A is required.) Having
the superconducting contact in the plane of the quantum dot (as opposed to over it'?), reduces the quantum dot
capacitance, increasing E. Several cuts of the current versus the bias voltage are taken at values of the back gate
voltages that correspond to the apexes of the Coulomb peaks, shown in Fig. 1(d). A clear superconducting gap A
can be seen with the energy of 0.5-1.0 meV. This value is suppressed compared to the accepted value for pure Pb.
The gap feature appearing in the Coulomb blockade measurement is strong evidence that the central grapehene
is indeed superconducting. Had the central lead graphene been in the normal state, it would have screened the
superconducting features of the Lead (Pb) and no gap would have been observed. Direct evidence of a supercon-
ducting gap in graphene would require a scanning probe measurement?” and is beyond the scope of this paper.
The measured value of A allows us to calculate a lower bound for the superconducting coherence length £. For
clean graphene, the BCS superconducting coherence length is {, = Av;/A = 0.66-1.3 ym, with v;= 10°m/s being
the Fermi velocity and a maximum A = 0.5-1meV>!. In a diffusive superconductor the length is also a function of
the mean free path [ with £ = (£])* 32. We calculated the lower bound for the mean free path /= 60 nm (obtained
from bulk graphene resistance), giving us a minimal coherence length of £ = 199 nm. To contrast, the literature
value for the superconducting coherence length of pure Lead (Pb)*? is &y, = 83 nm: considerably less than our
lead separation Ar. In fact, our Pb film is not pure; the lower mean free path would suppress £y, by at least a factor
of 2. Using &p, instead of &, but keeping all other parameters same we would see a suppression of « by a factor of
2 for the case of pure Pb, and more than 6 for the realistic case.

Grounding the back gate for stability, we now individually control the quantum dots associated with the Left
(QDy) and Right (QDy) channels via the side gates. Grounding the back gate ensures that the charged carriers in
bulk region of graphene are electrons as the Dirac point in unannealed graphene is consistently shifted to large
negative voltages. All data from this point on are taken at zero DC bias. Figure 2(a,b) shows a map of the current
I, through QD; (Fig. 2(a)) and current I through QDy (Fig. 2(b)) versus the Left and Right side gate voltages (Vi;,
Vr)- Several Coulomb blockade resonances can be seen for both quantum dots. The difference in efficiencies for
a given quantum dot of the side gates (as well as the back gate) scales approximately with the distance of the gate
to the channel constriction®. The cross-talk between V; and Vg results in a greater variability of the quantum
dot tunneling barriers increasing the tunability of ~.

We now look at how I, evolves as QD is tuned on and off resonance!!. For this, we look at the data with the
side gate voltages tuned such that QDj always remains on resonance; i.e., the data taken along the three dashed
lines in Fig. 2(a) corresponding to the three resonance peaks of QDj. The I; and I vs gate voltage V; while keep-
ing QDy, on resonance is presented in Fig. 2(c-e). One can see that since QDj is kept on resonance, it always has a
non-zero conductance. However, QD; goes through several resonance peaks as the gate voltage is changed. When
QD, is tuned to it's own Coulomb resonance, a clear enhancement of I can be seen. This is taken as a signature of
Cooper pair splitting, as having both quantum dots on resonance allows the electrons in a Cooper pair to leave the
superconductor efficiently through the left and right dot'®!. For other gate configurations CPS is suppressed since
the quantum dot constrictions do not allow two-electron tunneling processes. Moreover, enhanced conductance
when both channels are on resonance is contrary to a classical picture of a biased three resistor Y-junction where
the current through one channel would decrease as the conductivity of the other channel increases.

For comparison, the Fig. 2(c) inset shows the change of I; as QDj, is swept through a resonance. (The data
shown in Fig. 2(c) inset is taken along the black dashed line presented in Fig. 2(a)). As with the case for QDy,
I, is enhanced when both channels are on resonance. However, QD; has a much higher background current
most likely due to much more open tunnel barriers of the quantum dot constriction. We analyze the Cooper
pair splitting signal for the case of Coulomb resonance peak at the crossover of the dashed line C and the black
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Figure 2. (a,b) Currents I; (a) and I (b) versus the Left V;; and Right V;, side gates. Several Coulomb
blockade peaks can be seen for each channel. Visually, it can be seen that the current through the channel is
enhanced when both quantum dots are on resonance. (c-e) Current versus convolved gate voltage V, QDy
(blue) and QD (red). The gate voltages are chosen such that QDy, is always kept on resonance QD; is swept
through several conductance peaks. Graphs C,D,E are taken for the three different resonance peaks of QD and
are represented visually by the dashed lines in (a). Clearly, I is increased when QD; goes on resonance: contrary
to the classical picture, and a signature of Cooper pair splitting. C inset) Current versus convolved gate voltage
V¢ through QDy, (blue) and QD (red). V; is chosen such that QD is kept on resonance while QDj is swept
through a conductance peak: represented by the black dashed line in (a). The background current I; and peak
current Ip,, values used in the calculation of the splitting currents Al are denoted by the dashed lines in (c) for
QDy and (¢) inset for QD;.

dashed line in Fig. 2(a); i.e. the most prominent peak in Fig. 2(c) and the peak in the Fig. 2(c) inset. First, the
background current is calculated by averaging I;(I;) when QDjy (QD;) is moved directly off-resonance. The
QDy background current I = 24.7 pA was calculated by taking the average of I, for 1.51 < V;< 1.56 V and
1.71 < V;< 1.76 V (Fig. 2(c)). While, the QD; background current Ip;;, = 166 pA was calculated by averaging I;
for —1.33 < V5< —1.28Vand —1.19< V;< —1.14V (Fig. 2(c) inset). We calculate the current due to Cooper
pair splitting by subtracting the background current from the peak current (the peak current is simply the high-
est I;(I) for the peak studied); that is AI = Ip,, — Ip¢. This gives us Aly=0.148 nA and AI; = 0.172nA. Hence
we find that the CPS current does not have the same value for both channels. We attribute this imbalance to the
finite interdot coupling present in our device which makes it possible for the split electrons to tunnel through the
graphene from the Right to the Left quantum dot!>'4!%. In our device geometry the interdot coupling is mainly
present due to the close proximity of the quantum dot entrance constrictions and the presence of a continuous
graphene crystal which connects the left and the right hand side of the Y-shape devices. Moreover, QD; featured
much weaker tunneling barriers than QDj as evidenced by the higher background current; meaning, the time the
electron would spend in QD; would be much shorter than in QDy.
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Figure 3. (a,b) I versus the Right gate V. The gate voltage region is chosen such that QDj, goes through
aresonance peak. The peak in (a) corresponds to the peak presented in Fig. 2(c), while the peak in (b)
corresponds to the peak presented in Fig. 2(d). (¢c,d) Fraction change of I, versus the local background current
as QD is swept through a resonance. The different curves correspond to different positions away from the
resonance as presented in (a,b) respectively. To clarify, the green curve represents the same data as Fig. 2(c,d).
All other curves represent data from curves parallel to that in Fig. 2(c,d), but more and more off resonance. The
background is taken as the average of several data points immediately after QD; goes off resonance. The peak
current (and therefore peak Cooper pair splitting efficiency) relative to the background happens when QDy is
kept slightly off resonance (96% v.s.92% on resonance (c); and 71% v.s. 65% for (d)). This is in agreement with
previous works. Moreover, the splitting efficiency remains high all through the resonance peak, only falling a
factor of 1.6 at the edge of the resonance.

We attempt to compare the measured signal levels to theoretical predictions. Unfortunately, for our case, the
measurement of the Fermi wave vector k; is inaccessible and our dataset is not sufficient enough to precisely
extract the level resonance widths ; and ;. As an estimate, the upper value for -y is bound by A while the lower
bound comes from the minimum acceptable E.. Giving us a range 100 4V < 7, <400 V. With the total measured

ratio of splitting current to background current M = 1.7, we can obtain a range for the Fermi wave vector

1.5x 10°cm ™! < k<2 x 10°cm™. The p0551ble Values of k are an order of magnitude lower than expected in
normal graphene. We speculate that this discrepancy may come with the lower quasiparticle population density
in superconducting graphene compared to normal graphene. (Such a cause for the lower than expected k; has
simliarly been postulated for the case of nanowire devices'!).

We calculate the visibility of the Cooper pair splitting by finding the fraction of the CPS current relative to the
total current: n= AI/(AI + Iy). For the resonance peak presented in Fig. 2(c) and inset we find 7, = 0.86 and
e = 0.51. The lower visibility of QD is due to the high background current. Finally we calculate the splitting
efficiency of our system by comparing the CPS current to the total current in the system: s = (AIx + ALL)/(Ipeak 1eft
+ Ipeak rign)- We find the efficiency s= 0.62. This is significantly higher than previously reported in graphene, but
much lower than needed to observe a violation of Bells inequality>>*.

Previous works showed that the CPS efficiency was not maximum directly at the top of the quantum dot
Coulomb resonance, but instead slightly off peak'®!'“. This was attributed to the fact that on resonance the num-
ber of electrons in a quantum dot is not well defined. Therefore, we look at how the relative magnitude of the
splitting signature evolves as a function of the off resonance gate shift applied to QD while sweeping the Left
channel gate. Figure 3(a,b) shows cuts with respect to the Right gate (V) for resonance peaks from Fig. 2(c,d)
respectively. The cuts are taken with respect to the Left gate (V) such that the absolute value of the current at
the Apex is maximal. We now study how the splitting signature evolves as we sweep QD; through a resonance
peak while keeping QD; at the positions denoted by the marks in Fig. 3a,b. The fraction increase relative to the
immediate background for each location relative to the Coulomb resonance is presented in Fig. 3(c,d). To clarify,
the green curves of Fig. 3(c,d) represent the same data as Fig. 2(c,d). All other curves represent data from curves
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Figure 4. I (blue) and I;(red) v.s. convolved gate voltage V; such that QDy, is kept on resonance while QD;
swept through several coulomb peaks. The data presented is for a device different from that in Figs 2 and 3.

(a) Data taken at zero magnetic field. Enhancement in I, can be seen when both quantum dots are on resonance.
(b) Data taken at B=0.9T (bigger than the critical field of Pb B= 770 mT). The background current of QD

is increased by close to a factor of 10 due to the disappearance of the superconducting gap. Enhancement

in I no longer correlates with QD; resonances demonstrating that the feature at zero field was due to the
superconducting effect, supporting Cooper pair splitting. Some areas of enhanced conductance remain; we
attribute this to the change in the strength of the quantum dot tunnel barriers with respect to the change in the
side gate voltages.

parallel to that in Fig. 2(c,d), but shifted off resonance by the amount demonstrated by the points of the same
color in Fig. 3(a,b). We find that the highest visibility of the CPS signature occurs for the data taken at the point
immediately off resonance: 96% vs 92% at the apex for the peak in Fig. 3(a), and 71% vs 65% at the apex for peak
in Fig. 3(b). In fact, the CPS signal relative to the background remains strong through the whole resonance peak,
is only reduced by a factor of 1.6 for the most off-resonance point shown.

Finally, we conclusively demonstrate that the measured non-local signal truly is due to Cooper pair splitting
by verifying that the signal is only measurable when Pb is in the superconducting state. We do this by applying a
perpendicular magnetic field of 0.9 T. This field is higher than the literature value for the critical field of lead (Pb)
of B~770 mT, and therefore reversibly eliminates superconductivity in our devices®. Presented in Fig. 4(a) is the
evolution Iy while QD; is swept through several resonances at zero magnetic field for a sample different than that
in Figs 2 and 3. In this device we also confirm that I is enhanced when QD; is on resonance. (The device used to
collect Fig. 4 data featured more aggressive nanoribbon constrictions, thus the measured current is much lower
compared to the more open device used in Figs 2 and 3.) However, when the superconducting state is broken by
means of external magnetic field, no correlation between the resonances measured for QD and QD; is apparent
(Fig. 4(b)).

Discussion

We achieve high efficiency Cooper pair splitting in a graphene-based, superconductor-two quantum dot junction
by utilizing the unique properties of the material. The device is patterned into a true Y-shape, thus minimizing
the separation between the quantum dot output channels. Previous work utilizing carbon nanotubes and demon-
strating near unity efficiency, speculated that the high efficiency was aided by the nanotube region directly under
the central lead (and not part of the quantum dots) becoming superconducting via proximity*. However, in such
a device geometry characterization of the region under the central lead is experimentally inaccessible. In contrast,
we explicitely induce superconductivity in the graphene via the proximity effect prior to splitting the Cooper
Pairs, thus increasing the coherence length £ (while maintaining large gap A) and ensuring that £ is larger than the
QD separation Ar. While we do not have direct evidence that the central graphene region is superconducting, the
observation of a zero-bias gap in the Coulomb blockade in strong indirect evidence. Assuming that the splitting
effect is due to Lead (Pb) alone leads to a superconducting coherence length that is much smaller than the lead
separation, making the observed high efficiency inaccessible. Moreover, considering that the mean free path is
estimated at 60 nm, and the central graphene region prior to the quantum dots is about 150 nm long, the Cooper
pairs would have decohered by the time they reached the QDs if the graphene was in the normal state. In addition,
having the superconductor in plane with the quantum dots, as opposed to directly over them, we greatly increase
the quantum dot charging energy E¢. As a result, when both quantum dot channels are on resonance we see a
Cooper pair splitting current that is up to 62% of the total current through the device. (Much higher than previ-
ously seen in graphene'). Finally, by using CVD graphene, as opposed to the more common exfoliated graphene,
we eliminate the need for alignment and design tailored to individual flakes.
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It is clear that in our sample design the superconducting coherence length ¢ in graphene is suppressed due
to the material being un-annealed. Simply by increasing the complexity of our device processing by adding a
cleaning step or encapsulating the graphene, £ can be increased by as much as an order of magnitude. This would
dramatically increase the efficiency of future devices; or, alternatively achieve Cooper Pair splitting distances of
more than a micron. Unlike nanowire based devices, the CVD graphene allows for more expanded complexity:
moving towads measurements and manipulation of the spins of the split electron pairs, and paving a way towards
applications.

Methods

Sample Preparation. Graphene is grown on Copper via Chemical vapor deposition method with (minimal
defects) and domain sizes of ~100 gm, which is much larger than the critical area of the device of a few ym?°. The
CVD graphene is cut into macroscopic squares of approximately 5mm per side and transferred on to a 297 nm
oxide Si/SiO, wafer using a standard FeCl;, PMMA transfer method?"*2. Electron beam lithography (EBL) with
PMMA as a resist and standard exposure conditions is used to define metal and etching patterns. An array of
12/150 nm Cr/Au bonding pads which includes an alignment pattern is deposited on the wafer using an electron
beam evaporator. (Prior to evaporating bonding pads, the sample was etched using Ar plasma for 20 seconds
at 10 W, and a gas flow of 5sccm to remove graphene under the metal). As a second step, the active area of the
graphene is defined with EBL and unnecessary material is etched away using Argon Plasma (40-60 seconds at
10 W and 5sccm gas flow). This defines the central superconducting lead, the quantum dot constrictions with
self-aligned gates, and the long (much greater than the proximity effect) normal metal leads. Finally, the super-
conducting contact is deposited by electron beam evaporation (Pd/Pb with 6/120 nm thickness)?>%.

Measurement. Measurements are taken in a Oxford Instruments MX-100 dilution refrigerator at the base
temperature of 100 mK using lock-in technique. The sample is isolated from the environment by a Copper can,
and filtered using RC  filters for low frequencies, followed by Copper powder filters for high frequencies, with an
overall cutoff frequency of 10kHz. An AC voltage of (350 V) and a frequency of 447 Hz is applied to the central
lead, with a possible DC bias offset. Currents through the right and the left channels are measured simultaneously
via Ithaco 1211 preamplifiers. The channels can be controlled individually via the side-gates, or simultaneously
via the heavily doped substrate which acts as a global back-gate.

References
1. Loss, D. & DiVincenzo, D. P. Quantum computation with quantum dots. Phys. Rev. A 57, 120 (1998).
2. Vidal, G. Efficient Classical Simulation of Slightly Entangled Quantum Computations. Phys. Rev. Lett. 91, 147902 (2003).
3. Ursin, R. et al. Entanglement-based quantum communication over 144 km. Nature Phys. 3, 481 (2007).
4. Beckmann, D., Weber, H. B. & Lohneysen, H. v. Evidence for Crossed Andreev Reflection in Superconductor-Ferromagnet Hybrid
Structures. Phys. Rev. Lett. 93, 197003 (2004).
5. Russo, S., Kroug, M., Klapwijk, T. M. & Morpurgo, A. F. Experimental Observation of Bias-Dependent Nonlocal Andreev Reflection.
Phys. Rev. Lett. 95, 027002 (2005).
6. Cadden-Zimansky, P., Wei, J. & Chandrasekhar, V. Cooper-pair-mediated coherence between two normal metals. Nature Phys. 5,
393 (2009).
7. Bardeen, J., Cooper, L. N. & Schrieffer, J. R. Theory of Superconductivity. Phys. Rev. 108, 1175-1204 (1957).
8. Tinkham, M. Introduction To Superconductivity (McGraw-Hill, New York, 1996).
9. Lesovik, G. B., Martin, T. & Blatter, G. Electronic entanglement in the vicinity of a superconductor. Eur. Phys. J. B 24, 287 (2001).
0. Recher, P, Sukhorukov, E. V. & Loss, D. Andreev tunneling, Coulomb blockade, and resonant transport of nonlocal spin-entangled
electrons. Phys. Rev. B 63, 165314 (2001).
11. Hofstetter, L., Csonka, S., Nygard, J. & Schonenberger, C. Cooper pair splitter realized in a two-quantum-dot Y-junction. Nature
461, 960 (2009).
12. Herrmann, L. G. et al. Carbon Nanotubes as Cooper-Pair Beam Splitters. Phys. Rev. Lett. 104, 026801 (2010).
13. Hofstetter, L. et al. Finite-Bias Cooper Pair Splitting. Phys. Rev. Lett. 107, 136801 (2011).
14. Schindele, J., Baumgartner, A. & Schonenberger, C. Near-Unity Cooper Pair Splitting Efficiency. Phys. Rev. Lett. 109, 157002 (2012).
15. Das, A. et al. High-efficiency Cooper pair splitting demonstrated by two-particle conductance resonance and positive noise cross-
correlation. Nature Commun. 3, 1165 (2012).
16. Castro Neto, A. H., Guinea, E, Peres, N. M. R., Novoselov, K. S. & Geim, A. K. The electronic properties of graphene. Rev. Mod. Phys.
81, 109 (2009).
17. Das Sarma, S., Adam, S., Hwang, E. H. & Rossi, E. Electronic transport in two-dimensional graphene. Rev. Mod. Phys. 83, 407
(2011).
18. Benjamin, C. & Pachos, J. K. Detecting entangled states in graphene via crossed Andreev reflection. Phys. Rev. B 78, 235403 (2008).
19. Tan, Z. B. et al. Cooper Pair Splitting by Means of Graphene Quantum Dots. Phys. Rev. Lett. 114, 096602 (2015).
20. Bointon, T. M., Barnes, M., Russo, S. & Craciun, M. F. High Quality Monolayer Graphene Synthesized by Resistive Heating Cold
Wall Chemical Vapor Deposition. Advanced Materials, doi: 10.1002/adma.201501600 (2015).
21. Li, X. et al. Large-area synthesis of high-quality and uniform graphene films on copper foils. Science 324, 5932, pp. 1312-1314
(2009).
22. Kim, K. S. et al. Large-scale pattern growth of graphene films for stretchable transparent electrodes. Nature 457, 706 (2009).
23. Li, X. et al. Large-Area Graphene Single Crystals Grown by Low-Pressure Chemical Vapor Deposition of Methane on Copper. J. Am.
Chem. Soc. 133(9), pp 2816-2819 (2011).
24. Dhingra, S., Hsu, J. E, Vlassiouk, I. & D’Urso, B. Chemical vapor deposition of graphene on large-domain ultra-flat copper. Carbon
69, 188 (2014).
25. Borzenets, L. V., Coskun, U. C,, Jones, S. J. & Finkelstein, G. Phase Diffusion in Graphene-Based Josephson Junctions. Phys. Rev. Lett.
107, 137005 (2011).
26. Borfzenets, I. V., Coskun, U. C., Jones, S. J. & Finkelstein, G. PbGraphenePb Josephson Junctions: Characterization in Magnetic
Field. IEEE Trans. Appl. Supercond. 22, 1800104 (2012).
27. le Sueur, H., Joyez, P, Pothier, H., Urbina, C. & Esteve, D. Phase Controlled Superconducting Proximity Effect Probed by Tunneling
Spectroscopy. Phys. Rev. Lett. 100, 197002 (2008).
28. Todd, K., Chou, H.-T., Amasha, S. & Goldhaber-Gordon, D. Quantum Dot Behavior in Graphene Nanoconstrictions. Nano Lett. 9,
1, pp-416 (2009).

SCIENTIFICREPORTS | 6:23051 | DOI: 10.1038/srep23051 7



www.nature.com/scientificreports/

29. Droscher, S., Knowles, H., Meir, Y., Ensslin, K. & Ihn, T. Coulomb gap in graphene nanoribbons. Phys. Rev. B 84, 073405 (2011).

30. Lykken, G. I, Geiger, A. L., Dy, K. S. & Mitchell, E. N. Measurement of the Superconducting Energy Gap and Fermi Velocity in
Single-Crystal Lead Films by Electron Tunneling. Phys. Rev. B4, 1523 (1971).

31. Kopnin, N. B. & Sonin, E. B. BCS Superconductivity of Dirac Electrons in Graphene Layers. Phys. Rev. Lett. 100, 246808 (2008).

32. Feinberg, D. Andreev scattering and cotunneling between two superconductor-normal metal interfaces: the dirty limit. Eur. Phys. J.
B 36,419 (2003).

33. Kittel, C. Introduction to Solid State Physics (Wiley, 1996).

34. van der Wiel, W. G. et al. Electron transport through double quantum dots. Rev. Mod. Phys. 75, 1 (2002).

35. Kawabata, S. Test of Bell's Inequality using the Spin Filter Effect in Ferromagnetic Semiconductor Microstructures. J. Phys. Soc. Jpn.
70, 1210 (2001).

36. Samuelsson, P, Sukhorukov, E. V. & Buttiker, M. Orbital Entanglement and Violation of Bell Inequalities in Mesoscopic Conductors.
Phys. Rev. Lett. 91, 157002 (2003).

37. Decker, D. L., Mapother, D. E. & Shaw, R. W. Critical Field Measurements on Superconducting Lead Isotopes. Phys. Rev. 112, 1888
(1958).

Acknowledgements

I. V. B. acknowledges the JSPS International Research Fellowship. M. Y. and S. T. acknowledge financial support
by Grant-in-Aid for Scientific Research S (No. 26220710) and Grant-in-Aid for Scientific Research A (No.
26247050). M. Y. acknowledges financial support by Grant-in-Aid for Scientific Research on Innovative Areas
“Science of Atomic Layers” and Canon foundation. S. T. acknowledges financial support by MEXT project
for Developing Innovation Systems and JST Strategic International Cooperative Program. S. R. and M. E. C.
acknowledge financial support from EPSRC (Grant EP/J000396/1, EP/K017160, EP/K010050/1, EP/G036101/1,
EP/M002438/1, EP/M001024/1), from the Royal Society Travel Exchange Grants 2012 and 2013 and from the
Leverhulme Trust.

Author Contributions

I.V.B. designed and fabricated the device, performed the measurement, analized data, wrote the paper. Y.S. was
involved in device fabrication. J.G., M.EC. and S.R. were involved in fabrication of CVD grown graphene. M.Y.
and S.T. supervised the project, worked on data analysis, and editing the paper. All authors were involved in
discussing results and revieweing the paper.

Additional Information
Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Borzenets, I. V. et al. High Efficiency CVD Graphene-lead (Pb) Cooper Pair Splitter.
Sci. Rep. 6,23051; doi: 10.1038/srep23051 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

M o1 other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFIC REPORTS | 6:23051 | DOI: 10.1038/srep23051 8


http://creativecommons.org/licenses/by/4.0/

	High Efficiency CVD Graphene-lead (Pb) Cooper Pair Splitter

	Results

	Discussion

	Methods

	Sample Preparation. 
	Measurement. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ (a) Scanning Electron micrograph of the active area of the device prior to metal deposition.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ (a,b) Currents IL (a) and IR (b) versus the Left VGL and Right VGR side gates.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ (a,b) IR versus the Right gate VGR.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ IR (blue) and IL(red) v.



 
    
       
          application/pdf
          
             
                High Efficiency CVD Graphene-lead (Pb) Cooper Pair Splitter
            
         
          
             
                srep ,  (2016). doi:10.1038/srep23051
            
         
          
             
                I. V. Borzenets
                Y. Shimazaki
                G. F. Jones
                M. F. Craciun
                S. Russo
                M. Yamamoto
                S. Tarucha
            
         
          doi:10.1038/srep23051
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep23051
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep23051
            
         
      
       
          
          
          
             
                doi:10.1038/srep23051
            
         
          
             
                srep ,  (2016). doi:10.1038/srep23051
            
         
          
          
      
       
       
          True
      
   




