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Abstract

Controlling the energy spectrum of quantum-coherent superconducting circuits, i.e. the energies

of excited states, the circuit anharmonicity and the states’ charge dispersion, is essential for design-

ing performant qubits. This control is usually achieved by adjusting the circuit’s geometry. In-situ

control is traditionally obtained via an external magnetic field, in the case of tunnel Josephson

junctions. More recently, semiconductor-weak-links-based Josephson junctions have emerged as

an alternative building block with the advantage of tunability via the electric-field effect. Gate-

tunable Josephson junctions have been succesfully integrated in superconducting circuits using

for instance semiconducting nanowires or two-dimensional electron gases. In this work we demon-

strate, in a graphene superconducting circuit, a large gate-tunability of qubit properties: frequency,

anharmonicity and charge dispersion. We rationalize these features using a model considering the

transmission of Cooper pairs through Andreev bound states. Noticeably, we show that the high

transmission of Cooper pairs in such weak link strongly suppresses the charge dispersion. Our

work illustrates the potential for graphene-based qubits as versatile building-blocks in advanced

quantum circuits.

INTRODUCTION

Microwave superconducting quantum circuits rely on the existence of a lossless nonlinear

inductive element: the Josephson junction. In the majority of the devices, a tunnel junctions

is used [1, 2]. Aternatives, such as disordered superconductors, have been explored for

instance to promote wave mixing in a travelling wave parametric amplifier [3], or to build

transmon and fluxonium qubits [4, 5]. Another alternative is to revisit the junction itself

and replace the tunnel barrier by a conducting material. If its conduction can be tuned by

the electric-field effect, this would allow to suppress the need for magnetic field tunability,

which is traditionally used when dealing with tunnel Josephson junctions.

Using such so-called hybrid junctions, gate-tunable qubits [6–9] and parametric amplifiers

[10–13] have been demonstrated. Semiconducting nanowires were first employed as the weak

link. Planar materials are promising alternatives offering a variety of patterning options.

Accordingly, two-dimensional (2D) electron gases have been used, including semiconducting
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quantum wells [14, 15] or the semi-metal graphene [16, 17]. In all these qubits, it was for

instance possible to tune, with the gate voltage, the frequency of the transition to the first

excited state by one to few GHz [14, 16, 18].

These hybrid junctions expectedly operate in a regime much different from that typical of

Josephson tunnel junctions – Cooper pairs are simply not transported the same way across

them. This has strong consequences on the qubit properties. In this work, we present the

detailed spectroscopy of a charge qubit based on a gate-tunable graphene Josephson junction.

We extract the energy spectrum, its anharmonicity, and the levels’ charge dispersion. We

analyze these characteristics using the Hamiltonian of a superconducting quantum point

contact that takes into account the gate-dependent transmission of different channels as

well as Andreev bound states from both branches across the superconducting gap. We

accordingly relate the measured quantities to the offset charge as well as the gate-tunable

Josephson energy and junction’s transmission. We find that the large transmission reduces

the charge dispersion, which could allow the design of highly-coherent qubits in the future.

CIRCUIT DESIGN

Measurements were performed in a dilution refrigerator at ∼ 25 mK on two different

charge qubit-like devices (Q1 and Q2, refer to Appendix A for details on their fabrication),

each consisting of [see Fig. 1(a)] a graphene-based Josephson junction shunted to ground

by a large capacitance (CS). Both circuits are coupled to a coplanar λ/2 waveguide (CPW)

readout resonator via a Cqr capacitance (itself coupled to a transmission line thanks to a

Cc capacitance), and to a drive line (via a Cd capacitance) fed with both an AC and DC

bias Vj provided by a cryogenic bias-tee. The peculiarity here is the gate control (Vg) of

the Josephson junctions, ensured by a Cg capacitance; no magnetic field is used to control

the critical current. The primary effect of Vg will be to control the Josephson energy (EJ)

by tuning the critical current of the graphene-based junction [16, 19, 20]. The two devices

differ by the shape of their top-gates [see Fig. 1(c,d)] and the values of the capacitances, such

that the quality factor (Qc) and charging energy (EC) are respectively larger (1.30× 104 vs

4.09× 103) and smaller (343 MHz vs 516 MHz) for Q1 than for Q2 (see Table I in Appendix

A). Note that the charge dispersion, which we will discuss in details, is highly dependent on

the charging energy. The resonant frequency fr of the readout resonator is similar for the
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two devices, 6.95 GHz (Q1) and 6.79 GHz (Q2).

The yield for device fabrication is high, and we reproducibly obtain graphene Josephson

junctions with critical currents of a few tens of nA, which is the targeted range for qubits.

Precise control of the qubits’ Josephson energy by circuit design is nevertheless practically

more delicate than with conventionnal tunnel junctions. This is however mitigated by the

gate tunability, which authorizes fine adjustments.
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FIG. 1. Devices description. (a) Electrical circuit diagram of a charge qubit made of a graphene

Josephson junction (gJJ) shunted to ground by a CS capacitance, and coupled to a readout res-

onator by a Cqr capacitance, a drive line by a Cd capacitance, and a gate line by a Cg capacitance

to control conduction through graphene. The qubit superconducting island is defined by the su-

perconducting leads (red) between the junction and the CS capacitance. The qubit is read out

by probing the transmission scattering parameter, S21, of a transmission line (TL) coupled to a

microwave resonator by a Cc capacitance. (b) Optical micrograph of the h-BN/graphene/h-BN

heterostructure of device Q1. (c,d) Schematics of the top-gated gJJs side-contacted to the Ti/Al

superconducting electrodes.
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CIRCUIT MODEL HAMILTONIAN

Figure 2(a) shows the energy levels within the parabolic potential of the quantum har-

monic oscillator (black), and those within the potential of the so-called transmon qubit

(red), in which the linear inductor is replaced by a nonlinear one, a Josephson junction. In

tunnel Josephson junctions, the coherent tunneling of Cooper pairs is well described by the

traditional Josephson Hamiltonian ĤTJ = −EJ cos (φ̂), where EJ is the junction’s Josephson

energy and φ̂ the phase operator. When the weak link is not a tunnel barrier, for example

a semiconductor, a metal or a semi-metal (graphene), transmission of Cooper pairs from

one electrode to the other is instead described using the concept of Andreev bound states

(ABSs), involving electron-hole states within the weak link [21–27] (see Appendix B for

details).

To describe our graphene-based junctions (see Supplemental Material [28]), we use a

Hamiltonian adapted from a superconducting quantum point contact (QPC) model [29]:

Ĥ = 4EC (n̂− ng)
2 +∆

 cos
(
φ̂
2

) √
r sin

(
φ̂
2

)
√
r sin

(
φ̂
2

)
− cos

(
φ̂
2

)
 . (1)

Here, n̂ and φ̂ are the (conjugated) operators representing the number of Cooper pairs

within the superconducting island [red portion of the circuit in Fig. 1(a)] and the phase

across the junction; ng is the island’s charge offset. Crucially here, the 2× 2 matrix encodes

the contribution of both the ground and excited ABSs, which are coupled by backscattering,

with r = 1 − τ and τ the channel transmission. In a 2D graphene weak link, however,

there is a priori a certain number of conduction channels, NC (that depends on Vg, see

Supplemental Material [28]), each having a given transmission (Vg-dependent too). This

seems at odds with the QPC picture, yet the few highest-transmission conduction channels

are expected to dominate the Josephson energy EJ of the graphene-based junction. To limit

the number of unknown parameters, we assume NC (Vg) independent ABSs of transmission

τ (that depends on Vg), which is equivalent to NC (Vg) independent QPCs in parallel. This

should be seen as an effective model not meant to describe the details of the junction, in

particular its precise geometry. We can expect this model to hold at large doping and we

will discuss later its limitation near the charge neutrality point. In this picture, the junction

has consequently a gate-dependent Josephson energy EJ (Vg) = ∆NC(Vg)τ(Vg)

4
. With these
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in mind, we numerically solve Hamiltonian 1 in the charge basis (rather than the phase

basis, as it is usually done [30]), as detailed in Supplemental Material [28], to compute the

energy spectrum and extract relevant experimental parameters such as charge dispersion and

anharmonicity. The method for extracting the model parameters (EJ, τ) from the measured

data is presented in Supplemental Material [28].
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FIG. 2. Superconducting quantum point contact (QPC) model for a qubit based on a gate-tunable

weak link between two superconducting electrodes. (a) Energy potential of the quantum harmonic

oscillator (black) and the transmon qubit (red). (b) Josephson potential of a QPC. When the

transmission τ is below unity (black dotted line), 2π-quantum phase slips (2π-QPSs) can occur,

which is directly responsible for charge dispersion. For τ = 1 (solid orange line), the two ABS

branches cross and 2π-QPS is forbidden, leading to a vanishing charge dispersion. Inset: effective

model describing our devices as a gate-tunable QPC shunted by a capacitor.

FREQUENCY-TUNABILITY

We first use a standard two-tone scheme in continuous mode to measure the frequency

of the first qubit transition, f01, as a function of the gate voltage. The gate has mainly two

effects. First, it changes the Fermi wavelength, thereby opening new conduction channels.
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The second effect is a change of the channels’ transmission. Experimentally, this is apparent

as oscillations in the normal state resistance, RN, of the junction and is referred to as

electronic Fabry-Pérot interferences [20]. This effect is found in high quality devices hosting

ballistic carrier transport.

The f01 (Vg) data for devices Q1 and Q2 are shown in Figs. 3(a,b), respectively. When

Vg hits the crossover between the hole- and electron-conduction regimes in graphene, i.e. at

the charge neutrality point (CNP), the critical current reaches a minimal value, resulting

in maximal Josephson inductance LJ and minimal f01. Moving away from the CNP, f01

increases in both devices. In device Q1, a strong asymmetry in with respect to VCNP is

observed. For Vg > VCNP (n-doped graphene), f01 increases quickly with charge carrier

density, from ∼ 3 to ∼ 9 GHz within < 1 V only. Such sensitive tunability is appealing for

applications that require fast frequency tuning of the transition, such as tunable coupling

[31] or Z-gate [32]. For Vg < VCNP (p-doped graphene), f01 increases more progressively

while oscillating. Similar behaviour was reported in Ref. [16] and is reminiscent of what

is observed when measuring the critical current of such graphene Josephson junctions [33]

(see also Supplemental Material [28]). The asymmetry is attributed to the electron doping

induced by the Ti/Al contacts, which decreases the transmission at the interfaces in the

p-doped regime of graphene because of the presence of a pn junction [20, 34].

In device Q2, we also observe a large f01 tunability (several GHz) and oscillations but

no clear asymmetry between the p-doped and n-doped regimes. We attribute this to the

different gate geometry. As illustrated in Fig. 1(d), in device Q2 the narrow gate only partly

covers the junction, presumably resulting in a more complex electrostatic landscape, and

charge density profile, than in Q1.

TUNABLE CHARGE DISPERSION AND ANHARMONICITY

While the charge dispersion, i.e. δf01 = f01 (ng = 0) − f01 (ng = 0.5), is too small to be

measured in device Q1, owing to the large EJ/EC in this device (> 15), it is appreciable in

device Q2, whose EJ/EC ratio falls in a lower range (2 to 4) due to the larger designed EC.

Although this is certainly antinomic with a long-lasting coherence (hence, not a desirable

property for a qubit), with this device we are able to show that δf01 can be reduced, not

only by circuit geometry (i.e. by setting an EJ/EC ratio by design), but via the action of
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FIG. 3. Gate-tunability of the qubit frequency. (a) Qubit frequency, f01, as a function of the

gate voltage, Vg for device Q1. The charge neutrality point (CNP) is found at VCNP ≃-1.81 eV.

(b) Same kind of data for device Q2. The inset shows a typical two-tone measurement of the qubit

dispersively coupled to a readout resonator. When the drive tone frequency, fd, matches the qubit

frequency, the qubit is excited from state |0⟩ to state |1⟩. The resonant frequency of the resonator

is shifted accordingly and probed by a change in the amplitude, |S21|, of the readout tone.

the topgate on graphene, which modifies EJ.

Figure 4(a) presents the result of the two-tone measurement, as a function of ng, for

Vg = 0.41 V, from which we deduce a δf01 = 614 ± 4 MHz. The energy levels appear in

the form of two branches, each corresponding to a different parity of the charge states. This

is due to quasiparticle poisonning, occuring at much faster time-scale than the few-seconds

duration of a full sweep of fd (specific designs, beyond the scope of the present work, exist

to reduce poisonning [35]).

To study the effect of the gate voltage, we select a low EJ/EC near the CNP of device

Q2. Varying Vg within a 100 mV range, we find that δf01 values span between ∼ 800 and

∼ 350 MHz. This is represented in Fig. 4(c) (cyan data points) as a function of EJ/EC,

which increases by a factor two with Vg, while the transmission stays in the range 0.6 to

0.8. This is consistent with what has been derived from measurements of the current-phase

relation (CPR) of graphene Josephson junctions [36–38] and tunnel spectroscopy of the

Andreev levels dispersion [39]. Importantly, our model indicates that the large transmission

values, compared to a tunnel junction, translate into a substantial reduction of the charge

dispersion, as illustrated in Fig. 4(c) (and further discussed in Supplemental Material [28]).

This trend is not restricted to graphene, and also applies in gatemon qubits based on InAs

nanowires weak links [30, 40]. In a charge qubit with a relatively small EJ/EC ratio (i.e.
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away from the transmon regime), as is the case of our Q2 device, this could be used to

mitigate the sensitivity to charge noise while preserving a large anharmonicity, the latter

being required for fast control of the qubit [41]. In our top-gated graphene-based qubit, the

channels’ transmission can further be increased with Vg, and the δf01 reduced accordingly,

as also shown in Fig. 4(c).

In Figure 4(c), the EJ extracted from our effective model varies from about 1 to 2 GHz.

These are smaller than that the 10 GHz value expected for a single, full-transmission channel

between two Al electrodes (200 µeV superconducting gap), suggesting NC < 1 in the Vg

range of Fig. 4(c). The sub-unit values suggest that other models might be more relevant

in this low-doping region (close to CNP), e.g. a resonant-level picture taking into account

an energy-dependent transmission [42].

From Figure 4(c) [i.e. from the experimental qubit first transition frequency f01 and

charge dispersion δf01 of Fig. 4(a)], our model predicts an effective transmission τ = 0.73

and EJ/EC = 2.79. Feeding these numbers into Hamiltonian 1, we derive f02(ng). The

values reproduce remarkably well the evolution of the transition to the second excited state

[Fig. 4(b)], further confirming that our short-junction-limit model provides a relevant de-

scription of our system.

We finally turn to the qubit’s anharmonicity α in device Q1, which we experimentally

determine as a function of Vg by comparing f01 and f02 (here obtained by a two-photon

process at large power [43]), i.e. α = 2
(
f02
2
− f01

)
. The corresponding data are shown in

Supplemental Material [28], and are represented as a function of the inferred EJ (Vg) /EC

ratio using our model in Fig. 5(a,b) in the n-doped and p-doped regimes of graphene,

respectively. We first note that −α remains small, never exceeding 350 MHz, which is

close to the charging energy of the device (EC/h = 343 MHz). Values lower than EC are not

unusual with gatemon qubits, generally operated in the transmon regime, and signal a close-

to-harmonic Josephson potential tied to a high channel transmission [43–48]. Away from the

low-transmission limit, the nonzero-length (L) weak link should additionally further reduce

α [49]. The (small) −α presents strong relative variations, reaching values below 100 MHz.

For Vg < VCNP, i.e. in the p-doped conduction regime, Fig. 5(a) reveals large reproducible

anharmonicity fluctuations, which seem to be correlated to those in f01 [Fig. 3(a)]. These

aperiodic oscillations are linked to Fabry-Pérot-like interferences of ballistic electronic states,

typically observed in the normal state resistance of such mesoscopic device. According to
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FIG. 4. Qubit spectrum and charge dispersion in device Q2. (a) Two-tone measurement of the

first two qubit transitions as a function of the charge offset, ng, at Vg = 0.41 V. Solid and dashed

lines represent the fitted frequency of the two charge parities (odd and even, labeled ’o’ and ’e’) of

the |0⟩-|1⟩ and |0⟩-|2⟩ transitions. (b) Reconstruction of the qubit spectrum at Vg = 0.41 V using

only the set of (δf01, f01) values derived from the experimental data. (c) Charge dispersion, δf01,

as a function of EJ (Vg) /EC, extracted from data such as in (a) (as shown in the inset), varying

Vg from 400 mV to 486 mV. The coloured solid lines represent the charge dispersion predicted by

Hamiltonian 1 for different values of transmission.

our model, these fluctuations trace back to large variations of the effective transmission

of the junction with Vg, from 0.2 to 1. In contrast, in the n-doped conduction regime in

graphene [Fig. 5(b)], α exhibits less fluctuations, with a global tendency to decrease with

EJ (Vg) towards a small fraction of the charging energy. At this limit, our model predicts

a transmission close to unity. Overall, covering a broad range of EJ/EC values (15 to 90)

through a Vg excursion of less than 1 V, we demonstrate a tuning of the qubit’s anharmonicity

from −EC/h to −EC/4h. To retain a large enough anharmonicity while conserving gate-

tunability, it has been shown that other designs, such as the flux-tunable transmon [7], or

the fluxonium [50], could favorably integrate gate-tunable weak links.

CONCLUSION

We have used Josephson junctions with a top-gated graphene weak link to build charge

qubits operating in a broad range of EJ/EC ratios and having highly gate-tunable energy
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and n-doped (b) conduction regime of graphene. The solid lines are the model predictions for a

set of transmissions.

spectrum. The fundamental qubit transition is sensitively tuned, by several GHz, via the

topgate voltage. Designing a device with small EJ/EC, which is intrinsically prone to signifi-

cant charge dispersion, we show that a high effective transmission of the Josephson junction

mitigates this charge dispersion, which can be further reduced by in-situ increasing EJ,

again via Vg. The anharmonicity of our graphene-based qubits at large EJ/EC is relatively

small, partly due to the high transmission of the junctions, but can be increased using a

more complex design in the future [7, 50]. To rationalize our results and model a graphene

superconducting qubit, we have used and discussed a model initially introduced to describe

superconducting quantum point contacts, which takes into account the ground and excited

states of the Andreev bound states in the weak link. The model has two key parameters:

the Josephson energy and effective transmission of the conduction channels in the weak link.

It quantitatively account for our results, except close to the charge neutrality point where

the assumption of an energy-independent transmission seems not to hold. A resonant-level

model might be more appropriate to describe this specific regime of only a few conducting

channels [42]. Our work highlights graphene-based hybrid junctions as promising candidates

for qubits with low noise susceptibility, which, together with the efficient gate-tunability,

holds promises for advanced functionnalities in superconducting quantum circuits. A more

robust control of the channels’ transmission using local gates near the superconducting elec-

trodes [51–55] towards a complete suppression of charge dispersion might further improve

the quantum coherence of such circuits.
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END MATTER

Appendix A: Device fabrication

Device fabrication comprises four main steps (eight individual steps in total, see Supple-

mental Material [28]). First, we define the aluminum superconducting circuit (transmission

line, resonator, qubit, drive line, and gate) via e-beam lithography of a thin metal film (80

nm) deposited onto a high-resistivity silicon substrate. Second, we assemble the graphene

weak link. To do so, we encapsulate graphene between two hexagonal boron nitride (h-BN)

layers (∼ 30 nm-thick each) using a dry transfer technique [66], to minimize the amount of

airborne species in contact with graphene, which otherwise would harm the devices’ perfor-

mance. Third, graphene is side-contacted to Al electrodes (80 nm), after a buffer Ti layer

(5 nm) has been deposited to improve the transmission of the metal/graphene contacts [59].

To ensure a good electrical connection between the Al made in different steps, we use in-situ

Ar milling. The (graphene) weak link is 350 nm-wide and 350 nm-long. The fourth step

is the fabrication of the topgate. For Q1, we use an extra layer of h-BN to prevent any

contact with the side electrodes, above which a 1 µm-wide Al electrode is defined by e-beam

lithography followed by e-beam evaporation (80 nm). The topgate here spans the whole

Josephson junction [Fig. 1(b,c)]. On the contrary, for Q2, we used no extra h-BN layer but
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a narrow, 100 nm-wide finger gate directly deposited on top of the h-BN/graphene/h-BN

heterostructure [Fig. 1(d)]. This requires an accurate alignment in e-beam lithography but

potentially improves device cleanliness as no extra h-BN deposition is needed.

TABLE I. Capacitances, coupling quality factor, and charging energy calculated for the two devices

Q1 and Q2 from electrostatic and electromagnetic simulations ( Ansys Maxwell electrostatic and

Sonnet electromagnetic simulations).

Cc Cqr CS Cd Cg Qc EC/h

(fF) (fF) (fF) (aF) (fF) (MHz)

Q1 3.80 4.46 50.7 176 1.03 1.30× 104 343

Q2 12.7 3.71 32.5 168 1.14 4.09× 103 516

Appendix B: Josephson junction models

In a semiconductor-superconductor weak link, the charge carrier density is a crucial

parameter that will determine the number of channels contributing to the supercurrent,

some of which can have high transmission (ĤTJ accounts only for low-probability tunneling

processes). Several models have been used to describe highly transmitting junctions with a

small number of channels. In the so-called short junction limit of a single ABS per conduction

channel (i.e. when the length L is small compared to the superconducting coherence length

in the electrodes ξ), the energy of a single ABS is given by [39, 67–69]

E± = ±∆

√
1− τ sin

(φ
2

)2

(B1)

where ’±’ denotes the two branches of the ABS pair, ∆ is the gap of the superconducting

electrodes, and τ is the channel transmission. Assuming that only the ground energy ABS

contributes, leads to the Josephson Hamiltonian ĤABS− = −∆

√
1− τ sin

(
φ̂
2

)2
, which ap-

proximates well to the tunnel Hamiltonian ĤTJ in the limit τ ≪ 1, for EJ = ∆τ
4

[43, 45].

This model, limited to the ABS ground state, has been used to describe gatemon qubits

based on III-V nanowires, wherein transmission through resonant levels indeed can lead to

high transmission [7, 43]. Here, we propose a model to describe the complete ABS-pair.
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The Josephson potential of a quantum point contact at perfect (solid orange line) and

intermediate (dashed black line) transmission taking into account the ABSs is represented in

Fig. 2(b). The two ABS branches across the superconducting gap are only well-separated for

small τ values. In other words, when transmission approaches unity, a proper description

of the system must include both branches, as Landau-Zener like transitions between the

ground and excited ABSs, are susceptible to occur where the two branches are the closest,

i.e. φ = π [2π] [63]. Importantly, doing so to model superconducting quantum point contacts

(S-QPC) [30, 40] or resonant tunneling [63], one predicts a strong reduction of the charge

dispersion, in case of a high transmission, owing to the suppression of 2π-quantum phase

slips (2π-QPSs).
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