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1: Sample design 

There are two key factors that will influence the outcome of CPS measurements. One is the common contact 

resistance of the middle superconducting lead (see Fig. S1). It has been pointed out that the wire resistance of 

middle lead brings about negative nonlocal conductance which is the opposite to the positive nonlocal 

conductance caused by CPS [1, 2]. In the graphene design of Fig 1(a), the contact resistance contributes similarly 

to the common resistance in the middle lead. Our measurement results on this geometry are displayed Fig. 1(b) 

which indicates huge negative nonlocal conductance in g2 for each conductance peak in g1. 

Another spurious effect in CPS measurements is due to the coupling between the QDs. If the two QDs are 

electrically poorly isolated (as in our design displayed in Fig. S2), the capacitive coupling between the two QDs 

will be large. When the number of electrons in QD2 changes from N to N+1, the island of QD1 senses the 

potential variation in QD2 owing to the strong coupling, which leads to rapid change of the conductance g1as seen 

in Fig. S2(b). 
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Figure S1. (a) SEM image of a graphene CPS device with physically connected quantum dots and its measurement 

configuration. The dashed rectangles illustrate Ti/Al contacts. Bias is applied on the middle lead, and the current is measured 

on the other two leads. Two side gates are defined to tune the chemical potential of the QDs. The white scale bar corresponds 

to 500 nm. (b)Negative nonlocal conductance is apparent in g2for each resonance peak of g1. The back gate and the side gate 

2 were fixed at Vbg = 0 V and Vsg2 = 2 V, respectively. 

 

In order to avoid the above mentioned effects, we designed our sample as displayed in Fig.1 in the main paper. 

We decided to cut off the QDs into two separate pieces of graphene. By doing this, we avoid the common contact 

resistance in the middle lead. The injector lead on the two QDs is also acting as a capacitive shield between the 

two islands in this design. Hence, the electrical potential of one of the quantum dots is screened from the other 

one by the superconductor, which results in quite weak coupling between the QDs. Besides, by physically 

disconnecting the two graphene QDs, we are able to separately tune the bias on both of the QDs.  
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Figure S2. (a) SEM image of a graphene CPS device having a large capacitive coupling between the quantum dots and its 

measurement configuration. The white scale bar corresponds to 500 nm. (b) Fixing Vbg= 10 V and Vsg1 = 0 V, g1 and g2 are 

depicted as a function of Vsg2. Due to the strong coupling between the two QDs, g1 changed rapidly at each resonance peak of 

g2. 

 

2: Cooper pair splitting and elastic cotunneling under unequal bias 

Taking advantage of the physical separation of the QDs, we applied unequal bias on the two QDs as illustrated 

in Fig. S3(a). Higher ac bias was applied on QD1 while ac bias on QD2 was kept constant at 20 µV. Although 

Vac1> Vac2, no current was able to propagate through the two QDs in a classical way due to the physical separation 

of the QDs (and the middle lead grounded). With increase in Vac1, the heights of resonance peaks of QD1 were 

relatively stable (see Fig. S3(b)), while the widths of these peaks increase slightly with the bias. The width 

increase is partially due to the conductance variation at different Vsg1 when bias voltage becomes close to the 

superconducting gap. Furthermore, a higher bias can make the graphene ribbons more conductive, causing the 

QDs to become more coupled to the outside leads, which increases the life time broadening of the resonance 

peaks. 

For each resonance peak in g1, the conductance in QD2 is increased with Vac1 (see Δg2 in Fig. S3(b)), although 

Vac2 and Vsg2 were fixed. This increase in g2 is due to Cooper pair splitting: the higher is the bias Vac1 on QD1, the 

more Δg2is increased. Fig. S3(c) shows the increase of Δg2 as a function of Vac1 at three g1 resonance peaks 

located at Vsg1 = -0.18 V, 0.11 V and 0.541 V, respectively. It is clear that the rate of increase inΔg2 slows down 

while Vac1becomes closer to the superconducting gap. The increase of Δg2 with Vac1 can be understood according 

to the schematic picture in Fig. S3(d). With higher Vac1, there will be a wider bias window for CPS as shown by 

the dash-dotted arrow in Fig. S3(d), which leads to an increase inΔg2. Although Vac1> Vac2, EC causes an opposite 

current on QD2, making Δg2to decrease. The observed overall increase inΔg2 indicates that CPS is stronger than 

EC under this circumstance. It is to be noted that we only sketch the positive bias part in Fig. S3(d). For the 

negative bias part, the result will be equivalent. 

As shown in Fig.3d, both CPS and EC affect Δg2 under Vac1> Vac2. As we mentioned in the paper, when the 

energy levels of the two QDs is asymmetric or symmetric, CPS or EC will be favored in the transport. On the left 

(right) side of the peaks, CPS (EC) is favored, hence Δg2 will be larger (smaller), leading to the peaks of Δg2 shift 

to the left. The more Vac1 increases, the more left-shifted are the peaks of Δg2, which is shown in the insert in Fig. 

S3(b). 
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Figure S3. (a) False color SEM image of our CPS device for the measurement configuration with unequal bias voltages. 

The white scale bar is 500 nm.  (b) Upper frame: Resonance oscillations of g1 as a function of Vsg1 under bias Vac1 = 20 µV, 

100 µV and 200 µV, respectively. Lower frame: Nonlocal conductance Δg2 as a function of Vsg1 under Vac1 = 20 µV, 50 µV, 

100 µV, 150 µV and 200 µV, respectively. Vac2was kept as constant at 20 µV, Vbg = 5 V, and Vsg2 = 0 V. (c) Upper frame: 

Maximum nonlocal conductance Δg2 vs. Vac1measured at the resonance conductance peaks at Vsg1 = -0.18 V, 0.11 V and 

0.541 V, respectively. Lower frame: Widths at half maximum of g1 (rectangle marks) and Δg2 (triangle marks) vs. 

Vac1measured at the same resonance peaks at Vsg1 = -0.18 V, 0.11 V and 0.541 V, respectively. (d)  Schematic illustration of 

CPS and EC under unequal bias configuration on the two QDs. 

 

The widths of the peaks in Δg2 increase rapidly with Vac1 as shown in Fig. S3(b). As mentioned already, a high 

bias voltage Vac1 makes the resonance peaks of g1to become broader. The breadth of the resonance peaks in g1 will 

contribute to the width of the nonlocal conductance peaks of Δg2. Under high bias Vac1, the widths of the peaks in 

Δg2 (rectangle marks in Fig. S3(c)) are much larger than the widths of the peaks in g1 (triangle marks in Fig. 
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S3(c)). This implies that, besides a direct width contribution from g1 peaks, CPS might depend nonlinearly on 

both the bias and the conductance of the two QDs.  

Fig. S4(b) shows the results when we remove the bias on QD2 altogether (grounding this terminal) and only 

bias QD1 with different ac amplitudes. Here asymmetric/symmetric configuration of the energy levels of the two 

QDs determines whether CPS or EC is favored, leading to positive or negative current I2 through the dot QD2. We 

find that the positive and negative current amplitudes of I2 are on the same order. This indicates that CPS and EC 

events have roughly the same probability under these biasing conditions. With increasing bias Vac1, the amplitude 

of I2 first increases and then saturates when Vac1gets closes to the superconductor gap. Furthermore, at high bias 

on QD1, the nonlocal effect becomes broad, which is consistent with the broadening of the peaks in Δg2 in Fig. 

S3(b). 

 
Figure S4. (a) False color SEM image of our CPS device for the single-sided-biasing measurement configuration. The 

white scale bar corresponds to 500 nm.(b) Nonlocal current I2 as a function of Vsg1 under Vac1 = 20 µV, 50 µV, 100 µV, 150 

µV and 200 µV, respectively;Vac1 = 0 V, Vbg = 5 V, and Vsg2 = 0 V. (c) Nonlocal current ΔI2 as a function of Vsg1 with Vac2 = 

0 V (red trace) and 20 µV (aqua trace), respectively; Vac1 = 50 µV, Vbg = 5 V, and Vsg2 = 0 V. (d) Schematic illustration of 

CPS and EC with (upper row) and without bias on QD2 (lower row). 
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The difference of nonlocal current ΔI2 with and without ac bias on QD2 is illustrated in Fig. S4(c). With Vac2 on, 

positive nonlocal current is largely enhanced and negative nonlocal current is largely suppressed. This is because 

with Vac2 on, more bias window is generated for CPS, as shown by dashed arrows in Fig. S4(d). Meanwhile, EC 

current decreases due to less bias difference between the Vac1 and Vac2. 

 

3: Symmetric and asymmetric level positions tuned by dc bias and gate 

The competition between Cooper pair splitting and elastic cotunneling can be influenced by tuning the energy 

level positions both by the gate voltage as well as by the bias voltage over the dot. In simple terms, the chemical 

potential will shift by eVdc/2 with the applied bias voltage Vdc in a symmetric quantum dot. Fig.S5illustrates the 

change in the total nonlocal voltage when the energy level is varied over asymmetric and symmetric conditions by 

dc voltage bias. Unlike in the previous experiment of Ref. 3, the dc voltage bias we applied is able to tune the 

energy level of the QDs. When the energy levels of the QDs are asymmetric or symmetric, the CPS or EC 

dominates the transport, causing negative or positive nonlocal voltage. With dc bias out of the superconducting 

gap, the nonlocal voltage is strongly suppressed. Thus, the energy level tuning by the dc bias, observed in 

Fig.S5(c) lower frame and in Fig.S5(d) upper frame, is consistent with results of energy level tuned by the side 

gate in Fig. 4(b). 

 
Figure S5. (a) False color SEM image of our CPS device for the measurement configuration for bias-induced energy level 

tuning for frame (c). The white scale bar corresponds to 500 nm. (b) False color SEM image of the device and the 

measurement configuration for frame (d). The white scale bar equals 500 nm. (c) Differential conductance g1 and nonlocal ac 

voltage v2 as functions of dc voltage bias on QD1 Vdc1. Vbg = 5 V,Vsg1 = 0.525 V, and Vsg2 = 0 V. (d) Differential 

conductance g2 and nonlocal ac voltage v1 as functions of dc voltage bias on QD2 Vdc2. Vbg = 5 V, Vsg1 = 0.525 V, and Vsg2 = 

0 V. 

 

As illustrated by the results in Fig. S4(b) with the energy level of QD2 below the Fermi energy, CPS or EC 

events are favored when the energy level of QD1 resides above or below the Fermi surface, respectively. If the 

energy level of QD2 is tuned above the Fermi energy, the behavior with respect to a gate sweep should be 

inverted. This is exactly what we observed in Fig. S6. At the red point in Fig. S6(b), the energy level of QD2 is 

below the Fermi surface, and CPS or EC is favored while the energy level of QD1 is above or below the Fermi 
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surface as shown in Fig. S6(d) and S6(e), causing positive or negative nonlocal conductance in g2, respectively 

(red trace in Fig. S6(c), lower frame). At the green point in Fig. S6(b), the energy level of QD2 resides above the 

Fermi surface, and EC or CPS is favored while the energy level of QD1 is above or below the Fermi surface as 

shown in Fig. S6(f) and S6(g), reversing the positive or negative nonlocal conductance in g2, respectively (green 

trace in Fig. S6(c), lower frame). 

 
Figure S6. (a) False color SEM image of our CPS device and the measurement configuration for nonlocal conductance. 

The white scale bar equals 500 nm. (b) A resonance peak of QD2 with the employed biasing points marked by red and green 

dots. Vac1 = 20 µV, Vac2 = 60 µV, Vbg = 5 V, and Vsg1 = -0.19V. Insert: Positive nonlocal conductance of QD1 Δg1 as a 

function of Vsg2 due to CPS. (c) Upper frame: Conductance oscillations of QD1 vs. side gate 1. Lower frame: Positive and 

negative nonlocal conductance of g2displaying inverted behavior at the green and red biasing points marked in (b); the colors 

correspond to the biasing points.Vac1 = 60 µV, Vac2 = 0.8µV, and Vbg = 5 V. (d-g)Schematic illustration of CPS or EC 

preferential conditions when energy levels of the QDs are asymmetrically or symmetrically aligned. 
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4: Additional data 

Fig. S7(a) shows a typical stability diagram measured on one of our QD samples on the Vsg –Vb plane. Clear 

variation in the level spacing is observed, while the small diamond on the left reflects a small charging energy 

Ec<1meV. In fact, when estimating the Coulomb energy of our quantum dots, the area covered by the injector 

leads to large capacitance for the dot: taking the area as 100 x 200 nm2 and estimating the capacitance using 50 

fF/m2 which is typical for AlOx tunnel junctions, we obtain CI = 1 fF for the injector induced capacitance. This 

yields for the Coulomb energy e2/2CI = 0.9 kB K = 80 eV for the quantum dots into which the split electrons 

tunnel. However, there are Coulomb effects in the graphene ribbon, and these will influence the stability diagram 

close to the Dirac point. Our previous measurements [4] on equally wide ribbons indicate that, to avoid Coulomb 

effects, it is sufficient to tune the back gate 10 V off from the Dirac point. In our data, there are nonlinear effects 

due to Coulombic zero bias anomaly but sharp resonances are absent in the regime of the measurements. 

The small Coulomb energy also means that the addition energy of the graphene dots is governed by the finite 

size150 x 200 nm2of the QD. Using the formula for the density of states  for an irregular graphene dot [5], 

vF)-2 d2 ||/2, where d2 = (4WL/)1/2 is the area of the dot, vF~ 1x106 m/s is the Fermi velocity, and || is the 

offset from Dirac point due to gating and environmental doping. Using d2 = 150 x 200 nm2 and || = 20 meV (10 

meV), we obtain a level splitting of 1.4 meV (2.9 meV) which is close to the measured level spacing at small Vg.  

The large value of CI makes the back gate rather ineffective. By using the geometry (SiO2 thickness of 270 nm) 

and the relative permeability of silicon dioxide (r = 3.9), we obtain the ratio of Cbg/CI= 0.01, which means 1% 

efficiency for the back gate. In fact estimates for the side gate efficiency are not so far from this, only by a factor 

of three lower, which was also verified by comparing the gate efficiencies in the experiments.  

The temperature dependence of Cooper pair splitting is illustrated in Fig. S7b. With the temperature increasing, 

g2 was not affected too much and the nonlocal peaks of g1caused by CPS became weaker and weaker. At T = 230 

mK, although the temperature is still well below Tc, the nonlocal peaks is suppressed. This is consistent with the 

observation in Ref.1. The rise in temperature will lead to an increase in the quasiparticle density, which may 

strongly influence the nonlocal effects, leading to the suppression of CPS. Furthermore, this characteristic 

suppression temperature of the nonlocal effect indicates that our nonlocal effects relate to the superconductivity in 

a similar way as other experiments dealing with crossed Andreev reflection. 

 
Figure S7.(a) Stability diagram of a QD at Vbg = -14.49 V. (b) Nonlocal conductance peaks with increasing temperature. 

Fixing Vbg = - 14.49 V and Vsg1 = 0 V, g1 as a function of Vsg2 at T = 45mK, 55 mK, 65 mK, 85 mK, 110 mK, 140 mK, 170 

mK, 200 mK and 230 mK respectively. Nonlocal peaks disappear gradually with temperature around 200 mK. Insert: 

Decrease of the nonlocal conductance peak at Vsg2 = 0.14 V as a function of temperature. 
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Besides the sample on which the results were presented in the paper, we measured four other CPS devices, 

which all displayed Cooper pair splitting with efficiencies ranging from 3-11%. The other samples had a similar 

design, but the separation between the quantum dots r was varied because, according to theory, there should be a 

strong dependence in the splitting efficiency on the distance of the tunneling electrons. A compilation of all the 

best efficiencies is depicted in Fig. S8 as a function of the physical separation between the two quantum dots. The 

samples with a separation of about 100 nm didn’t show an appreciable increase in the splitting efficiency when 

compared with the observations (r = 180 nm) that were reported in the main paper. This suggests that the 

separation of the two terminals is only one of the aspects influencing the splitting efficiency. Other aspects like 

how strong is the coupling of the quantum dot to the environment, or how strongly disordered is the graphene 

ribbon, are not the same in all devices. However, our data indicate non-monotonic behavior which may reflect the 

interference phenomena in the splitting efficiency reported in Ref. 6. 
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FigureS8. Splitting efficiency as a function of the physical gap between the two graphene QDs. Each point represents the 

maximum splitting efficiency observed during each experimental run, which means that the measurement conditions for the 

individual points were slightly different.  
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