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Highly linear proximity-based double-loop SQUID operating above 4 K
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We demonstrate a highly linear superconducting quantum interference device (SQUID) interferometer
based on a double-loop (Bi-SQUID) architecture incorporating three superconductor-normal metal-
superconductor (S-N -S) junctions. Fabricated using niobium-gold technology, the device exhibits robust
operation at liquid helium temperatures, with a superconducting transition temperature of 8.5 K. The
dc flux-to-voltage transfer function demonstrates sharp, symmetric, and highly linear behavior at tem-
peratures up to 5 K. Bi-SQUIDs featuring our single-element S-N -S design represent an interesting and
original approach to this field, as they exhibit a numerically estimated spurious-free dynamic range lin-
earity exceeding 60 dB, achieved in a single element, simplifying the requirements in terms of arrays
containing hundreds of junctions. These results highlight the potential of proximity-based Bi-SQUIDs
for compact and highly linear cryogenic interferometric devices, motivating future investigations of their
dynamic and noise performance for applied implementations such as quantum sensing, magnetometry, and
biomedical diagnostics.
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I. INTRODUCTION

Superconducting quantum interference devices
(SQUIDs) are among the most sensitive detectors of
magnetic flux, with broad applications in quantum com-
puting, low-temperature instrumentation, magnetometry,
and biomedical diagnostics [1–3]. The conventional dc
SQUID, composed of a superconducting loop interrupted
by two Josephson junctions, produces a periodic volt-
age response to an applied magnetic flux and operates
as a high-sensitivity, low-noise transducer. Despite its
sensitivity, the dc SQUID suffers from an intrinsically
nonlinear flux-to-voltage transfer function [4], which lim-
its its dynamic range and generates harmonic distor-
tion when used in analog amplification applications. To
overcome these limitations, superconducting double-loop
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interferometers (Bi-SQUIDs) were proposed as a mod-
ification of the dc SQUID to improve linearity [5–9].
Alternative frameworks for multijunction interferometers,
including rf-pumped double SQUIDs, have also been
developed [10,11]. The Bi-SQUID integrates a second
superconducting loop into the device layout and adds a
third Josephson junction, enabling destructive interference
of nonlinear components in the transfer function. The
resulting voltage-flux characteristics exhibit improved lin-
earity, which is crucial for precision analog applications
such as analog-to-digital conversion and wide-band flux
detection.

Most prior implementations of Bi-SQUIDs have relied
on superconductor-insulator-superconductor (S-I -S) tun-
nel junctions, where linearity is often further improved
by constructing large series arrays of identical Bi-SQUID
elements [12]. These arrays average out residual non-
linearity and improve device gain, enabling spurious-
free dynamic ranges (SFDRs) exceeding 100 dB in
optimized systems [5–9]. However, for some applica-
tions, such arrays introduce unwanted fabrication com-
plexity and potential nonuniformity across elements,
which can degrade performance in practical applications.
Therefore, in some instances, superconductor-normal
metal-superconductor (S-N -S) junctions represent a com-
pelling alternative to conventional S-I -S systems [13], as
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S-N -S junctions have already been employed in conven-
tional dc SQUIDs [14]. In S-N -S structures, the proximity
effect [15] creates Andreev bound states in the normal
metal region, enabling nondissipative supercurrent trans-
port. The key advantage of S-N -S junctions lies in the
independent control of the critical current and capacitance.
While S-I -S junctions require careful optimization of junc-
tion area and tunnel barrier opacity, parameters that simul-
taneously determine both critical current and capacitance,
S-N -S junctions achieve critical current tuning purely
through geometric parameters (length, width, overlap area)
while maintaining inherently negligible capacitance. This
parameter decoupling eliminates capacitance-related con-
straints and enables precise engineering of critical cur-
rent [16] ratios and current phase relations [17] through
lithographic control rather than complex tunnel barrier
fabrication. Moreover, S-N -S junctions are free from the
low-frequency telegraph noise commonly observed in S-I -
S tunnel junctions, which originates from charge trapping
and release in the insulating barrier [14].

Recent work demonstrated that S-N -S Bi-SQUIDs can
achieve ultrahigh linearity at dilution refrigerator tempera-
tures using Al-Cu junctions [13]. However, extending this
approach to higher operating temperatures using materi-
als with elevated superconducting transition temperatures
would dramatically improve practical accessibility, as liq-
uid helium cooling is orders of magnitude more accessible
and cost-effective than dilution refrigeration. Furthermore,
while array-based implementations have been essential for
achieving linearity of greater than 100 dB in S-I -S systems,
demonstrating that a single proximity-based Bi-SQUID
element can achieve competitive performance would sig-
nificantly simplify fabrication requirements.

In contrast to array-based approaches, we demonstrate
that a single proximity-based Bi-SQUID element can
achieve high linearity without requiring large-scale inte-
gration. Here, we present the design, fabrication, and
experimental characterization of a single Bi-SQUID incor-
porating three long [16] diffusive S-N -S junctions, focus-
ing on its dc flux-to-voltage response. The device exhibits
a sharp and symmetric voltage response with exceptional
linearity over a broad flux range, outperforming standard
dc SQUIDs with robust operation up to 5 K. These results
highlight the potential of S-N -S Bi-SQUIDs for com-
pact and highly linear cryogenic interferometers, which
offer superior design flexibility combined with simplified
fabrication processes for next-generation superconducting
transducers.

II. RESULTS AND DISCUSSION

We fabricated and characterized a niobium-gold Bi-
SQUID optimized for high linearity at liquid helium tem-
peratures. As shown in Fig. 1, the device consists of
a large superconducting loop (28 µm internal diameter)

incorporating a smaller loop (8 µm internal diameter),
which is interrupted by three S-N -S junctions. The design
features the typical layout of a Bi-SQUID, in which one
of the S-N -S junctions is shared between the two loops,
enabling flux-to-voltage conversion with enhanced lin-
earity. A schematic of the circuit and scanning electron
microscope (SEM) images of the device are shown in
Fig. 1. The S-N -S junctions are manufactured by deposit-
ing a 30-nm-thick gold layer (Au), 300 nm wide and 800
nm long, on an industrially grown 300-nm-thick silicon
oxide substrate (SiO2), followed by a 120-nm-thick nio-
bium layer (Nb), which is patterned to create 250-nm-wide
gaps.

Figure 2 summarizes the dc transport properties of
the Bi-SQUID. Current-voltage (I -V) characteristics mea-
sured below 5 K exhibit evident hysteresis, with distinct
switching and retrapping currents (Is and Ir), as typically
observed in S-N -S junctions [18,19]. This hysteresis is
thermal in origin and becomes more pronounced at lower
temperatures. A notable asymmetry between the posi-
tive (I+

s ) and negative (I−
s ) critical currents emerges and

intensifies as the temperature decreases, as shown in in
Fig. 2(b). This effect arises from flux screening in the
superconducting loops, as further discussed later in the
text. The switching current Is exhibits strong tempera-
ture dependence, decreasing monotonically with increas-
ing bath temperature (TB), consistent with the thermal
suppression of the proximity-induced minigap in the nor-
mal metal. In contrast, the retrapping current Ir shows
a weaker temperature dependence. Resistance measure-
ments as a function of TB reveal a sharp superconducting
transition at Tc � 8.5 K, indicating high interface trans-
parency and a uniform proximity effect across all S-N -S
junctions.

The three S-N -S junctions operate in the diffusive trans-
port regime and satisfy the long-junction limit condition
[16]. The characteristic energy scale for phase coher-
ence, Thouless energy, is given by ETh = �D/l2 � 0.1
meV, which is significantly smaller than the superconduct-
ing energy gap of the niobium leads, �Nb = 1.764kBTc �
1.3 meV. Here, D = 0.01 m2/s is the diffusion coefficient
of gold [20], kB is the Boltzmann constant, and l = 250
nm is the length of the normal-metal weak link. In this
long-junction limit (ETh � �Nb), the supercurrent in the
S-N -S junctions is governed by a sinusoidal current-phase
relation.

The resistively and capacitively shunted junction
(RCSJ) model is the standard framework for describ-
ing Josephson tunnel junctions and is widely used for
S-I -S devices. However, in our case, the junctions are
long and diffusive S-N -S weak links, which exhibit a
sinusoidal current-phase relationship [17] and negligible
capacitance. Under these conditions, the RCSJ model
reduces to the simpler resistively shunted junction (RSJ)
limit. We therefore describe the current-flux characteristics
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(a)

(b)

(c) (d)

FIG. 1. Device scheme and SEM image. (a) Circuit diagram
of the Bi-SQUID. A flux current Iflux injected into the external
flux line generates magnetic flux � that threads the large loop,
but is screened from the small loop by a superconducting layer.
Three S-N -S junctions interrupt the small loop, with one junc-
tion shared between both loops. A bias current flows through the
device structure while a voltage is measured across it. (b) SEM
image of the Bi-SQUID viewed from above. The large loop has
an internal diameter of 28 µm, while the small loop has an inter-
nal diameter of 8 µm. (c) False-color SEM image of an S-N -S
junction viewed from above. Note that this junction is fabricated
using the same process as those used in the Bi-SQUID, but it is
not one of the junctions shown in (b). (d) Schematic of the layer
structure of the S-N -S junction: a gold (Au) layer with a thickness
of 30 nm, length of 800 nm, and width of 300 nm is deposited on
SiO2. A 120-nm-thick niobium (Nb) layer is deposited on top.
This layer is then etched to create a 250-nm gap, which forms
the S-N -S junction.

of the Bi-SQUID within the RSJ model. Although the
Bi-SQUID includes an additional superconducting loop
that modifies the total enclosed magnetic flux, the gen-
eral RCSJ formalism remains applicable to such devices
[2,21]. In our case, this formalism reduces to the RSJ
limit, but must incorporate flux quantization conditions

(a)

(b)
(c)

FIG. 2. Current-voltage (I -V) curves, and switching current
(Is) and resistance (R) as a function of bath temperature (TB). (a)
I -V curves measured at various bath temperatures (TB). Below
5 K, the curves exhibit hysteretic behavior with distinct switch-
ing and retrapping currents, typical of S-N -S junctions. The
pronounced asymmetry between positive and negative bias direc-
tions results from flux screening effects, as quantified later in the
text. (b) Switching current (Is) and retrapping current (Ir) as a
function of bath temperature (TB). The switching current exhibits
a strong temperature dependence, characteristic of long diffusive
S-N -S junctions. (c) Resistance versus bath temperature of the
Bi-SQUID. The data show a single superconducting transition at
approximately Tc = 8.5 K, indicating high junction transparency
and proximity effect in the S-N -S junctions, which exhibit the
same critical temperature as the niobium leads.

for both loops. The resulting dynamics differ qualitatively
from those of conventional dc SQUIDs and are described
by the following set of coupled equations:

Ibias = I0 [(1 + α) sin(δA) + (1 − α) sin(δB)] , (1)

δC = 2π�

�0
− πβ1j1 = 2π�

�0
− πβ1j2

+ 2πβ1α3 sin(δC), (2)

δC = δB − δA − πβ2j2 + 2π�2

�0
. (3)
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Here, �0 = h/2e � 2.067 × 10−15 Wb is the magnetic
flux quantum, where h is the Planck constant and e is the
elementary charge, while � is the magnetic flux through
the large loop. The parameter α = (IA − IB)/(IA + IB)

quantifies the asymmetry between the critical currents IA
and IB of junctions A and B, which are located in the
smaller loop. The parameter α explicitly quantifies the crit-
ical current mismatch between the junctions arising from
fabrication asymmetry and is extracted from fits to the
experimental current-voltage characteristics. The quantity
I0 = (IA + IB)/2 corresponds to half the total critical cur-
rent of the interferometer, which is the average critical
current of junctions A and B. The parameter α3 = IC/I0
represents the normalized critical current of the third junc-
tion, which is shared between the two loops. The phase
differences across the three weak links are indicated by δA,
δB, and δC, respectively. The circulating currents in loops
1 and 2 (normalized by I0) are represented by j1 and j2.
Finally, the screening parameters β1 and β2 account for the
inductances of the two loops and determine the strength of
the flux-current coupling. In our device, the contribution
of magnetic flux threading the small loop can be neglected
due to the presence of a superconducting niobium shield,
which effectively reduces its area. As a result, in Eq. (3),
we can omit the term πβ2j2 and the term 2π�2/�0, where
�2 is the magnetic flux through the small loop.

Figure 3 shows the response of the device to an exter-
nally applied magnetic flux. We measured the switch-
ing current as a function of the applied flux � through
the large loop using the on-chip flux line. The result-
ing Is(�) characteristics exhibit periodic SQUID oscil-
lations with a period of one flux quantum �0. We fit-
ted the measured switching current using the system of
equations introduced above to extract the device param-
eters. The fitting procedure converges even when the
terms πβ2j2 and 2π�2/�0 of Eq. (3) are neglected, con-
firming that the niobium shield effectively screens the
small loop. The absence of flux threading the smaller
loop is a desirable feature, as it improves the linear-
ity of the device. The fitted switching current curves
at 4 and 5 K are reported in Fig. 3. The extracted
parameters are α = 0.893 ± 0.001, α3 = 0.241 ± 0.005,
and β1 = 1.909 ± 0.007 at 4 K; and α = 0.893 ± 0.001,
α3 = 0.113 ± 0.005, and β1 = 1.813 ± 0.006 at 5 K.

The large value of α confirms the asymmetry of the two
junctions in the small loop. This explains the reduced vis-
ibility of the interference pattern, which originates from
the uncertainty of nanofabrication: the critical current of
long diffusive S-N -S junctions depends exponentially on
their length [16]. The parameter α3 indicates that the criti-
cal current of the third junction is about one quarter of the
average value of the other two, suggesting that this junc-
tion is longer than expected. Its pronounced decrease with
temperature reflects the fact that longer junctions show a
stronger temperature dependence of their critical current.

(a)

(b)

FIG. 3. Switching current (Is) versus magnetic flux applied
(�). (a) Measured Is with the superimposed fitted curve of the
model obtained from Eqs. (1)–(3) at TB = 4 K. The magnetic
flux is applied by current-biasing the external flux line shown in
Figs. 1(a) and 1(b). (b) Measured Is with the superimposed fitted
curve at TB = 5 K.

Finally, the product αβ1 determines the relative shift in the
magnetic field between the positive and negative branches
of the critical current. Perfect alignment requires αβ1 � 1.
In our case, αβ1 � 1.7, resulting in a significant shift. This
accounts for the asymmetry of the I -V curves at fixed mag-
netic flux, as shown in Fig. 2. Finally, the small decrease
in β1 with temperature can be explained by a decrease in
the kinetic inductance of the niobium.

Figure 4 presents the flux-to-voltage transfer character-
istics of the Bi-SQUID, measured using low-frequency
(17 Hz) lock-in detection in a four-wire configuration.
The device is biased with a periodic ramp signal gener-
ated by an arbitrary waveform generator, sweeping from
0 to the maximum values indicated in the legend. This
ramp modulation effectively suppresses the contribution
of the retrapping current by ensuring that the voltage is
sampled only during the forward sweep, thereby isolating
the switching branch of the I -V characteristic. The result-
ing V(�) curves display sharp, symmetric shapes and a
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(a)

(b)

FIG. 4. Voltage (V) as a function of applied magnetic flux
(�) for different bias current applied (Ibias). (a) Four-wire lock-
in measurements of V versus � at TB = 4 K for different Ibias.
The device is biased with a periodic ramp signal generated by
an arbitrary waveform generator at a frequency of 17 Hz. The
ramp modulation sweeps from 0 to the maximum values indi-
cated in the legend, effectively removing the contribution of
retrapping current from the voltage measured by the lock-in
amplifier. The curves exhibit the sharp shape and highly linear
flux-to-voltage transfer function characteristic of a Bi-SQUID.
(b) Voltage-flux characteristics measured under identical con-
ditions at TB = 5 K. The transfer function maintains its sharp,
linear behavior at higher temperatures, demonstrating stable
Bi-SQUID performance across the operating temperature range.

nearly linear transfer function over a broad flux range at
TB = 4 K. A similar behavior is observed at TB = 5 K, con-
firming that the high-linearity performance of the device is
preserved in the relevant temperature range.

One of the conventional figures of merit of a SQUID
is represented by the maximum flux-to-voltage transfer
function ftM = ∂V/∂�, which is shown in the insets of
Fig. 5. We obtained values of the order of several tens of
µV/�0, which are significantly lower than those reported
for other Bi-SQUIDs in the literature [13]. This reduced
performance is primarily attributed to the low visibility
of the SQUID oscillations caused by the high asymme-
try between the two S-N -S junctions in the small loop.
This is a consequence of the physical properties of the
S-N -S junctions in the long-diffusive regime, in which

(a)

(b)

FIG. 5. Figures of merit. Numerically estimated maximum
spurious-free dynamic range linearity (LSFDR) and flux-to-
voltage transfer function (ftM ) for different temperatures, bias
currents, and input flux amplitudes. (a) Numerically estimated
maximum LSFDR, obtained from a harmonic analysis of the
experimentally measured dc flux-to-voltage characteristics, as a
function of input flux amplitude (�in) for different bias currents
at TB = 4 K. The linearity is extracted from the voltage-flux
response of the Bi-SQUID by numerically applying a sinu-
soidal flux modulation of amplitude �in to the measured transfer
characteristics from Fig. 4, then analyzing the output signal
harmonics using fast Fourier transform. The inset shows the
maximum value of ftM as a function of the bias current at
4 K. (b) Spurious-free dynamic range estimation under identi-
cal conditions at TB = 5 K. The comparable performance at both
temperatures demonstrates the robust linearity of the Bi-SQUID
flux-to-voltage conversion across the operating range. The inset
displays ftM versus bias current at 5 K.

the critical current scales exponentially with the junction
length. For this reason, even minor fabrication imperfec-
tions can generate highly asymmetric junctions. In future
work, we plan to address this limitation by symmetrizing
the critical currents of the two junctions, either by electro-
static gating (exploiting gate-controlled superconductivity)
[22–25] or by local heating of one junction using quasipar-
ticle injection [26–32].

An estimate of ftM provides an upper bound for the flux-
noise sensitivity of the S-N -S Bi-SQUID. While a direct
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measurement of the flux-noise spectrum is beyond the
scope of the present work, the voltage noise of the entire
measurement chain (including room-temperature electron-
ics), combined with the measured dc flux-to-voltage trans-
fer function, provides a conservative upper bound for
the device flux noise. Previous studies on tunnel-based
Bi-SQUIDs indicate that their output voltage noise is com-
parable to, and typically about twice as large as, that of
equivalent dc SQUIDs. This is primarily attributed to the
additional noise from the third junction and the nonlinear
flux-to-phase conversion used for linearity enhancement.
We can reasonably extend these considerations to our
proximity-based Bi-SQUID. Under this assumption, the
dominant noise source in our setup is the room-temperature
voltage preamplifier, which introduces a voltage-noise
spectral density no less than 6.5 nV/

√
Hz. This value is

roughly an order of magnitude higher than that of S-N -S dc
SQUIDs [33]. Taking the ratio of this voltage noise to ftM ,
we estimate an upper limit for our device flux-noise sen-
sitivity to be approximately 0.1 m�0/

√
Hz, which should

be regarded as an overestimate of the intrinsic Bi-SQUID
dc noise and is mainly limited by the low ftM values we
discussed previously.

To assess the linearity of the dc flux-to-voltage response
of the Bi-SQUID, we numerically evaluate the response
of the experimentally measured transfer characteristic to a
small sinusoidal flux excitation and estimate the resulting
spurious-free dynamic range (LSFDR), defined as

LSFDR = 20 log
(

A1

Aspur

)
, (4)

where A1 is the main harmonic and Aspur is the highest spu-
rious harmonic, digitally modulating the measured V(�)

curves with a sinusoidal flux input and analyzing the har-
monic distortion by the fast Fourier transform [13]. In
Fig. 5 we show that LSFDR reaches its maximum for lower
input amplitudes, as expected. The results yield linearity
values within the range of 40–60 dB. The SFDR values
we obtain are comparable to those reported for Al-Cu
S-N -S Bi-SQUIDs operating at dilution fridge tempera-
tures [13], confirming that the high linearity of proximity-
based Bi-SQUIDs is preserved at liquid helium tempera-
tures. This represents a significant practical advantage, as
liquid helium cooling is orders of magnitude more acces-
sible and cost-effective than dilution refrigeration, while
maintaining comparable device performance. However,
these figures should be considered to be upper limits. This
consideration arises from the finite sampling rate employed
in numerical estimation, which may lead to an under-
estimation of the amplitude of higher-order harmonics.
At both 4 and 5 K, the device achieves linearity values
exceeding those typical of standard dc SQUIDs, confirm-
ing the advantage of the Bi-SQUID geometry for linear
flux detection.

III. CONCLUSION

We have demonstrated a niobium-gold S-N -S Bi-
SQUID amplifier with exceptional linearity and robust
performance at liquid helium temperatures. The flux-to-
voltage transfer function remains sharp, symmetric, and
highly linear over a broad flux range, with stable operation
up to 5 K. A numerical analysis of the SFDR reveals lin-
earity exceeding 60 dB, achieved with a single Bi-SQUID
element.

This represents a significant advancement, as S-N -S
junctions enable simpler architectures while maintain-
ing high performance. These results establish S-N -S Bi-
SQUIDs as a promising proof-of-principle platform for
applications requiring high linearity, motivating future
investigations of their dynamic behavior and noise per-
formance for applied implementations including quantum
readout, precision magnetometry, and cryogenic analog-to-
digital conversion.

Future improvements could focus on symmetrizing the
critical currents of the two junctions in the small loop,
using electrostatic gating (to exploit gate-controlled super-
conductivity) or localized quasiparticle injection via a
tunnel junction. Such strategies offer a promising route
to enhanced flux visibility and noise performance, further
advancing the capabilities of proximity-based Bi-SQUID
cryogenic amplifiers.
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APPENDIX A: DEVICE NANOFABRICATION

Ti-Au wires are defined on an Si-SiO2 substrate using
electron-beam lithography (EBL) followed by thermal
evaporation. The gold is then treated with argon plasma
cleaning in the load-lock chamber of the sputtering sys-
tem. This process enables the removal of a few nanometers
of metal, resulting in a clean interface. Subsequently, the
sample is introduced into the ultrahigh-vacuum chamber
(10−9 mbar) where a 120-nm layer of niobium is deposited
via dc sputtering (150 W, 5 × 10−4 mbar). A 25-nm-thick
aluminum hard mask is then fabricated on top of the nio-
bium film using EBL and thermal evaporation. This mask
is used to create superconducting loops and junctions,
250 nm long, through reactive ion etching with a mixture of
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CF4, Ar, and O2 (10:1:1). The hard mask is finally removed
using wet aluminum etching.

APPENDIX B: CRYOGENIC ELECTRICAL
CHARACTERIZATION

The electrical measurements of the interferometer are
performed using a four-wire technique in an Oxford ICE
3 K dry cryostat. All measurement leads are filtered using
π -filters at room temperature and additional RC low-pass
filters (fc � 1 kHz) in the cryogenic stage to minimize
noise pickup from high frequencies. The cryostat main-
tains a base temperature of 2.8 K with temperature stability
better than ±10 mK during the measurements. Tempera-
ture control is provided by a Lake Shore 340 temperature
controller, which uses a calibrated Cernox thermometer
positioned near the sample stage.

Current-voltage measurements are performed by apply-
ing a current bias through a Yokogawa GS200 voltage
source in series with a bias resistor. The bias current is
determined from the voltage drop across the calibrated bias
resistor. The voltage drop across the device is measured
using an HP 34401A digital multimeter, which has been
amplified by a low-noise Femto DLPVA voltage amplifier
with a gain of 80 dB, a voltage noise spectral density of
approximately 6.5 nV/

√
Hz, and a bandwidth of 1 kHz.

The voltage-flux measurements are performed via a low-
frequency (17 Hz) lock-in technique to isolate the switch-
ing branch of the I -V characteristic. An Agilent 33220A
arbitrary wave generator generates a voltage ramp with a
17-Hz frequency applied across a bias resistor, creating a
corresponding current ramp through the device. The sub-
sequent modulation of the current ramp ranges from 0 to a
value higher than the switching current of the device, effec-
tively removing the contribution of retrapping current from
the voltage subsequently measured by an NF LI 5640 lock-
in amplifier with an integration time of 3 s. The external
magnetic flux is applied using an on-chip flux line fab-
ricated along with the Bi-SQUID structure. The flux line
current is controlled by a second Yokogawa GS200 source,
with the flux-current conversion factor calibrated from the
periodicity of the SQUID oscillations (one flux quantum
�0 per period).
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