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Noisy voltage sources can be a limiting factor for both fundamental physics experiments and device
applications in quantum information, mesoscopic circuits, magnetometry, and other fields. The best com-
mercial dc voltage sources can be programmed to approximately six digits and have intrinsic noise in
the microvolt range. On the other hand, the noise levels in metrological Josephson-junction-based volt-
age standards is subfemtovolt. Although such voltage standards can be considered “noiseless,” they are
generally not designed for continuous tuning of the output voltage nor for supplying current to a load
at cryogenic temperatures. We propose a Josephson-effect-based voltage source, as opposed to a voltage
standard, operating in the 30 — 160-V range, which can supply over 100 nA of current to loads at mK
temperatures. We describe the operating principle, the sample design, and the calibration procedure to
obtain continuous tunability. We show the current-voltage characteristics of the device, demonstrate how
the voltage can be adjusted without dc control connections to room-temperature electronics, and showcase
an experiment coupling the source to a mesoscopic load: a small Josephson junction. Finally, we char-
acterize the performance of our source by measuring the voltage noise at the load, 50 pV rms, which is
attributed to parasitic resistances in the cabling. This work establishes the use of the Josephson effect for

voltage biasing of extremely sensitive quantum devices.

DOI: 10.1103/3xvr-ryhl

I. INTRODUCTION

Low-noise voltage sources are essential for sensitive
electronics and basic science. The ultimate in voltage
accuracy and precision is provided by quantum voltage
standards based on the Josephson effect [1]. The parts-
per-billion frequency stability of microwave oscillators
combined with the ac Josephson relation, V' = (h/2e) x f,
between voltage J and frequency /', have enabled a metro-
logical definition of the volt [2]. Although Josephson
standards are excellent for calibration or reference pur-
poses [3], certain limitations have prevented their use as
tunable voltage sources for precision applications in fields
such as quantum information and mesoscopic physics.
Most Josephson standards only provide a single fixed
voltage in the range 1-10V. The programmable Joseph-
son voltage standard allows adjustment of the reference
voltage, but only in discrete steps with undefined tran-
sient voltages during changes [4]. The Josephson arbitrary
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waveform synthesizer allows fine voltage resolution but
requires complicated pulse-generation circuitry [5].

Here, we demonstrate a tunable, low-noise, metrolog-
ically accurate voltage source [6] that can operate con-
tinuously in the range 30—160 pV and which is simple to
implement as it only requires a tunable microwave gener-
ator. This voltage range is suitable for applications such as
Josephson spectroscopy [7], topological transconductance
quantization [8], dc-pumped parametric amplification and
squeezing [9,10], single microwave photon generation
[11,12], entangled beam generation [13,14], and quantum
thermodynamic engines [15].

The fundamental problem with using Shapiro steps for
a tunable voltage source is that the steps are only sta-
ble for certain values of microwave power. In a Shapiro
voltage standard, the amplitude of the microwave drive is
precisely tuned at the working frequency to maximize the
step height, thereby maintaining a stable output voltage.
Continuously changing the voltage implies changing the
working frequency; however, without simultaneous adjust-
ment of the microwave amplitude, the voltage can switch
to an arbitrary Shapiro step. By determining the optimal
amplitude at each frequency, one can maintain a stable
Shapiro step over a wide range of output voltage. This
is the basic principle of the Josephson tunable voltage
source.

Published by the American Physical Society
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FIG. 1. (a) Circuit schematic of a Josephson tunnel junction
driven by a microwave source showing locking to a Shapiro
step at voltage V = nhw/2e. Here, I. is the junction critical
current and Cj is a shunt capacitance. (b) Sketch of the current-
voltage characteristic of the junction with (black) and without
(light gray) microwave drive. When the drive amplitude is appro-
priately adjusted, Shapiro steps (thick vertical lines) appear. (c)
After calibrating for the optimal microwave amplitude-frequency
dependence A(w) that maximizes the height of the first Shapiro
step, the output voltage V' = hw/2e can be continuously tuned
without losing phase lock.

A schematic of the device is shown in Fig. 1(a). A
Josephson tunnel junction of critical current /. is capac-
itively coupled to a microwave voltage source of fre-
quency w and amplitude 4(w). The junction is shunted
by a capacitance C, which lowers the plasma frequency,
w, ~ /2el./hCy, allowing stable operation at lower volt-
ages [16]. When the drive amplitude 4 (w) is appropriately
adjusted for the working frequency w, the junction locks to
the nth Shapiro step at voltage V' = nhw/2e.

The locking process can be understood from a sketch
of the current-voltage (/V) characteristic of the Joseph-
son tunnel junction, Fig. 1(b). Without a microwave drive,
the IV characteristic (light gray) shows a supercurrent
peak of amplitude /. at zero voltage; a “subgap” region
of zero average current for 0 < |V| < V,; and the quasi-
particle branch for |V]| > V,, the superconducting gap
voltage, where one recovers the normal-state resistance
[17]. Under microwave drive, the IV characteristic shows
Shapiro steps, vertical current peaks at voltages V, =
nhw/2e (thick black lines) [18]. When operated on a
Shapiro step, the junction acts as a noiseless voltage source
that can supply currents close to the maximum of the peak,
L,(V).

Although the step position V, depends solely on the
microwave frequency and fundamental constants, the
Shapiro step height depends on the microwave power at
the junction, which varies with both the amplitude and fre-
quency of the microwave source. Attenuation and imper-
fections in the transmission lines connecting the source
to the junction, as well as an impedance mismatch at the
junction, will influence the power delivered to the junc-
tion. Due to the Josephson nonlinearity [19], the effective
junction impedance depends strongly on frequency and

drive amplitude for w S w,. At fixed frequency, the step
height oscillates with microwave power, passing through
zeros where phase locking of the voltage is not possible.
Because of the variability in coupled power with fre-
quency, it is in general impossible to stay voltage locked
while adjusting only the drive frequency. If the drive fre-
quency falls on a value where the step height is zero, the
voltage will switch to another step at different n, to the
subgap region, or to the quasiparticle branch. To prevent
unlocking, we propose a calibration procedure to deter-
mine the optimal power 4 (w) to maximize the Shapiro step
of a given order n. As shown in Fig. 1(c), by adjusting
the microwave power according to 4(w), the Shapiro step
height is maintained, and therefore the output voltage of
the source can be tuned in a stable and continuous manner.

II. IMPLEMENTATION

An image of a microfabricated device is shown in
Fig. 2(a), where the junction, capacitors, and pads have
been colorized to match the circuit schematic in Fig. 2(b).
The Josephson tunnel junction is made from aluminum
using a Dolan-bridge technique and has a gap voltage
of Vo =2A /e =400 wV. The shunt capacitor is a metal-
insulator-metal structure with aluminum oxide dielectric
and aluminum pads deposited by electron-beam evapora-
tion. The plasma frequency of the capacitively shunted

Asin wt

FIG. 2. (a) False-colored optical image of Josephson tunable
voltage source and electron micrograph of the Josephson tun-
nel junction (inset). The shunt capacitor is highlighted in orange,
and the bonding pads are highlighted in blue (dc connections)
and green (microwave bias connection). (b) Circuit schematic for
measurement of device current-voltage characteristic. An applied
dc voltage ¥ induces the current / = (V, — V)/R through the
junction. Here, ¥}, and V' are measured with differential volt-
age amplifiers, and a microwave drive is applied via the signal
generator A4 sin wt.
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junction is estimated to be @, = 6.8 GHz and the inferred
shunt capacitance is Cy & 1.3 pF, which is consistent with
the capacitor dimensions and dielectric constant. Electrical
connections for the dc source (blue) and ac drive (green)
are made via wirebonds to the indicated pads.

The device is loaded into a custom broadband
microwave sample holder designed for operation up to 40
GHz and cooled in a dilution refrigerator with a base tem-
perature of approximately 10 mK. All measurement lines
are filtered to reduce electronic noise, and the microwave
lines are attenuated to limit radiation from room tempera-
ture. The dc measurement and bias circuits are differential
to reduce common-mode noise. Details of the experimental
setup can be found in Appendix A.

Referring to the left-hand side of the schematic shown
in Fig. 2(b), to measure the current-voltage (/V) charac-
teristic, first, a voltage V; is applied to the dc bias line.
The series combination of the resistors in the filtered bias
line and a small shunt resistor » < R located at the lowest-
temperature stage of the cryostat forms a voltage divider.
The attenuated dc voltage V; < ¥y across the shunt resis-
tor is measured with a low-noise room-temperature differ-
ential amplifier. A current / flows through the Josephson
junction and two series resistors R/2. Another differential
amplifier measures the dc voltage V across the junction,
and the current / is calculated as (V, — V)/R.

The right-hand side of Fig. 2(b) depicts a microwave
drive A4 sin wt produced by a room-temperature signal gen-
erator. The microwaves are applied to the junction through
microwave cabling and on-chip capacitors. Measurement
of the IV characteristic of the junction consists of fixing
A and w, sweeping the dc bias Vj, and simultaneously
measuring ¥}, and V to calculate /.

II1. CALIBRATION

Figure 3(a) shows the IV characteristics as a function
of microwave power at a fixed drive frequency wy/2m =
20 GHz. In the absence of microwave drive, 4 = 0, there is
a single peak at zero voltage, the supercurrent peak (black
trace). The mean switching current is 600 nA, close to the
value of the current at the quasiparticle knee near the gap
voltage V, =400 LV, as expected by the Ambegaokar-
Baratoff theory [7]. There are no Shapiro steps, and the
subgap region is flat up to the gap voltage V. The bias
voltage V is swept upwards, and “switching” between the
supercurrent peak and the subgap region is deduced from
the dotted diagonal line near zero voltage. The slope of this
load line is given by 1/(R + 7).

Shapiro steps—current peaks in the subgap region—
appear for nonzero drive amplitude 4 > 0 (colored traces).
At an appropriate microwave drive strength, correspond-
ing to a critical amplitude A/l", the height of the first-order
peak at V = hwy/2e = 41.4 1V is maximal and approx-
imately 250 nA. Increasing the microwave amplitude to
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FIG. 3. (a) Current-voltage characteristics of Josephson tun-
able voltage source for different microwave drive amplitudes A
at fixed frequency wo /27 = 20 GHz. Traces are offset by 0.5 pA
for clarity. (b) Map of current as a function of microwave drive
amplitude (x axis) and voltage (y axis), showing Shapiro step
lobes. (c) Amplitudes of the supercurrent peak and first three
Shapiro current steps, as extracted from the current-voltage map
in (b), are plotted as a function of drive amplitude.
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A(wo) = Aj, the supercurrent peak (n = 0) vanishes, but
steps of higher order persist. With stronger microwave
drive, steps of higher order can be maximized, such as the
second one (A45). In this notation, at drive amplitude 4'°,
the nth current peak is at a maximum, whereas at A¢, the
nth peak is at its first nontrivial zero.

In Fig. 3(b), the IV characteristics are plotted as a two-
dimensional map over a broad range of microwave powers,
with each pixel corresponding to the maximal absolute
value of the measured current at a given bias voltage
and drive amplitude. Shapiro steps appear as dark gray
points grouped in horizontal line segments, with the con-
trast indicating the step height. The periodic, triangular
pattern is expected from the Bessel-function dependence
of step heights [16]. The IV traces of Fig. 3(a), measured
at constant power, are indicated by vertical dashed lines.

The heights of steps n = 0-3, determined by taking the
corresponding cuts of Fig. 3(b) (horizontal dashed arrows),
are plotted as a function of microwave power in Fig. 3(c).
They are fit to Bessel functions of the first kind, |J,],
for orders n = 0-3. In contrast to Fig. 3(a), here, we see
the continuous evolution of the step heights with 4(w):
the supercurrent peak decreases and reaches its first zero
(4g) while the first- and second-order peaks reach their
respective maxima at A/f and A/zc.

In principle, any of the critical points 4§ (w), A/f(a)),
or A/Z"(a)) can be used to calibrate the incident power at
the junction for frequencies w 2 w,, where the Bessel-
function dependence is valid [16]. Junctions biased at lobe
maxima, such as A/f(w) and A/zc(a)), serve as square-law
power detectors, whereas junctions biased at zeros, such as
AG(w), serve as linear detectors [20,21]. In addition to cal-
ibrating the microwave power using the Josephson effect,
photon-assisted tunneling (PAT) of quasiparticles near the
gap voltage can also be used for calibration [22].

For simplicity, we either use the first zero of the super-
current, 4j(w), or the PAT current to calibrate the power
for a frequency range spanning approximately 8—40 GHz.
Both of these techniques avoid complications arising from
the hysteretic, nonlinear shape of the junction’s IV char-
acteristic. At each frequency, we determine the power
necessary to either zero the supercurrent peak or to obtain
a reference value of the PAT current near the quasiparticle
knee. From the Bessel-function dependence of the criti-
cal point or the PAT current, we calculate the drive power
necessary to maximize the Shapiro step of a given order.
Technical details of the calibration procedure are given in
Appendix B.

IV. PERFORMANCE

To demonstrate the quality of the calibration, Fig. 4(a)
plots current-voltage characteristics with a microwave
drive at 16, 18, and 20 GHz and amplitudes Aj(w)

corresponding to the first zero of the supercurrent. Shapiro
steps up to order n = 4 are visible at multiples of volt-
ages 33.09 pV for 16 GHz drive, 37.22 pV (18 GHz),
and 41.36 pV (20 GHz), with a corresponding step spac-
ing n Xx 2GHz x h/2e ~ n x 4.14uV. As anticipated in
the schematic, Fig. 1(c), the Shapiro step height within
each order is approximately the same. A figure of merit
wu for calibration is the ratio of the residual mean switch-
ing current, which should be zero for perfect calibration,
to the maximum switching current, which is approximately
600 nA in the reference 7V without microwave drive (black
trace). The residual mean switching current for all three
frequencies in Fig. 4(a) is less than 20 nA, giving u = 3%.

Figure 4(b) shows a current-voltage map when driving
at amplitude Aj(w) over a wide frequency range. The mea-
sured average voltage is shown on the left-hand axis, the
applied microwave drive frequency is on the bottom axis,
and the maximum absolute value of the measured current is
represented by the pixel contrast. The IV plots of Fig. 4(a)
at 16, 18, and 20 GHz are indicated by color-coded dashed
vertical lines. Colored arrows along the right-hand axis
indicate Shapiro steps of order » = —3 to n = 3. Since
the microwave drive is adjusted to Aj(w), the supercur-
rent peak along the horizontal axis is virtually absent, and
the nonzero orders are easily visible, although none is
maximized.

From the current-voltage map, we numerically extract
the mean switching current of the Shapiro steps and plot
them as a function of frequency [Fig. 4(c)]. The resid-
ual supercurrent (black trace) is low, with u < 10% for
almost the entire frequency range. In addition, the height
of the first-order steps (n = £1, blue traces) is more
than 200nA, or approximately a third of the zero-drive
supercurrent, for a large range of frequencies. The Bessel-
function dependence of step heights predicts that the
first-order steps should be approximately 0.519 times the
supercurrent peak for a microwave drive Aj(w), and this
appears to be the case in the frequency range 1520 GHz,
where the peak height reaches 300 nA. The measured step
heights for the higher orders also agree with theory, as the
expected peak-height ratios 7,,/1. for n = 2 and 3 are 0.432
and 0.2, respectively, compared to 1/3 (n = £2, orange
traces) and 1/6 (n = %3, green traces) estimated from the
data.

Some of the measured variation in the peak heights
in Fig. 4(c) can be explained, such as the sharp drop
above approximately 22 GHz, which is attributed to the
deactivation of an attenuator, resulting in increased spu-
rious noise, lowering switching currents. Discrepancies
at lower frequencies may be due to weaker applicability
of the Bessel-function form for step heights in that fre-
quency range. Furthermore, microwave resonances on the
chip or in the sample box may give rise to the narrow
features superimposed on a generally smooth step-height
dependence.
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FIG. 4. (a) Current-voltage characteristics measured at opti-
mal microwave amplitude 4j(w) minimizing the supercurrent for
w/2w = 16, 18, and 20 GHz. A reference [V without microwave
drive is shown in black. Data are measured with a positive
sweep in bias voltage, resulting in smaller negative peaks. (b)
Current-voltage map measured at Aj(w) plotted as a function of
microwave drive frequency. The /V characteristics in (a) are indi-
cated by vertical dashed lines. (c) Height of Shapiro peaks of
order n extracted from (b) along the lines indicated by arrows.

To use the device as a tunable voltage source, it is crucial
that the step amplitudes do not dip toward zero anywhere
in the frequency range. Such dips will reduce the maxi-
mum possible source current and in the worst case, destroy
phase lock. A load that sinks a current greater than the step
amplitude will cause the source to switch off the Shapiro
step. With our calibration procedure, it is possible to source
at least 50 nA using any order over almost the entire fre-
quency range, with the only exception being a narrow
region near 10 GHz at n = —3.

V. STABILITY

Next, we consider the possibility of voltage locking
without dc bias. Shapiro steps that cross at zero current—as
shown in the sketch in Fig. 1(b) and demonstrated in the
1V characteristic in Fig. 4(a)—may occur in underdamped
Josephson junctions [23] and are used in zero-bias volt-
age standards [16,24]. A nonzero voltage-locked state is
stable even in the absence of a bias current, and a volt-
age nhw/2e for |n| > 1 can spontaneously develop across
a microwave-driven junction.

In Fig. 5, we show how the dc voltage on our junction
can spontaneously lock to the drive frequency without any
dc bias and then remain locked as the voltage is tuned con-
tinuously over a large range. For this purpose, we use a
cryogenic switch to disconnect the dc bias Vp, shunt resis-
tor 7, and voltage probe ¥}, on the left-hand side of Fig. 2,
breaking the current loop and forcing / = 0 (more details
are given in Appendix A and Fig. 7); however, the junc-
tion voltage ¥ can still be measured with dc connections to
the voltage amplifier. To spontaneously switch to a Shapiro
step, the phase must first unlock from the supercurrent
branch at n = 0. To do so, the amplitude is ramped to the
calibration point Aj(w), where the effective supercurrent
is zero. At this point, as a result of fluctuations, the volt-
age jumps to a Shapiro step of order n, which is typically
+1. We then set the power to the calibration value A/n‘ (w),
which maximizes phase stability, subsequently adjusting it
in tandem with the frequency.

We ramp the frequency up and down while locked to
the first, n = 1, or second Shapiro step, n = 2, for a total
duration of 100 min (n = 1) or 9 s (n = 2). The curve is
continuous, and the voltage does not switch to zero or to
another step.

VI. NOISE

To use the Josephson source in an experiment requir-
ing a noiseless, tunable dc voltage, the device under test
(DUT) should be connected to the source via a low-
resistance, high-inductance interconnect, as shown in the
circuit Fig. 6(a). Any parasitic resistance 7, between the
source and the DUT should be as small as possible to
limit thermal noise. The inductance L serves as an rf
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FIG. 5.

After switching to the first Shapiro step (blue), the frequency is modulated in the range 1040 GHz with a triangular wave-

form having a period of 9.17 s (bottom time scale). The power is adjusted according to the calibration to maintain the step amplitude.
The measured junction voltage is continuous and follows the Josephson relation V' = fiw/2e without switching to other steps over a
total time of 100 min. In orange, the junction is locked to the second-order step at V' = 2hw/2e, the sweep period is 1.036 s, and the
measurement duration is approximately 9 s (top time scale). The biasing circuit is disconnected with a cryogenic switch during the

measurement (see main text).

choke, blocking the microwave drive at w, as well as
harmonics nw, generated by the source. Ideally, the inter-
connection between the source and the DUT should be
designed to avoid resonances at frequencies in the desired
voltage range. The source and DUT can be located in the
same enclosure, taking care to avoid microwave leakage
between the source and DUT compartments, or in separate
sample boxes.

As a proof-of-concept demonstration, we connect the
source to a DUT, which is itself a small Josephson tunnel
junction of critical current I, ~ 140nA ~ 1./6 [Fig. 6(a)].
The source and DUT are located in separate enclosures and
connected by a superconducting twisted-pair cable (Fig. 7).
Due to the ac Josephson effect, this “emitter” DUT con-
verts the dc voltage from the source to a microwave signal.
We couple the emitter via its on-chip capacitors to a cryo-
genic amplifier (see Fig. 8) and measure this signal using
a microwave spectrum analyzer. Since the measured signal
linewidth is proportional to the dc voltage noise at the emit-
ter, we can characterize the residual voltage noise of our
setup. The Josephson emission linewidth has been directly
measured in this fashion for both large [25] and small junc-
tions [26,27] biased with a conventional, noisy, dc voltage
source. Effectively, the source junction down-converts a
microwave drive to a dc voltage, which is then transmit-
ted via low-frequency wiring to the emitter junction, which
then up-converts the dc back to a microwave signal.

The microwave drive frequency is wy/27 = 7.69 GHz,
and the amplitude has been chosen to maximize the step
of order n = 2. The source junction is dc biased on the
second Shapiro step at V>, = 2hwy/2e. This allows differ-
entiating the emitter Josephson frequency 2w, from the
drive frequency wy of the source junction. Although the
second harmonic of the microwave drive generated by
the Josephson nonlinearity of the source junction is also
at 2wy = 15.38 GHz, it is heavily attenuated by the cable
connecting the source to emitter. This ensures that we mea-
sure the microwave signal resulting from down-conversion
to dc and subsequent up-conversion by the emitter instead
of direct frequency doubling by the source. We confirm

that there is no harmonic leakage by checking that the
microwave power output of the emitter at 2w, is indepen-
dent of the power incident on the source junction, provided
that the source junction is locked on the second Shapiro
step. A direct frequency-doubling process by the source
junction would yield a Bessel-function dependence of the
power detected at 2w,, whereas up-conversion from dc
by the emitter yields a microwave current of amplitude
bounded by /., independent of the incident power.

Figure 6(b) shows the spectrum measured at the
cryostat base temperature. The full-width at half maxi-
mum (FWHM) of the Lorentzian peak is 37 kHz. The
linewidth broadening, relative to that of the microwave
source, can be explained by a small resistance 7,
between the source and the emitter, indicated in the
schematic of Fig. 6(a). The peak position w,,/27 =
(15.380012 60 % 0.000 000 02) GHz is detuned from 2w,
by Aw = 2wy — w,, ~ 2w x 12.6 kHz. This detuning can
result from a parasitic dc current i, flowing through
the resistance r,, which gives a voltage drop i,r, =
hAw/2e =V, — V5. The origin of this dc current is likely
to be inelastic Cooper-pair tunneling [28,29], in which the
microwave power generated by the emitter and absorbed
in its environment is balanced by the dc power supplied by
the source.

We obtain r, ~ 20 — 30 mS2 using three different meth-
ods: equating r, with the known contact resistance of the
connectors (30 m2); using r, = hAw/2ei, with i, esti-
mated as the inelastic Cooper-pair current arising from a
50-£2 microwave environment (20 m§2); and extracting 7,
from the slope of the detuned voltage 7, as a function of a
current bias applied to the source (24 mS2).

With zero series resistance between the source and
the emitter, we would expect a much narrower linewidth
than the measured value, 37 kHz. The emission linewidth
is broadened by thermal fluctuations in the resistor r,,
which have a voltage-noise density 4kzTr,, where kp is
Boltzmann’s constant and 7 is the electronic tempera-
ture. For a Lorentzian lineshape, the expected FWHM is
AmkpTr,(2e/ h)?, assuming a rectangular power spectrum
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(a) Va Va
DUT

Source

(b)

2004

0 ;
15.3798 15.3800
Emitted frequency (GHz)

15.3802

FIG. 6. (a) A small Josephson junction (critical current /, <
1.), serving as a device under test (DUT, right), is coupled to
the Josephson voltage source via a superconducting twisted-pair
cable of inductance L and small parasitic resistance r,. The
source and DUT are located in separate sample boxes (Fig. 7).
A microwave drive of frequency wy /27 = 7.690 GHz is applied
to switch the junction to the second Shapiro step at voltage
Vy = 2hwy/2e = 31.80 wV. The dc voltage at the DUT, vy~
V,, is converted by the Josephson effect to a microwave sig-
nal of frequency w,, ~ 2wy, which is measured with a spectrum
analyzer (symbol P) after amplification (not shown, see Fig. §).
(b) The power spectrum shows a narrow peak at w,, /27w =
(15.380012 60 % 0.000 000 02) GHz with a FWHM linewidth of
37 kHz (red fit).

for the noise [26,30]. This result is independent of the cut-
off frequency, which could be thermal, kg T/ A, or given by
1/r, C for sufficiently large r,C, where C is the effective
capacitance of the cables and wiring in parallel with the
emitter junction.

Using r, = 25m¢2, the emission linewidth is compati-
ble with a reasonable electronic temperature, 7 = 36 mK.
Reducing the linewidth to sub-kHz levels would require
care to eliminate parasitic resistance between the source
and the DUT. Every milliohm of resistance at a low
electronic temperature of 25 mK contributes 1 kHz to
the linewidth. When the source and the DUT are sep-
arated by superconducting wires, the resistance of con-
nector pins, which dominates in this case, as well as
solder and printed-circuit-trace resistances must be min-
imized. Despite the inadvertent parasitic resistance, the
measured frequency precision is 2.4ppm. The inferred

low-frequency voltage-noise density at the emitter junction
is approximately 220 fV/+/Hz, and the total rms voltage
noise is less than 50 pV.

VII. CONCLUSION

We have demonstrated a tunable, low-noise voltage
source based on the ac Josephson effect, operating in the
range 30—-160uV and capable of delivering 100 nA of
current, making it well suited to loads in the k2 range.
The calibration procedure optimizes stability of the voltage
output across a wide frequency range, and the source main-
tains phase lock without an applied dc bias for an indefinite
period. One can connect to the voltage source with low-
frequency superconducting wires or interconnects, taking
care to minimize parasitic resistances, but it is not neces-
sary to have the source and the load in the same enclosure.
In practice, the dc connection used to monitor the output
voltage can be eliminated given the metrological relation-
ship of source voltage to microwave drive frequency. In
addition to continuous tunability, the source has low noise
and metrological accuracy.

Future work could extend the upper voltage limit,
possibly using series arrays of Josephson junctions or
employing different junction materials such as niobium.
To achieve lower operating voltages, one would need to
increase the shunt capacitance, which reduces the plasma
frequency and lowers the minimum voltage for stable
Shapiro steps [16]. A more complex microwave drive, such
as biharmonic or pulsed, could allow deterministic switch-
ing to specific Shapiro steps. The current range could be
extended using larger junctions or parallel arrays.

Our proof-of-concept experiment coupling the source
to a small Josephson junction demonstrates the possibility
of integrating ultralow-noise, tunable, cryogenic dc volt-
age bias into devices for quantum information, quantum
sensing, and mesoscopic physics. Specific applications
include microwave photon emitters [13,26], Josephson
spectroscopy [7,31], de-pumped parametric amplification
[10,32,33], and qubit stabilization [34].
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openly available [35].

APPENDIX A: EXPERIMENTAL DETAILS

The experiments were conducted in a Bluefors LD250
dilution refrigerator with a base temperature below 10 mK.
A photograph and a complete simplified circuit can be
found in Fig. 7.

The source IV characteristics are obtained by sweeping
V, with the double-pole, double-throw (DPDT) electrome-
chanical switch Sw closed (KEMET EC2-12SNU) [36].
The voltage V is measured, and the current / is calculated
using [ = (V' — V3)/R, where R = 80 €2 is the sum of two
series thin-film resistors. Thermal and instrument noise is
filtered as shown in Fig. 8, where the colors match those in
Fig. 7(b).

FIG. 7. (a) Photograph of the source (right) and DUT (left) in
their magnetically shielded sample holders attached to the dilu-
tion refrigerator. The source, the DUT, and a biasing circuit box
(not visible) are connected to each other by NbTi twisted pairs
terminated by LEMO.00.302 connectors (not visible). Some ele-
ments appear on the photograph that are not related to the
experiment described in this article. (b) Schematic of the source
(orange) connected to the emitter (purple) with biasing circuit
(green) via NbTi twisted pairs (brown). Details of ac bias (gold)
and measured ac power (pink) are available in Fig. 8, as well as
details of dc supply (blue) and differential measurement of V, and
V (probe points indicated by circles 4* and B*). The DPDT elec-
tromechanical relay (Sw) allows the supply to be disconnected
and the current shunt to be broken.

(a) O Vo
300K 15003 58F 31500
._“_‘
1k
50K { 1x0F 10F 2k Jour $1 1088 1o ,p §108
——] —— ——
1kQ
41K S B SN 523 jguF 350 10023 | ; 100
——] —— ——
1k
1K 1k0s 1nF 21k LonF 10022 |, p 31009
——] —— ——
1k
100 mK k0 1nF 3iko 298 jguF 329 10023 p 100 ©
——] —— ——
1022
N P 10F 1gup $10 1000F 1. F1000
10mK
(b)
L
300K
4K -t
100mK ----+
NbTi
10mK 0dB
Source ¢ DUT
FIG. 8. Details of the cryostat wiring: (a) the dc wiring com-

prises twisted pairs equipped with filtering RC circuits thermally
anchored at all temperature stages of the cryostat; (b) the ac
wiring uses standard copper coaxial cables with 2.92 mm con-
nectors, except NbTi between 10 mK and 4 K and silver-plated
BeCu from 4 K to room temperature. The 1- and 50-K stages are
bypassed in ac.

All connections are made with balanced, differential
twisted pairs. The 20-Q bias resistor » has a large vol-
ume to thermalize electrons. A room-temperature floating
voltage source supplies a voltage V, which is attenuated
(~1/25000) and RC filtered to produce the bias voltage V5.
Both V, and V' are measured using low-noise differential
preamplifiers (NF LI-75).

During zero-bias operation, the supply can be dis-
connected by toggling Sw using a 0.3V, 0.1 s long
pulse delivered via a superconducting twisted pair (not
depicted). A bypass capacitor, together with resistors R,
filters unwanted transients.

The bias, source, and emitter are interconnected by NbTi
twisted pairs about 30-cm long, providing inductance to
attenuate high frequencies while having zero dc resistance.
The residual parasitic resistance r,, discussed in the main
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text is attributed to the pins of the connectors in the cable
between the source and the DUT (LEMO 0.5 mm pins).

On the ac end of the source, the microwave drive
is applied via coaxial cables with distributed attenuators
totaling 23 dB. The 2—40-GHz hybrid coupler adds 3 dB
attenuation but terminates the sample with a 50-Q load
at 10 mK while dumping low-frequency noise to another
50-€2 load.

On the ac end of the emitter, the spectrum is mea-
sured with a signal analyzer (Rohde&Schwarz FSVA30)
after cryogenic (LNF LNC4_16C) and room-temperature
(Mini-Circuits ZVA-183-S+) amplification. Two “0-dB”
XMA attenuators help with cable thermalization. No other
filtering is used.

The sample is mounted on a printed circuit board (PCB)
covered by a copper lid used as a mechanical and thermal
anchor to the mixing chamber of the cryostat [Fig. 9]. To
minimize the effect of electromagnetic cavity resonances,
the sample box is designed to be small, and an Eccosorb
absorber is affixed to the lid. Filtering capacitors are added
to damp electrical modes in wirebonds and the PCB. The
sample is magnetically shielded by the combination of
an inner aluminum cylinder and an outer cylinder made
of Cryophy, a high-magnetic-permeability material that
is compatible with low temperatures. The PCB includes
sockets for a differential dc connector (LEMO 00.302) and
a microwave connector (2.92 mm).

10 nF 100 nF

FIG. 9. (a)Photo of the sample holder used for both the source
and the emitter. Sample holders are housed in cylindrical shields
visible in Fig. 7(a). (b) Drawing of the PCB and wirebonds to
the source sample, with 100-nF silicon and 10-nF ceramic filter-
ing capacitors. (c) Close-up photo of the sample wirebonded to
the 2.92-mm PCB launch and the 100-nF silicon filtering capac-
itor. Wirebonds to dc pads are partially visible. (d) Electrical
schematic of the source chip and PCB. The emitter schematic
is identical, but the 1.35-pF on-chip shunt capacitor C; is absent.
The inductors represent Al wirebonds, and the resistors repre-
sent the nonsuperconducting elements, including cable connector
(brown), socket, and PCB tracks, which comprise the parasitic
resistance 7).

The Dolan-type aluminum Josephson junction, shunt
capacitor, and microwave coupling capacitor are fabricated
using optical lithography and electron-beam evaporation.
The bottom electrodes of the capacitors are deposited in
the same step as the junction, followed by alumina evap-
oration constituting the first 30 nm of the insulators. The
rest of the alumina insulation (60 nm) and the top elec-
trodes (aluminum, 200 nm) are deposited after a second
round of lithography. Electrical connection to the junction
at the bottom-electrode level is made via wirebonds that
break through the insulating layers.

APPENDIX B: CALIBRATION

In the main text, we discuss two methods for calibrat-
ing the microwave power, i.e., obtaining values A;f(a))
of the drive amplitude that maximize a given nth-order
Shapiro step at different frequencies. Calibrating at discrete
values w; separated by 10 to 100 MHz is sufficient, and
intermediate frequencies can be obtained by interpolation.

The photon-assisted tunneling (PAT) method consists
in choosing a reference PAT current /* and finding the
microwave drive amplitude A*(w;) at which this PAT cur-
rent is obtained for a given frequency w;. In practice,
we bias the junction around a voltage V just below the
superconducting gap, set a microwave frequency w; and
amplitude 4, and modulate it at a low rate / (typically
10-100 Hz). Then, we proceed to a lock-in measurement
of the current / at frequency f. This enables measure-
ment of low PAT currents, where / o< 4. With such a
linear relationship, it is straightforward to implement a
software feedback loop that converges to the value A* cor-
responding to the reference PAT current /*. Calibration
data A;f (w;) are obtained by correcting values 4*(w;) by
a constant factor that depends on chosen step » and refer-
ence PAT current /*. A limitation of this method is that V
should be adjusted with @ because the PAT current has a
stepped distribution that shifts with drive frequency. Fur-
thermore, it is difficult to reliably set V' at lower drive
frequencies because of the hysteresis in the /} character-
istic near the superconducting gap; however, because the
PAT current is monotonic with A4, it is a reliable method
for moderate-accuracy calibration.

A more accurate calibration method uses the suppres-
sion of the supercurrent /y with drive power. The approxi-
mate position of the first zero of 7y = 1.Jy(A4) is determined
using the PAT calibration method. For each drive fre-
quency w;, the amplitude A4 is swept around the position
of the predicted zero. We record the amplitude A§(w;)
at which the junction switches to nonzero voltage. This
constitutes the calibrated reference from which, using the
properties of Bessel functions, we calculate A:f(a)i), the
amplitude that maximizes the Shapiro peak of order n.
Experimentally, the supercurrent suppression is detected
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by measuring ¥ while applying (via V3) a small bias cur-
rent [ = I, < I.: when supercurrent is reduced to Iy < I,
the junction switches from zero-voltage to a finite voltage
RI,. Here, I, is chosen to be as small as permitted by the
signal-to-noise ratio of V.
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