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Superconducting flux qubits are promising candidates for the physical realization of a scalable quantum
processor. Indeed, these circuits may have both a small decoherence rate and a large anharmonicity. These
properties enable the application of fast quantum gates with high fidelity and reduce scaling limitations
due to frequency crowding. The major difficulty of flux qubits’ design consists of controlling precisely
their transition energy—the so-called qubit gap—while keeping long and reproducible relaxation times.
Solving this problem is challenging and requires extremely good control of e-beam lithography, oxidation
parameters of the junctions, and sample surface. Here we present measurements of a large batch of flux
qubits and demonstrate a high level of reproducibility and control of qubit gaps (±0.6 GHz), relaxation
times (15–20 µs), and pure echo dephasing times (15–30 µs). These results open the way for potential
applications in the fields of quantum hybrid circuits and quantum computation.
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I. INTRODUCTION

Because of their long coherence times and ease of use
[1–3], transmon qubits are today one of the most popular
architectures for building superconducting quantum pro-
cessors [4]. Yet, as one scales up the system, the large
eigenvalue manifold of each transmon generates issues
related to frequency crowding and gate fidelity [5]. In
contrast to transmons, superconducting flux qubits [6–
9] intrinsically possess a huge anharmonicity: the higher
energy levels of the system are very far from the qubit
transition. Consequently, the flux qubit behaves as a true
two-level system, which limits frequency crowding prob-
lems. Moreover, it can be manipulated on a much shorter
timescale (< 10 ns) and therefore could potentially exhibit
better gate fidelity. In addition, this architecture offers
interesting prospects for the development of hybrid quan-
tum circuits since its large magnetic dipole could allow for
an efficient transfer of quantum information between iso-
lated quantum systems, such as spins in semiconductors
[10–12].

The two major issues of flux qubit designs are device-to-
device gap reproducibility and coherence [13–16]. The flux
qubit transition energy—the so-called qubit gap—is diffi-
cult to control and requires an extremely precise tuning of
the fabrication parameters. Moreover, the flux qubit coher-
ence times are known for their sizeable irreproducibility.
Long coherence times reported in previous works relate
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only to a few singular flux qubits [16]. In the last few
years, flux qubits embedded in three dimensional (3D)
cavities [17] or in coplanar resonators [18] have exhib-
ited more reproducible and generally improved relaxation
times. More recently, a design—the so-called capaci-
tively shunted flux qubit—has shown even better coher-
ence times [19]. However, this same shunting capacitance
used to better control the qubit strongly decreases its
anharmonicity. Clearly, further improvements in coherence
times and in control are necessary if the flux qubit is to be
an alternative option for quantum computation.

In this work, we present a good improvement in the
control and reproducibility of these qubits. We present a
systematical study of a large batch of more than 20 devices
and demonstrate that it is possible to control their gap
energy to within less than 1 GHz while obtaining repro-
ducible relaxation times T1 ∼ 15–20 µs and pure dephas-
ing times Tφ

2E ∼ 15–30 µs. This reproducibility enables
us to analyze the different factors that impede the coher-
ence times and systematically eliminate them. Our work
opens perspectives for potential applications in the fields
of quantum hybrid circuits and quantum computation.

II. CIRCUIT IMPLEMENTATION

Our method explores the role of the substrate in device
variability by employing a standard gate oxide process
based on other applications of CMOS device technol-
ogy [20]. The three samples presented in this work are
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FIG. 1. Circuit implementation. (a) Optical microscope image of a λ/2 CPW resonator (resonator B) intersected and galvanically
coupled to a series of 11 flux qubits labeled B1 to B11. The length of resonator B is 5.73 mm, such that the first resonant mode is at
frB � 9.8 GHz. (b) Enlarged view of the coupling capacitor terminating at both ends of the CPW resonator. The value of the capacitance
is calculated by an electromagnetic simulator (Sonnet) to be CC ∼ 5.0 fF. (c) Colored AFM micrograph of qubit B4. The surface area
of the large unitary junctions is Auni = 0.0526 ± 0.0008 µm2 and the small junction is chosen to have α = 0.5. (d) Colored AFM
micrograph of qubit B6. The surface area of the large unitary junctions and the ratio α are identical to those of B4. The loop of this
qubit includes a thin constriction. (e) Enlarged view of the 30-nm-width constriction of qubit B6.

fabricated on silicon chips and contain a 150-nm-thick alu-
minum coplanar waveguide (CPW) resonator, with two
symmetric ports used for microwave transmission mea-
surements [see Fig. 1(a)]. The CPW resonator A is directly
fabricated on a high-resistivity (> 10 k� cm) silicon wafer
with native oxide while resonators B and C are fabricated
on a 5-nm thermally grown silicon oxide layer. A series
of 11 flux qubits is galvanically coupled to each CPW
resonator. In the following, the qubits are labeled accord-
ing to their spatial position on the relevant resonator (e.g.,
A1 . . . A11, B1 . . . B11, C1 . . . C11).

Our flux qubit design consists of a superconducting loop
intersected by four Josephson junctions, one of which is
smaller than the others by a factor α. This circuit behaves
as a two-level system when the flux threading the loop is
close to half a flux quantum � ∼ �0/2 [6,7]. Each level is
characterized by the direction of a macroscopic persistent
current IP flowing in the loop of the qubit. The value of
the persistent current IP, typically of the order of 200–300
nA, gives rise to a huge magnetic moment (approximately
500 GHz/G), making the energy of each level very sensi-
tive to external magnetic flux. At � = �0/2, the two levels
are degenerate, hybridize, and give rise to an energy split-
ting h� called the flux-qubit gap. At this point, the qubit
is immune to flux noise at first order and should exhibit a
long coherence time.

Figures 1(c) and 1(d) present atomic force microscope
(AFM) images of qubits B4 and B6. The loop area
of qubit B4 (B6) is SB4 � 13.3 µm2 (SB6 � 12.4 µm2).
The three identical junctions have a Josephson energy
EJ /h = 360 GHz and a single electron charging energy
EC/h = 3.68 GHz while the fourth junction is smaller than
the others by α = 0.5. In addition, qubit B6 contains a

30-nm-width constriction over a length of 500 nm [see
Fig. 1(e)]. The qubits are fabricated by e-beam lithography
with a trilayer CSAR-Ge-MAA process (see Supplemen-
tal Material [21] for more details). The germanium mask
is rigid and robust to the oxygen ashing cleaning step.
Moreover, it dissipates efficiently the charges during e-
beam lithography and thus provides excellent precision
and reproducibility of the junction sizes. The electron-
beam lithography is followed by double-angle evaporation
of Al-AlOx-Al performed at a well-controlled tempera-
ture (−50 ◦C/+7 ◦C). The low temperature enables us to
reduce the grain size of aluminum, to better control the
dimensions and oxidation of our junctions and to fabricate
small constrictions with high fidelity.

III. SPECTROSCOPY AND COHERENCE
PROPERTIES

We first characterize the qubit-resonator system by spec-
troscopic measurements (see Supplemental Material [21]
for the experimental setup). Figures 2(a) and 2(b) show a
continuous-wave transmission scan of resonator B taken
as a function of the applied magnetic field. This measure-
ment is performed with a vanishing power corresponding
to an average of less than one photon in the resonator. We
observe an anticrossing each time a qubit and the resonator
are resonant. Far from the anticrossings, the resonance
corresponding to the first mode of the resonator is frB =
9.804 GHz and its quality factor is QB = 2800 [21].

The frequency dependence of qubits B4 and B6 on �

is shown in Figs. 2(c) and 2(d), respectively. The tran-
sition frequency of each qubit follows f01 = √

�2 + ε2

with ε = 2IP (� − �0/2) /h, yielding �(B4) = 5.182 GHz
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FIG. 2. Characterization of qubits B4 (top panels) and B6 (bottom panels). (a),(b) Transmission spectrum of CPW resonator B versus
applied magnetic field showing anticrossing of qubit B4/B6. For each qubit we fit the anticrossing to our qubit-resonator coupling model
and extract the value of the coupling constant g of the qubit with the resonator. (c),(d) Measured qubit frequency (blue circles) and fit
(black dashed curve) yielding the qubit parameters � and Ip . (e),(f) Left panels: qubit energy relaxation and spin-echo measurements.
The excited state probability Pe is plotted as a function of the delay between the π pulse and the readout pulse (green dots) or between
the two π/2 pulses of the echo sequence (red dots). The black dashed line is an exponential fit to the energy relaxation (spin-echo)
data. Right panels: measured Ramsey fringes (purple solid line) with fit to the exponentially decaying envelope.

and I (B4)
P = 298 nA (�(B6) = 5.085 GHz, I (B6)

P = 297 nA).
Since both qubits are designed to have the same parame-
ters, this seems to indicate excellent reproducibility of our
e-beam lithography and oxidation parameters. Taking into
account the contribution of geometric capacitance between
neighboring islands allows us to fit the parameters of the
flux qubits in good agreement with the measured values
of α and EJ extracted from the Ambegaokar-Baratoff for-
mula (see Supplemental Material [21]). We now turn to
the coherence times at the so-called optimal point where
the qubit frequency f01 = � is insensitive to first order
to flux noise [13,14]. Energy relaxation decay is shown
in Figs. 2(e) and 2(f) to be exponential for both qubits,
with T1 = 20 µs for B4 and 19 µs for B6. Ramsey fringes
show an exponential decay for B4 with T2R = 9 µs and
for B6 with T2R = 5 µs. Spin echo decays exponentially
with identical dephasing times T2E = 13 µs. Apparently,
the presence of the constriction in qubit B6 does not seem
to influence the coherence time of the qubit. This property
is particularly exciting if one wishes to coherently couple
a single spin to this circuit [12].

IV. REPRODUCIBILITY AND CONTROL

We repeat this procedure for the qubits of our three sam-
ples. Each qubit is thus characterized by its spectroscopic
parameters � and IP, extracted from the dependence of
its transition frequency on the applied flux. In Fig. 3(a),
we present a graph showing the gaps � of the different

qubits versus their persistent currents IP. In order to opti-
mize our qubit design, we vary the size of the large unitary
junctions of samples A, B, and C while keeping an approx-
imately constant critical current density of approximately
13.5 µA µm−2. Within each sample, the qubit parameters
(EJ , EC, α) are designed to be identical and thus the qubits
should be clustered within a well-defined region. The
extent of this region indicates the level of reproducibility of
our fabrication process. A slight improvement in the data
spread is observed for samples B and C in comparison with
sample A. Quantitatively speaking, the gap average values
are 6.9 ± 1, 5.1 ± 0.7, and 6.6 ± 0.6 GHz for samples A, B,
and C, respectively. A principal component analysis (PCA)
is performed on the covariance matrix of the (�, IP) data
points in order to define regions with high probability of
finding a qubit. For each sample, a dashed line is presented
and corresponds to the result of qubit numerical diagonal-
izations (see Supplemental Material [21]) while varying
the parameter α by ±5% around their respective average
value

(〈EJ 〉A/B/C , 〈Ec〉A/B/C , 〈α〉A/B/C
)
. For the three sam-

ples, the principal axis and the numerical diagonalizations
are well aligned indicating that the main origin of disorder
is indeed uncontrolled variations of the value of the param-
eter α. The variation of the critical current density of the
junctions due to different oxidation of samples A, B, and C
(±5%) leads to an additional uncertainty of ±150 MHz in
the control of the desired qubit gap.

In Fig. 3(b), we present the spread of the relaxation rates

1 of the different qubits. Qubit A9 exhibits the longest
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FIG. 3. Reproducibility and control. (a) Persistent current IP versus gap � of the qubits of sample A (native oxide, red stars),
sample B (5-nm-grown silicon oxide layer, green circles), and sample C (5-nm-grown silicon oxide layer, blue triangles). The colored
regions are obtained by assuming a normal distribution along axes defined by PCA. The probability of finding a qubit within the dark
(light) colored area is 50% (90%). The dashed black lines are obtained by numerical simulations of the flux qubits (see Supplemental
Material [21]) at their average value

(〈EJ 〉A/B/C , 〈Ec〉A/B/C , 〈α〉A/B/C
)

while varying the parameter α by ±5%. (b) The estimated
intrinsic relaxation rates 
int = 
1 − 
P versus measured relaxation rates 
1 for qubits of samples A (red stars), B (green circles), and
C (blue triangles). Errors due to calibration of the incoming power at the resonator input (±1.5 dB) lead to uncertainties of a factor of
2 in the Purcell relaxation rate. (c) Stacked bar chart showing the pure dephasing rates 


φ

2E at optimal points of the measured qubits
of samples A (red), B (green), and C (blue). The black color corresponds to the calculated decoherence rate due to photon noise in the
first three modes of the resonator. The pink color corresponds to calculated decoherence rate due to second-order flux noise. The black
stars indicate the presence of a 30-nm-width constriction in the loop of the qubit. The presence of a constriction does not seem to affect
significantly the relaxation or the dephasing of the qubits.

relaxation time with T1 = 32 µs. Several mechanisms con-
tribute to relaxation of qubits; among them is spontaneous
emission by the qubit to the resonator (the so-called Pur-
cell effect [22]). The Purcell rate 
P can be quantitatively
determined by measuring the qubit Rabi frequency �R for
a given microwave power Pin at the resonator input. For a
qubit coupled symmetrically to the input and output lines,
a simple expression for 
P was obtained in Ref. [17]. We
thus calculate 
P for each qubit and represent the intrinsic
relaxation rates of the qubits defined as 
int = 
1 − 
P.
The average values of the intrinsic relaxation rates are
260 ± 440, 61 ± 15, and 68 ± 11 kHz for samples A, B,
and C, respectively. These average numbers are compara-
ble to those obtained in Ref. [19] for capacitively shunted
flux qubits. Relaxation due to 1/f γ flux noise can be
safely neglected for qubits in our frequency range [19]. The
spread of the relaxation rates in samples B and C is remark-
able compared with sample A and more generally with the
state of the art [17,18]. We thus come to the conclusion that
better qubit reproducibility in terms of relaxation rates is
obtained for samples with a thermally grown 5-nm-width
silicon oxide layer. It is yet important to stress that the best
relaxation rates (approximately 25 kHz) are obtained on
intrinsic silicon (e.g., A11, A8). These findings are con-
sistent with previous studies comparing loss tangents for
silicon oxide and silicon at low temperatures [23–25]. Yet,
the high variability of the devices on native oxide points

toward an extreme sensitivity of the dielectric losses to the
nanoscale variations in the stoichiometry and thickness of
the oxide.

V. ORIGIN OF DEPHASING

In the rest of the paper, we focus on the origin of the
dephasing rates of the qubits. Indeed, the noticeable repro-
ducibility of the qubits enables us to analyze the different
noise sources that influence the coherence times and sys-
tematically eliminate possible noise factors. We begin this
analysis away from the optimal point, where the flux qubit
decoherence is dominated by flux noise. The power spec-
trum of flux noise has a 1/f shape S� [f ] = A2

�/f [13,16–
18]. Thus, measuring the flux qubit decoherence versus
ε gives us direct access to the flux noise amplitude A�

[26,27]. Interestingly, we obtain almost the same flux noise
amplitude A� = 1.2 ± 0.2 μ�0 for all the qubits whether
on sample A, B, or C including those with constrictions or
not (see Supplemental Material [21]).

In Fig. 3(c), we show the pure echo dephasing rate



φ

2E = 
2E − 
1/2 at the optimal point for the different
qubits. At this point, the qubits are protected against flux
noise at first order. Yet, second-order effects may still
impact the dephasing rates. To account for these effects,
we perform a numerical Monte Carlo simulation detailed
in the Supplemental Material [21]. At the optimal point, a
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simple formula is obtained:



opti
2E � 56

(IpA�/h)2

�
.

The results of our analysis show that second-order flux
noise can only explain partially the observed dephasing
at the optimal point. Other well-known mechanisms of
dephasing are related to photon noise in the resonator
[13,19] and charge noise [17]. As shown in Fig. 3(c),
photon noise has some impact on several qubits whose res-
onance happens to be close to that of the resonator. The
sensitivity of flux qubits to charge noise is highly depen-
dent on the ratio between the Josephson energy EJ and
the charging energy EC. We thus calculate the maximum
amplitude of the charge modulation for each qubit (see
Supplemental Material [21]). On average, the charge mod-
ulation is equal to 100, 5, and 1 kHz for samples A, B, and
C, respectively. Clearly, this is more than 1 order of mag-
nitude smaller than the measured pure dephasing rate for
samples B and C and cannot explain the data. Thus, another
mechanism is necessary to explain at least qualitatively the
remaining dephasing rate of these qubits. Critical current
fluctuations are for instance a possible channel of dephas-
ing in our system. These fluctuations are due to charges
localized in the barrier of the Josephson junctions. They
also produce a 1/f shape spectral density [28,29]. Assum-
ing that the remaining dephasing rate of sample C is fully
due to this microscopic source of noise, we get SI0 [1 Hz] �
(0.5 pA)2 µm−2, which seems compatible with previously
reported values in the literature.

VI. CONCLUSION

In conclusion, we show that flux qubits can be fabri-
cated in a reproducible way both in terms of gap transition
energy and in terms of decoherence rates. Reproducible
relaxation times are measured with T1 ∼ 15–20 µs for
samples fabricated on a thermally grown 5-nm SiO2 layer.
These numbers are comparable with those observed in
Refs. [19,30] for capacitively shunted flux qubits. The
major advantages of our design are its large anharmonicity
(f12 ∼ 30 GHz) and high persistent current (Ip ∼ 300 nA).
This makes flux qubits ideal candidates for magnetic cou-
pling to spins such as N-V centers [10,12] or other impu-
rities in silicon [31]. In all the samples, the amplitude of
flux noise is low and reproducible Aφ = 1.2 ± 0.2 µ�0. At
the optimal point, long and reproducible pure dephasing
times are measured with Tφ

2E = 15–30 µs. At this level,
the pure dephasing times are most likely limited by criti-
cal current fluctuations of the small junction of the qubits.
Our results prove that flux qubits can reliably reach long
coherence times and open interesting perspectives for both
hybrid quantum circuits and scalable quantum processing.
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