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Digital Coherent Control of a Superconducting Qubit
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High-fidelity gate operations are essential to the realization of a fault-tolerant quantum computer. In
addition, the physical resources required to implement gates must scale efficiently with system size. A
longstanding goal of the superconducting qubit community is the tight integration of a superconducting
quantum circuit with a proximal classical cryogenic control system. Here we implement coherent control
of a superconducting transmon qubit using a single-flux quantum (SFQ) pulse driver cofabricated on the
qubit chip. The pulse driver delivers trains of quantized flux pulses to the qubit through a weak capacitive
coupling; coherent rotations of the qubit state are realized when the pulse-to-pulse timing is matched to a
multiple of the qubit oscillation period. We measure the fidelity of SFQ-based gates to be approximately
95% using interleaved randomized benchmarking. Gate fidelities are limited by quasiparticle generation in
the dissipative SF(Q) driver. We characterize the dissipative and dispersive contributions of the quasiparticle
admittance and discuss mitigation strategies to suppress quasiparticle poisoning. These results open the
door to integration of large-scale superconducting qubit arrays with SF(Q) control elements for low-latency

feedback and stabilization.
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L INTRODUCTION

Josephson qubits are a promising candidate for the con-
struction of a large-scale quantum processor [1-3]. Gate
and measurement fidelities have surpassed the threshold
for fault-tolerant operations in the two-dimensional sur-
face code [4.5], and the successful demonstration of small
repetition codes [6,7] provides a direct validation of the
fidelity of the quantum hardware and control and measure-
ment elements that will be needed for a first demonstration
of error-protected logical qubits. Current approaches to the
control of superconducting qubits rely on the application
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of pulsed microwave signals, with demonstrated single-
qubit gate fidelities beyond 99.9% [5,8]. The generation
and routing of these control pulses involve a substantial
experimental overhead in the form of room-temperature
and cryogenic electronics hardware. This includes, but
is not limited to, coherent microwave sources, arbitrary
waveform generators, quadrature mixers, and amplifiers,
as well as coaxial lines and signal conditioning elements
required to transmit these signals into the low-temperature
experimental environment.

While brute-force scaling of current technology may
work for moderate-sized superconducting qubit arrays
comprising hundreds of devices, the control of large-scale
systems of thousands or more qubits will require funda-
mentally new approaches. An attractive candidate for the
control of large-scale qubit arrays is the single flux quan-
tum (SFQ) digital logic family [9]. In SFQ digital logic,
classical bits of information are encoded in fluxons, prop-
agating voltage pulses that are typically approximately 1
mV in amplitude and of order 2 ps in duration whose time
integral is precisely quantized to h/2e = ®, the supercon-
ducting flux quantum. Here, the presence (absence) of a
quantized flux pulse across a Josephson junction (JJ) in
the SF() circuit during a given clock cycle constitutes the
classical bit “1” (*0"). There have been prior attempts to
integrate SFQ digital logic with superconducting qubits
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[10-12], with some notable recent successes in the area
of qubit measurement [13]. The work presented here is
motivated by a previous study, which showed that reso-
nant trains of SFQ pulses can be used to induce high-
fidelity qubit rotations, with gate fidelity limited by leakage
errors [14]. Subsequent work based on optimal control
theory provided a proof-of-principle demonstration that
leakage errors can be suppressed significantly by clocking
control bits at a higher frequency and allowing variation in
the pulse-to-pulse timing intervals [15].

In this paper, we describe the arbitrary coherent con-
trol of a superconducting transmon qubit driven by SFQ
pulses. The SFQ pulses are generated by a de-SFQ con-
verter [9] cofabricated on the same chip as the qubit. The
basic scheme of the experiment is shown in Figs. 1(a)
and 1(b). The SFQ driver circuit is biased with a dc current
and an external microwave tone is applied to the trigger
port of the driver. When the trigger tone exceeds a certain
threshold, SFQ pulses are generated and coupled capac-
itively to the qubit. Each pulse transfers a small amount
of energy to the qubit and thus induces an incremental
rotation on the Bloch sphere [14]

2
50 = C(cbo‘/%, (1)

where C, is the coupling capacitance between the SFQ
driver and qubit, C is the qubit self-capacitance, and g is
the qubit fundamental transition frequency [see Fig. 1(c)].
The qubit state vector then precesses about the z axis of the
Bloch sphere at @, as viewed in the lab frame. When the
pulse-to-pulse spacing is matched to an integer multiple
of the qubit precession period, the state vector undergoes
a coherent rotation on the Bloch sphere about a control
vector whose direction is determined by the relative tim-
ing of the pulse sequence. In Fig. 1(d) we show simulated
SFQ-induced Rabi oscillations for SFQ pulse trains res-
onant with @, as well as subharmonics w,,/2 and w,q/3;
here, for the purposes of display we assume a large, nonop-
timal, per-pulse rotation §6 = m/10. A related idea for
selective excitation was pursued by some early practition-
ers of nuclear magnetic resonance, who termed the pulse
sequence DANTE (delays alternating with nutations for
tailored excitation), as the terraced trajectory of the state
vector on the Bloch sphere recalls the multilevel structure
of the Inferno [16,17].

This paper is organized as follows. In Sec. II, we
describe the cofabrication of the SFQ pulse driver and
transmon qubit on a single chip and discuss separate char-
acterization of the driver and qubit circuits. In Sec. III,
we discuss implementation of an orthogonal gate set
using SFQ pulses and present the results of gate char-
acterization using interleaved randomized benchmarking
(RB) [18]; the achieved gate fidelities J ~ 95% are lim-
ited by quasiparticle (QP) poisoning of the qubit induced
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FIG. 1. Coherent control of a qubit using SFQ pulses. (a) A
phase slip across a JJ induces a voltage pulse with the time
integral precisely quantized to h/2e = ®g == 2.07 mV x ps, the
superconducting flux quantum. For typical parameters, pulse
amplitudes are of order | mV and pulse durations are of order 2
ps. (b) Block diagram of the experiment. An external microwave
tone with frequency wy is used to trigger a de-SFQ converter,
which generates a train of pulses with interpulse timing of
21 /wy; the resulting pulse train is coupled capacitively to a trans-
mon qubit. (c) Trajectory of the qubit state vector on the Bloch
sphere due to a resonant train of SFQ pulses. Each SFQ pulse
induces an incremental rotation; the green parallels represent free
precession of the qubit in between SFQ pulses. (d) Simulated
qubit Rabi oscillations for SFQ drive at various subharmonics
of the qubit transition frequency wp. Discrete steps in excited-
state population P (f) are induced by the arrival of single SFQ
pulses; in between pulses, the qubit undergoes free precession
with no change in Py(f). In (c) and (d), a large, nonoptimal value
of 86 = m /10 is chosen for the purpose of display.

by operation of the dissipative SFQ pulse driver. In
Sec. IV, we discuss experiments to characterize the real
and imaginary parts of the QP admittance seen by the qubit
and explore the dynamics of QP generation and relaxation
in the circuit. Finally, in Sec. V we discuss straightforward
improvements that should provide a significant suppres-
sion of QP poisoning in next-generation systems, and we
comment on the prospects for high-fidelity control of a
large-scale multiqubit circuit using a proximal SF(Q-based
pulse programmer.

1. THE QUANTUM-CLASSICAL HYBRID
CIRCUIT

The experiment involves a transmon qubit cofabri-
cated with an SFQ driver circuit on a high-resistivity
Si(100) substrate. In Fig. 2(a) we show a micrograph of
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the completed circuit, and in Fig. 2(b) we present the
circuit diagram. The transmon qubit [blue in Figs. 2(a)
and 2(b)] includes a flux-tunable compound JJ with asym-
metry of approximately 2:1 [19]. For the experiments
described here, the qubit is tuned to its upper flux-
insensitive sweet spot with fundamental transition fre-
quency of wyg/2m = 4.958 GHz; the qubit anharmonic-
ity is a/2m ~ —220 MHz. The qubit is independently
addressable with either shaped microwave tones or SFQ
pulses and is measured via standard heterodyne detection
through a A /4 coplanar waveguide (CPW) resonator (yel-
low) with a resonance frequency of 6.15 GHz, decay rate
k¥ = (500 ns)~', and resonator-qubit coupling of g/2m ~
100 MHz. The SFQ driver circuit [green in Figs. 2(a)
and 2(b)] is based on a standard dc-SF(Q converter [9].
The output of the driver is coupled via a single-cell Joseph-
son transmission line to a short superconducting microstrip
with characteristic impedance approximately 1 £2; the
microstrip is terminated in a coupling capacitance C, [red
in Figs. 2(a) and 2(b)], which delivers SF(Q pulses to the
qubit. The SFQ driver circuit is biased with a dc current
I, (green) and an external microwave trigger tone at fre-
quency wy (purple); a properly biased circuit will output a
single SFQ pulse for each cycle of the trigger waveform.
We summarize the key fabrication steps used to realize
the hybrid circuit below, with further detail included in
Appendix A.

(a) ®) Fabricated chip
100 um Quantum
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A. Device fabrication

The qubit capacitor, CPW readout resonator, and sur-
rounding microwave ground plane are realized in a 180-
nm-thick Nb film grown by dc magnetron sputtering. The
dielectric materials required for the multilayer stack are
deposited using plasma-enhanced chemical vapor deposi-
tion (PECVD). The SFQ driver circuit incorporates three
superconducting Nb layers, two insulating SiO, layers,
one normal metal Pd layer, and four Nb/Al-AlO,-Al/Nb
JJs with critical current density J. ~ | kA/cm® and areas
{3,4,4,5.5) um®. The SFQ driver JJs are shunted by thin-
film Pd resistors formed by electron-beam evaporation and
liftoff. In areas where good metallic contact is required
between wiring layers, an in situ Ar ion mill cleaning step
is used to remove native NbO, prior to metal deposition.
Figure 2(c) shows a cross-section SEM image of the layer
stack in the vicinity of the SFQ) driver obtained following
a focused ion-beam mill through the circuit. Here, the Nb
layers are false colored in blue, the SiO, dielectric layers
are colored brown, and the Pd shunt resistor is shown in
red. A black x marks the location of a Nb/Al-AlO,-Al/Nb
junction interface.

Throughout fabrication of the multilayer SF(Q driver, a
blanket layer of Si0, is used to protect the areas where the
readout resonator and qubit capacitor and junctions will be
formed. Following completion of the SFQ driver circuit,
this dielectric protection layer is removed and the quantum

(€) Pd shunt resistor NE/AI-AID,-AI/Nb JJ

SI0, wiring dielectric

100
t ()

FIG. 2. Overview of the quantum-classical hybrid circuit. {a) False-color optical micrograph of the SFQ driver circuit (green) with
capacitive coupling (red) to the superconducting transmon qubit (blue). The qubit is coupled to the voltage antinode of a A /4 coplanar
waveguide resonator (yellow) and is biased by a dc flux line (blue). The SFQ driver is triggered by a microwave tone delivered via
a Z =50 Q CPW transmission line (purple). The distance between the SFQ driver and qubit is approximately 3.5 mm. (b) Circuit
diagram for the device of (a). Each JJ in the classical circuit is shunted by a thin-film Pd resistor (not shown). (c) False-color cross-
section SEM micrograph showing layer stack in the vicinity of a Nb/Al-AlO,-Al/Nb 1J of the SFQ driver. The Nb wiring layers (blue)
are separated by SiO, dielectric layers (brown); the driver junctions are formed in vias in the dielectric layer separating the second
and third Nb metal layers. Pd resistors (red) shunt the junctions of the driver circuit. (d),(e) Conventional microwave-based charac-
terization of qubit energy relaxation (d) and dephasing (e) with extracted characteristic times 7j = 23.6(6) us and 75 = 24.4(8) us,
respectively.
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circuit is pattemed and etched. Formation of the qubit
junctions is the final step of the process. The transmon
junction electrodes are defined using electron-beam lithog-
raphy with a standard MMA and PMMA resist bilayer.
The qubit junctions are grown via double-angle Al evap-
oration with a controlled in sifu oxidation between the two

deposition steps.

B. Experimental setup

The device is wirebonded in an SMA-connectorized Al
package and loaded on the experimental stage of a dilu-
tion refrigerator. Low-bandwidth coaxial cabling is used
for the current bias I of the SFQ driver and the flux bias
Iy of the transmon qubit. These signals are generated by
isolated low-noise sources conditioned by several layers
of low-pass filtering at the 4 K and millikelvin stages.
Microwave pulses for control and readout are derived by
single-sideband mixing of local oscillator (LO) tones with
intermediate frequency (IF) signals generated by dual-
channel 1 GS/s arbitrary waveform generators. These high-
frequency signals are attenuated and conditioned at various
stages of the measurement cryostat. A full wiring diagram
of the experimental setup can be found in Appendix B.

Prior to investigation of SF()-based gates, the trans-
mon qubit and SFQ pulse driver are characterized sepa-
rately. The qubit is flux tuned to its upper sweet spot to
reduce susceptibility to flux noise [19]. Microwave excita-
tion pulses are coupled to the qubit via off-resonant drive
through the readout resonator. Standard inversion recov-
ery and Ramsey sequences are used to determine the qubit
energy relaxation and dephasing times T and T3, respec-
tively; data from these experiments are shown in Figs. 2(d)
and 2(e). We find relaxation times in excess of 20 us.
These times are compatible with relaxation times that
are achieved in planar transmon qubits fabricated using

(@) (b)
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a single double-angle evaporation step that avoids lossy
dielectrics [2].

Bringup of the SFQ driver circuit involves measurement
of the device /V-characteristic curves. In the absence of
applied microwave drive at the trigger input, the critical
current /. of the device is around 130 pA. Proper opera-
tion of the SFQ driver is determined by biasing /; near the
critical current and applying microwave drive to the trig-
ger input. For appropriate drive amplitude, the application
of an oscillatory tone at frequency wy induces a Shapiro
step in the driver /¥ curve at voltage ®gwy/2m [20].

II1. SFQ PULSES FOR QUBIT CONTROL

Following establishment of coarse operating points for
the qubit and SFQ driver, the qubit itself is used to fine
tune SF()-based gate operations. We apply a microwave
tone at a subharmonic of the qubit frequency wy = wyo/n,
where n € {2,3,4, ...}, to the driver trigger input for vary-
ing times and sweep the converter bias Ip 5 I, while
monitoring the state of the qubit [Fig. 3(a)]. In this device,
subharmonic drive is essential in order to circumvent direct
microwave crosstalk from the trigger line to the qubit.
For a broad range of driver bias current, the qubit Rabi
frequency is approximately independent of driver bias.
Similarly, the Rabi frequency is independent of microwave
trigger drive power over a broad range (not shown); this is
expected, as the SFQ driver acts as a threshold compara-
tor generating a single SFQ pulse per period of the trigger
waveform. From this measurement, we select the optimal
current bias and microwave trigger power to produce clear
qubit Rabi oscillations.

At this point, we use SF(QQ pulse trains to perform con-
ventional qubit characterization. In Fig. 3(b) we show the
results of a SFQ-based Rabi experiment where the SFQ
pulse frequency is swept over a narrow interval in the
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FIG.3. Basic qubit operations driven by SFQ pulses. (a) SFQ-based Rabi oscillations as a function of bias current /3 to the SFQ) driver
circuit. Here, wy = w)g/3 = 1.65 GHz. (b) Rabi chevron experiment and (c) Ramsey fringe experiment where the SFQ pulse frequency

wy is varied slightly in the vicinity of wyg/3. (d) Time trace of a SFQ-based Rabi flop obtained with a pulse rate ap/41 =

120.90

MHz. Inset: An enlargement of the discrete steps in P (f) occurring every 8.3 ns, the SFQ pulse-to-pulse timing interval.
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vicinity of @ /3 to produce the familiar “chevron”™ inter-
ference pattern. From the data we determine the length
of SFQ-based m/2 and m gates, which we denote as
Xspg/2 and Xgpg, respectively. For n = 3, the duration
of the Xgpq/2 (Xspg) gate is 14 (28) ns, corresponding
to 23 (46) discrete SF(QQ pulses. From the measured Rabi
frequency and Eq. (1) we determine the coupling capaci-
tance C. = 400 aF between the driver and qubit circuits.
Once the Xspq/2 gate is defined, we perform a Ramsey
interferometry experiment [Fig. 3(c)]: we obtain familiar
interference fringes oscillating with a frequency corre-
sponding to three times the detuning of the SFQ pulse train
from w,y/3.

By triggering the SFQ driver at a much lower frequency
and delivering a dilute SFQ pulse train to the qubit, we can
map out the terraced trajectory of the qubit state vector on
the Bloch sphere evoked by the name of the DANTE pulse
sequence. In Fig. 3(d) we show data from a qubit Rabi flop
obtained with an SF() pulse train triggered at a deep sub-
harmonic @y = wyp/41. The discrete steps induced by the
individual SFQ pulses are evident and emphasized in the
figure inset.

Any complete qubit control scheme requires rota-
tions about orthogonal axes. In the case of conventional
microwave-based qubit control, the direction of the rota-
tion is set by the phase of the pulse. For SFQ-based control,
the relative timing of two resonant SF(Q) pulse trains deter-
mines the directions of the corresponding control vectors
in the equatorial plane of the Bloch sphere. We first con-
sider the case of resonant drive at the qubit fundamental
frequency. We arbitrarily choose the relative timing of one
sequence to correspond to the Xspg rotation. For a second
resonant pulse sequence that is shifted in time by t with
respect to the first, the qubit sees a control vector that is
rotated by an angle ¢ = wpT in the equatorial plane. For
example, the pulse train for the Yspq gate is shifted by an
amount T = 7 /2wy (one quarter of an oscillation period)
with respect to that of the Xgp, gate; see Fig. 4(a). In prac-
tice, the relative timing between pulse trains 1 is controlled
by adjusting the phase of the SF(Q) trigger waveform using
standard heterodyne techniques.

For SF(QQ drive at a subharmonic of the qubit frequency,
timing shifts between sequences induce a faster rotation
of the angle of the control vector by ¢, = nwyot. where
n is the subharmonic drive factor. Figures 4(b) and 4(c)
display generalized 2D Rabi data for qubits driven with
SFQ pulse trains at wyp/3 and w,y/41, respectively. A
Rabi pulse with varying duration and phase is inserted
between two SF(Q)-based /2 gates whose timing defines
the X direction. In these plots, the duration f of the con-
trol sequence is encoded in the radial direction, the polar
coordinate is given by the phase of the SFQ trigger tone at
frequency wy = wp/n, and the measured qubit population
is plotted in false color. We see clear 2n-fold symmetry in
the scans: pulse trains shifted by 27 /nw,, are equivalent,

[Xsra/2HRsralt, S)H Xsra/2H]

FIG. 4. (a) Ilustration depicting SFQ pulse sequences for
orthogonal qubit control. The resonant X sequence establishes a
timing reference; a change in the relative timing of a second res-
onant sequence can be used to access different orientations of the
qubit control vector in the equatorial plane of the Bloch sphere.
A Yspg sequence is shifted in time by one quarter of the qubit
oscillation period with respect to the Xgpg sequence. (b) Gen-
eralized Rabi scans for resonant SFQ pulse trains triggered at
subharmonic frequency aqg/3 (left) and wyp/41 (right), respec-
tively. The pulse sequence is shown below the figure. The radial
coordinate is swept by incrementing the duration of Rspg(f, ¢)
from 0 to 60 ns (left) or 660 ns (right), while the polar angle
corresponds to the phase ¢ of the trigger waveform used to gen-
erate the pulse train. The length and phase of each Xgrq/2 pulse
are fixed. Adjustment of the phase ¢ of the trigger waveform by
m/2n provides access to an orthogonal control axis: here, n is
the subharmonic drive factor. The 2n-fold symmetry of the plots
is explained by the fact that subharmonic drive automatically
yields an n-fold increase in the number of (time-shifted) reso-
nant sequences that access the same control vector on the Bloch
sphere, and by the fact that our sequence does not distinguish
between positive and negative rotations (yielding an additional
doubling of the symmetry of the plot). On the left panel, we
label rays corresponding to trigger waveform phases that yield
+Xgrg, £ ¥spq rotations.

while the additional factor of 2 comes from the fact that
the sequence does not distinguish between positive and
negative rotations. In the plots, polar angles that yield
high-contrast Rabi oscillations correspond to control in the
+X directions, while polar angles that yield no oscillation
correspond to orthogonal control in the + ¥, directions.
With orthogonal control now established, it is possi-
ble to generate the full single-qubit Clifford set. We use
interleaved RB [18,21,22] to evaluate the fidelity of SFQ-
based Clifford gates. Figure 5 shows example depolarizing
curves. Sequence visibility is defined as the probability of a
faithful return to the qubit ground state following the final
pulse of the RB sequence, which is designed to return the
qubit to |0), assuming proper execution of the preceding
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gates [18]. The table inset lists extracted gate fidelities
.;r for the XSFQ_- ﬂ:XSFQ/Z, Yqu., :I:YSFQ/Z gates realized
with subharmonic drive at both wy0/3 (Xsrg-gate time of
28 ns) and w,p/41 (Xspq-gate time of 380 ns). For drive
at wyp/3, we find gate fidelities in the range 94-97%; for
drive at wp /41, the fidelities are only slightly lower, in the
range from 91 to 95%. These gate fidelities are below the
fault-tolerant threshold [4]. However, in all cases, infidelity
is dominated by enhanced qubit relaxation and dispersion
induced by QP poisoning from operation of the dissipa-
tive SFQQ driver; we discuss this effect in detail in the next
section, and in Sec. V we describe straightforward design
modifications that will mitigate this source of infidelity.
Generally, the shorter 7 /2 sequences show higher fidelity
than the longer 7 sequences. This can be understood from
the fact that the total number of generated QPs depends on
the number of phase slips and hence on sequence length.
It is also notable that gate fidelities at the two subhar-
monic drive frequencies are roughly comparable, despite
the order-of-magnitude difference in sequence length. This
suggests that the improvement in qubit coherence achieved
by moving from high to low phase slip (and QP gener-
ation) rate is almost exactly compensated by the longer
time needed to achieve the desired rotation. The rough bal-
ance of the ratio of gate time to coherence time at the two
drive frequencies immediately implies that QP removal
in the system is dominated by single-particle trapping as
opposed to two-particle recombination. In the following,
we provide a detailed discussion of QP poisoning in the
quantum-classical hybrid circuit.

IV. QUASIPARTICLE POISONING

Nonequilibrium QPs are a well-known source of deco-
herence [23,24] and temporal instability [25-27] in
Josephson qubits. There have been prior detailed studies
of QP poisoning in phase [28,29], charge [30], flux [27],
and transmon [31,32] qubits. A variety of approaches
to the suppression of QP poisoning have been explored,
including normal metal “traps™ [33—36]. optimization of
device geometry [32], gap engineering [37,38], trapped
magnetic flux vortices [32,39], and dynamical QP pump-
ing sequences [40]. Generally speaking, the most reliable
strategy to suppress QP-induced decoherence is to mini-
mize the generation rate of nonequilibrium QPs by housing
the qubit in a light-tight enclosure with extensive IR filter-
ing and by employing inline filters in order to minimize
the flux of pair-breaking photons to the qubit chip [41,42].
For the approach we pursue here, however, it is impossi-
ble to avoid QP generation at the device level. Each clock
cycle of the trigger waveform induces four phase slips
in the driver circuit, one in each JJ of the dc-SF(Q) con-
verter; each phase slip is accompanied by QP generation.
Since the SF(Q driver and qubit circuit are located on the
same substrate, the generated QPs will poison the qubit

wyp/3: —= Standard RB -e Interleaved Xgpq/2

wlu;’fll H Standard RE  —- Interleaved Xsmfz

0‘? l ' ' ' Gal.l’ Ifulu!& i -Fulln :,'l .-
Fry Xarg | 084(1) 0.91(2) |
5 Xepn/2 | 0.955(8) 0.93(3) ]
2086 —Xspq/2 | 0.957(5) 0.95(3) |]
Yerq | 0.939(5) 0.94(3) ]

8 o5 Yewa/2 |0969(8) 092(3) |
% —Yerg/2 | 0.848(8) 0.85(2) |
@04 ]

2 4 6 8 10 12 14 16 18
Number of Clifford gates

FIG. 5. Randomized benchmarking depolarizing plot for all
Clifford gates and for the interleaved gate sequence designed
to probe the Xspg/2 gate as a function of the number of Clif-
ford operations. The (blue, orange) traces correspond to SFQ
sequences with pulse rate wp/3, while the (yellow, purple) traces
correspond to pulse rate wjp/41. For long sequence lengths,
operation of the dissipative SF(Q) driver produces significant inco-
herent excitation of the qubit, which prevents faithful return to
the ground state following the final pulse of the RB sequence.
This results in the observed suppression of the RB saturation
level to below 50%. Inset: Table summarizing RB data for
SFQ-based gates with g = awo/{3,41}.

circuit either by direct diffusion or by phonon-mediated
coupling [34].

We investigate the influence of nonequilibrium QPs
by intentionally poisoning the qubit with an off-resonant
SFQ drive that generates QPs at a well-defined rate while
producing negligible coherent excitation of the qubit.
In the experiments described in this section, all coher-
ent qubit manipulations are performed using conventional
microwave techniques, and the SF(Q) driver is used exclu-
sively to generate QPs. Figure 6(a) shows energy relax-
ation curves for two separate T} experiments, one with and
one without a prior poisoning pulse consisting of 640 phase
slips delivered at a rate wy/2m = 1.6 GHz; the poisoning
pulse length corresponds to approximately seven Xsgq/2
gates. We fit the measured relaxation curves to the follow-
ing relation to extract the mean number of QPs coupled to
the qubit (nge) by the poisoning pulse [25]:

Pi(f) = exp[(nge) (e — 1) —t/Tig];  (2)

here, 1/T) gp is the decay rate of the qubit per QP and
1 /Ty p is the residual decay rate from all other loss chan-
nels. In the absence of an explicit poisoning pulse, we find
a background (ngp) = 0.10(1) [blue curve in Fig. 6(a)].
In contrast, the 640-phase-slip poisoning pulse leads to
{nge) = 1.03(9) [orange curve in Fig. 6(a)]. In Fig. 6(b) we
show results from a series of poisoning experiments where
the length of the poisoning pulse is varied prior to the T
scan. We observe a slow initial turn on of QP poisoning.
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FIG. 6. QP poisoning of the qubit induced by operation of the SFQ driver. (a) Energy decay curves with and without a prior applied
poisoning pulse from the SFQ driver. The enhanced relaxation rate can be attributed to an increase in the mean number of QPs (ngp)
coupled to the qubit. (b) (ngp) versus number of phase slips in the SFQ poisoning pulse. We find 1.6(2) x 10~ QPs couple to the qubit
per JI phase slip. The lengths of single Xgpg (blue) and Xgpq/2 (orange) gates are shown for reference. (c) QP recovery experiment

for a fixed poisoning pulse (approximately 2 x 10
experiment.

For short poisoning pulses, it is likely that nonequilibrium
QP density in the vicinity of the SF(Q driver is too low to
provide for significant phonon-mediated poisoning of the
qubit [34], as this process relies on high local QP densi-
ties to promote recombination and phonon emission in the
vicinity of the SF(Q driver. However, following approxi-
mately 250 phase slips, we observe a linear increase in
(ngp) with respect to the number of phase slips in the poi-
soning pulse. In this regime, we find that a single phase slip
in the SFQ driver couples approximately 1.6(2) x 10~}
QPs to the qubit. In a related experiment, we insert a vari-
able delay between a fixed QP poisoning pulse and the T
scan. In Fig. 6(c) we plot (nge) as a function of recov-
ery time following the QP poisoning pulse. We observe an
exponential decay of (ngp) with an effective trapping time
of 5! = 17.6(3) us; this trapping time is consistent with
that observed in prior studies of QP poisoning of linear
microwave modes in thin-film devices [34].

The complex QP admittance seen by the qubit includes
both real and imaginary parts; while the former leads to
enhanced relaxation, the latter induces a qubit frequency
shift. We examine the connection between QP loss and
dispersion in our device by performing both 77 and Ram-
sey experiments following intentional QP poisoning pulses
with a variable recovery time {,; these scans provide access
to both the QP contribution to the qubit relaxation rate
I' = 1/T1(t,) — 1/T) pygna and to the frequency shift dwy
induced by the presence of nonequilibrium QPs. Here,
T (ty) is the measured qubit energy relaxation time for a
given recovery time #r and T pigna is the baseline energy
decay time measured in the absence of a poisoning pulse.
In Fig. 7 we show a parametric plot of dwg versus I" for
different recovery times; we observe a clear linear relation-
ship between QP loss and dispersion. Within a simplified

phase slips) as a function of the time between the poisoning pulse and the T

model that assumes rapid relaxation of nonequilibrium
(QPs to the gap edge, the ratio of 8w to I' can be expressed

as [24,29]

Emw 1 l 3
A G T E G

where wyp is the qubit fundamental transition frequency
in the absence of QPs and 2A is the superconducting gap
of the junction electrodes. A fit to our data yields a slope
Sanp/ T that is larger than that predicted by Eq. (3) by a
factor of 1.5; however, the assumption of low-energy QPs
is likely invalid in our experiments, and it is expected that
this slope will depend sensitively on the details of the QP
distribution.

Recovery

- — 4, AT Expt]
[Poison =<

150
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-800 - - : - 0
0 100 200 300 400

T(ms™)

FIG. 7. Parametric plot of qubit frequency shift dwg ver-
sus QP-induced decay rate I". Here, QP density at the qubit is
controlled by incrementing the recovery time following an inten-
tional QP poisoning pulse prior to the T} or Ramsey experiment.
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V. SUMMARY AND OUTLOOK

We describe a scheme for coherent qubit control using
quantized flux pulses derived from the SF(Q digital logic
family. The approach offers a path to tight integration of a
classical coprocessor with a large-scale multiqubit circuit
for the purpose of reducing heat load, latency, and over-
all system footprint. In our current experiments, we access
the full single-qubit Clifford set and achieve gate fideli-
ties F ~ 95%, measured using interleaved RB. This result
is limited by QP poisoning induced by operation of the
dissipative SFQ pulse driver. However, there are several
straightforward modifications that could be employed in
a future implementation to significantly suppress QP poi-
soning, pushing SF(Q)-based gate fidelities closer to their
theoretical values [14,15], which are sufficient for fault-
tolerant control. For example, it should be possible to
fabricate the classical SFQ) driver circuit and the qubit on
separate chips that are flip-chip bonded in a multichip mod-
ule (MCM). With such an arrangement, SFQ pulses would
be coupled to the qubit chip capacitively across the chip-
to-chip gap of the MCM. The natural choice for the MCM
bump bonds, indium, would provide a low-gap barrier to
direct QP diffusion between the chips, and recombination
phonons generated by QPs in the bumps would have insuf-
ficient energy to break pairs in the niobium groundplane
of the quantum chip. The MCM approach would have the
additional advantage of allowing a modular fabrication,
obviating the need to develop a process flow that pro-
tects the delicate quantum circuit from material-induced
loss associated with the complex, multilayer SFQ driver
stack. Ultimately, we view the MCM approach as the most
promising path to scaling the two-dimensional surface
code [4], as it provides for the necessary nearest-neighbor
connectivity of the quantum array while allowing tight
integration of proximal control and measurement elements.
There has been significant recent progress in the devel-
opment of robust superconducting indium bump bonding
of MCMs [43-47], and it has been shown that qubit
coherence can be fully preserved in a properly designed
MCM [43]. We have previously outlined an approach to
scaling superconducting qubits based on MCMs incorpo-
rating an interface chip that houses both SF(Q control and
measurement elements [48].

A second straightforward modification to suppress QP
poisoning would be to move from a high-J, process for the
SFQ driver circuit to a low-J, millikelvin-optimized pro-
cess. SFQ control elements should remain robust against
fluctuations at millikelvin temperatures for critical currents
that are 2 orders of magnitude smaller than those used in
the current work [49]; as the energy dissipated per phase
slip scales linearly with critical current, a millikelvin-
optimized SFQ driver is expected to generate nonequi-
librium QPs at a factor of approximately 100 lower rate.
The inductances required for such an SFQ pulse driver

would be correspondingly larger, leading to a larger physi-
cal footprint for the SFQ controller; global optimization of
the SFQ control system would require tradeoffs between
dissipation and physical size.

Finally, the incorporation of normal metal QP traps
in the hybrid SFQ-qubit circuit or MCM is expected to
significantly suppress QP poisoning. When QPs diffuse
into a normal metal, they interact strongly with electrons
and quickly relax below the gap edge, so that they are
unable to re-enter the superconductor. The effectiveness
of normal metal traps in removing nonequilibrium QPs
has been demonstrated previously in a variety of con-
texts [33,50-53]. In related work, it has been shown that
appropriate engineering of the spatial profile of the super-
conducting gap in single-Cooper-pair transistor (SCPT)
devices can be used to confine nonequilibrium QPs to
regions of the circuit where they are unable to degrade
device performance [37]. For the application we consider
here, the generation of QPs is localized to the driver ele-
ments that undergo phase slips; the phase slips lead to
an elevated local population of nonequilibrium QPs in
the vicinity of the driver. Poisoning proceeds by multi-
ple stages of phonon emission and pair breaking, so that
extensive coverage of the device with normal metal traps
(as opposed to local coverage near or surrounding the
QP generation point) is required to suppress poisoning.
The addition of QP traps has been shown to suppress QP
poisoning of linear resonator modes by 1-2 orders of mag-
nitude [34]. The optimal configuration of QP traps in a
quantum-classical MCM is a question that would likely
need to be addressed experimentally.

Once the problem of QP poisoning is addressed, we
expect leakage out of the computational subspace to rep-
resent the dominant source of error in SFQ-based gates.
While naive, resonant pulse sequences of the type explored
here are expected to yield gate fidelity of order 99.9% [14],
it has been shown that more complex SF(Q pulse sequences
involving variable pulse-to-pulse intervals can yield gates
with fidelity better than 99.99% [15], compatible with the
fidelities of the best reported microwave-based gates and
sufficient for scaling in the two-dimensional surface code.
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APPENDIX A. FABRICATION DETAILS

The de-SFQ converter and transmon qubit are cofab-
ricated in a multilayer process (see Fig. 8) on a high
resistivity (=20 kOhm-cm) Si(100) wafer. Fabrication is
realized in the following steps, which are also summarized
in Table L

(1) A bare intrinsic Si wafer is coated with a film of
Nb (M1) after stripping the native SiO, with hydrofluoric
(HF) acid. Here and below, sputter conditions are tuned to
yield films with slight compressive stress [54]; the deposi-
tion rate is 45 nm/min. This layer is patterned with an i-line
step-and-repeat (stepper) lithography tool and etched with
a Cl, /BCl;-based inductively coupled plasma (ICP). Dur-
ing this and the following six steps, the area of the die that
will ultimately support the readout resonator and qubit is
left unpatterned and unetched.

(2) APECVD process is used to grow a conformal layer
of SiO, (DI). This layer is patterned with an i-line step-
per and etched with a CHF;-based reactive ion etch (RIE)
plasma. The RIE power and pressure are optimized to

[si] [Ne] [T =N [So) N

| SFQ driver |

|  Quantumcircsit |

FIG. 8. Device layer stack described in Appendix A. During
the entirety of the fabrication process of the SFQ driver circuit,

the area that will support the quantum circuit is left unpatterned
and unetched and is protected by the first deposited layer of Si0,.

transfer a 45° slope into the dielectric sidewalls in order to
promote step coverage of subsequent layers [see Fig. 2(c)].

(3) The bottom Nb electrode (M2) for the SFQ JJs is
sputtered. This layer is pattermed with an i-line stepper and
etched with an SFg-based RIE plasma.

(4) Another SiO;, layer (D2) is grown by PECVD. This
layer is patterned in the same manner as in step 2. At this
step, particular care is taken to eliminate solvent or other
organic residues from the dielectric vias, as these vias will
define the SFQ JJs.

(5) The SFQ JJs and bias wiring are formed in the
following process (M3):

(a) The wafer is transferred into the sputter system
load-lock chamber and the chamber is pumped down for
approximately 1 h.

(b) While the load lock is pumping out, the pri-
mary vacuum chamber is “seeded” with pure O,

TABLE L Layer stack of the hybrid quantum-classical circuit (see Fig. 8).

Layer Thickness Surface Deposition Etch

ID Material (nm) pretreatment method Patterning chemistry  Function

M1 Nb 180 hydrofluoric acid dc sputtered i-line Cl;/BCl;  ground plane
resonators
capacitors

D1 8i0, 130 PECVD i-line CHF; SFQ circuit wiring
ground vias

M2 Nb 90 in situ ion mill dc sputtered i-line SFs inductors
SFQ 1] base layer

D2 8i0, 180 PECVD i-line CHF; junction definition
shunt resistor vias

M3 Nb 100 in situ ion mill dec sputtered i-line SFg SFQ bias wiring

Al-AlO. -Al w/in situ oxidation TMAH SFQ JJ counterelectrodes

CPW crossovers

R Ti/Pd 2 in sifu ion mill  e-beam evaporated i-line shunt resistors

QB Al-AlO,-Al 100 in sifu ion mill  e-beam evaporated e-writing qubit JJs

(double-angle)  (Dolan bridge)
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FIG.9. Experimental wiring diagram. Component symbols are defined in the panel above the wiring diagram. All components within
the p-metal shield (gray box) are made of either nonferric or certified nonmagnetic materials.

using similar conditions to the actual junction oxida- (c) The wafer is transferred into the primary vacuum
tion. We find that this step improves the reproducibil- chamber and the system is allowed to pump down to base
ity of the junction specific resistance by ensuring as  pressure (about 5 x 10~* Torr).

similar a chamber chemistry as possible from run to (d) An in situ ion mill is used to remove the NbO, from
run. the M2 electrode layer.
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(e) An Al seed layer of thickness approximately 8 nm
is sputtered.

(f) The barrier oxide is grown. The AlO, barrier layer
is seeded by flowing O, at low pressure (approximately 1
mTorr) for 2 min. The chamber is then valved off from the
pumps and the O, pressure is quickly ramped to the target
value (typically around 100 mTorr), where it remains for
the duration of the oxide growth (typically about 10 min).

(g) The growth chamber is pumped back to vacuum. An

Al cap layer of approximately 6 nm thickness is sputtered,
followed by the 90-nm Nb junction counterelectrode.
This layer is patterned with an i-line stepper. The Nb
is removed with an SFg-based RIE plasma while the
Al-AlO.-Al is removed with a TMAH-based photoresist
developer wet etch.

(6) At this point, it is possible to probe the four-wire
resistances of witness junctions cofabricated on the die
with the SFQ-qubit circuit. The expected critical currents
are extracted using the Ambegaokar-Baratoff relation [55].

(7) The SiO, layer protecting the area of the qubit and
readout resonator is now patterned and etched as in step 2.

(8) The readout resonators and qubit capacitor are
defined in the M1 Nb layer using pattern and etch processes
as in step 1.

(9) A negative photoresist is patterned with an i-line
stepper to define the shunt resistors (R). The resistors are
formed by electron-beam evaporation of Pd following an
in situ ion mill and deposition of a thin (approximately 3
nm) Ti adhesion layer. Liftoff is performed in acetone at
room temperature over several hours with slight manual
agitation of the wafer.

(10) The qubit junctions are defined using a Dolan-
bridge process [56], involving an MMA and PMMA
stack patterned with a 100-keV electron-beam writer. The
Al-AlO,-Al stack is shadow evaporated in a high-vacuum
electron-beam evaporation tool following an in situ ion
mill to ensure good metallic contact to the base layer (M1).

APPENDIX B. MEASUREMENT SETUP

The measurement setup is shown in Fig. 9. The
microwave tones used to read out the qubit, perform
microwave control of the qubit, and trigger the SFQ
pulse driver are all generated through single-sideband
modulation of a local oscillator (LO) carrier wave
with shaped intermediate frequency signals. Arbitrary
waveform generators (AWG) with an output rate of |
GS/s and 14-bit resolution generate the IF tones and are
directly connected to the in-phase (I) and quadrature (QQ)
ports of an 1Q) mixer. The shaped microwave pulses for
qubit control and readout are passed through digital vari-
able attenuators before merging on a 3-dB combiner and
entering the cryostat. The readout and microwave con-
trol tones pass through multiple stages of attenuation and

filtering at the 4 K and mK stages of the dilution refrig-
erator prior to reaching the device. After interacting with
the device, the qubit readout tone passes through several
stages of isolation and filtering prior to amplification at
4 K using a high-electron-mobility transistor amplifier.
The readout tone is further amplified at room tempera-
ture. The same LO used to generate the readout signal is
used for heterodyne detection of the qubit state. The down-
converted IF tones from qubit measurement are sampled at
500 MS/s with 8-bit resolution and demodulated and ana-
lyzed in software. For all of the work presented here, we
employ so-called “bright-state™ readout of the qubit [57].
The microwave tone used to trigger the SFQ pulse driver
is conditioned with a low-pass filter that provides strong
rejection at the qubit fundamental frequency wy. The trig-
ger tone passes through multiple stages of attenuation and
filtering at the 4 K and mK stages of the cryostat before
reaching the device. Both the qubit flux bias and the dc bias
current for the SFQ pulse driver are generated by isolated
low-noise voltage sources at room temperature. These sig-
nals are conditioned by multiple stages of filtering at the
4 K and mK stages of the cryostat.
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