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Hole-type superconducting gatemon qubit based on Ge/Si
core/shell nanowires
Enna Zhuo 1,2,7, Zhaozheng Lyu 1,3,7✉, Xiaopei Sun 1,2,7, Ang Li 4,7, Bing Li1,2, Zhongqing Ji1, Jie Fan1, E.P.A.M. Bakkers5,
Xiaodong Han4, Xiaohui Song1,2,6, Fanming Qu 1,2,3,6, Guangtong Liu1,2,3,6, Jie Shen 1,2,6 and Li Lu 1,2,3,6✉

We demonstrate that superconducting gatemon qubits based on superconductor-semiconductor-superconductor Josephson
junctions can be constructed on hole-type Ge/Si core/shell nanowires. The frequency of the qubit can be set firstly by controlling
the diffusion of Al in the nanowire via thermal annealing, which yields a suitable critical supercurrent allowing the qubit frequency
to be within the experimentally accessible range, and then by fine tuning of a gate voltage, by which an accurate adjustment of the
frequency can be realized. On the resulted qubit, Rabi oscillation with an energy relaxation time T1 � 180 ns was observed in the
time domain, an average decoherence time T�

2 � 15 ns was obtained, and the gate voltage dependence of both T1 and T�
2 was

investigated. Such a hole-type superconducting gatemon qubit, based on materials with strong spin-orbit coupling and potentially
the absence of hyperfine interaction after isotope purification, could be used for exploring the quantum coherence phenomena of
hole-gas and even Majorana physics in Ge-based quantum devices.
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INTRODUCTION
The future architecture for quantum computation should integrate
and take the advantages of different types of quantum circuits1,
such as spin qubits with small footprints2–4, superconducting
qubits capable for high-fidelity readout and control5,6, and
topological qubits supposedly immune from environmental
noise7. Germanium-based materials hold excellent prospects for
constructing such hybrid architecture, for that the states of the
valence bands in these materials are featured with high hole
mobilities8,9, large and tunable spin-orbit coupling10,11, and weak
hyperfine interaction12. So far, Ge-based spin qubits have already
been realized in planar heterostructures13–15, Ge hut wires16,17,
and Ge/Si core/shell nanowires18–20. But Ge-based superconduct-
ing qubits are yet to be realized.
For constructing Ge-based superconducting qubits, one needs

high-quality Josephson junctions (JJs) on Ge-based materials.
Along this direction, proximity-induced superconductivity in Ge
was first realized in a Josephson field-effect transistor (JoFET)
based on a Ge/Si core/shell nanowire21. Later on, with the
application of an annealing process in Al-Ge systems22, clean and
atomically sharp Al-Ge interfaces were further realized in the core/
shell nanowire systems, and JJs with controllable critical super-
current were obtained23–25. Besides Ge/Si nanowires, proximity-
induced superconductivities were also demonstrated in undoped
Ge/SiGe heterostructures by contacting the material with Al, Al/
Nb, or PtSiGe electrodes26–28 to form hybrid devices such as
JoFETs, superconducting quantum dots and superconducting
quantum interference devices29,30.
Based on the annealing technique mentioned above, in this

work we were able to experimentally embed a Ge/Si core/shell
nanowire, in which the hole mobility is around 2000 cm2 V�1 s�1 at
4 K31, into a superconducting transmon qubit. The JJ with highly

transparent interfaces between the superconducting electrodes
and the 1D hole gas, and also with a desired critical supercurrent,
was obtained by carefully controlling the diffusion of Al in Ge/Si
nanowire via thermal annealing. In the resulted device, hereafter
referred to as a gatemon32, we demonstrated the electrical control
of the qubit frequency over a wide frequency range and the
coherent manipulation of the qubit states. Although currently the
coherence time of our gatemon is short compared to other types
of qubits, probably because gatemons are relatively susceptible to
charge noise, the coherence time can be improved by optimizing
the material quality and the device fabrication procedures.

RESULTS
Experimental set-up and measurement configuration
Shown in Fig. 1a is the optical micrograph of the gatemon device.
The coplanar waveguide resonator, the shunt capacitance Cq in
the qubit, and the coupling capacitance Cg between the qubit and
the resonator were all patterned by wet etched Al film on the
sapphire substrate [Fig. 1a]. For the nonlinear inductance part of
the qubit, by applying a nanowire transfer technique based on tip
and vitrified poly propylene carbonate (PPC), a Ge/Si nanowire
was precisely transferred onto the place where a bottom gate
electrode with an insulating cap was pre-fabricated. The insulating
layer was 35 nm thick HfO2 film grown by atomic layer deposition.
Then, Al electrodes were deposited on the nanowire to form the
Al-Ge/Si nanowire-Al JJ. In order to obtain a suitable Josephson
energy EJ, we developed a method to monitor the resistance of
the JJ during vacuum thermal annealing in a probe station, letting
Al and Ge to inter-diffuse until the resistance of JJ drops to �
2:9 kΩ at room temperature. This junction resistance corresponds
to a Josephson energy EJ=h � 15GHz at � 10mK, as presumed
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from the dc transport measurements on the same batch of
nanowires (see Supplementary Note 1). The junction region on the
nanowire, � 30 nm in length and with a light-gray color in the
scanning electron micrograph, can be clearly seen in Fig. 1c. The
device was measured by using standard circuit quantum
electrodynamics (cQED) techniques in a dilution refrigerator down
to a temperature as low as � 10mK. In the cQED system, the qubit
(artificial atom) is coupled to the microwave resonator via the
Jaynes-Cummings-type interaction, which enables the quantum
nondemolition measurement of the qubit state in the dispersive
limit.

Spectroscopy and the qubit-resonator coupling strength
We firstly measured the response of the resonator spectrum with
the gate voltage Vg in the dispersive regime ( 4j j � g), by
applying a low-power readout microwave signal f ro in the
transmission line [Fig. 2a], where4 is the qubit-resonator detuning
and g is the strength of the qubit-resonator coupling. As the qubit
is in the ground state, the resonance frequency of the resonator is
shifted from the bare resonance frequency (f r ¼ 6:85GHz) by
Lamb shift (�g2=4), which causes the resonator frequency to
respond with the gate voltage that adjusts the qubit frequency f q.
The readout of the qubit is achieved by measuring the qubit-

state-dependent resonator response with the cQED approach,
with an additional pump microwave pulse f p applied to perform
the state transitions of the qubit. Figure 2b shows the measured
qubit spectrum as a function of f p and Vg. Since our device is
operated in the transmon regime33, EJ � Ec, where Ec ¼ e2=2CΣ is
the charging energy of the qubit and EJ ¼ ICΦ0=2π is the
Josephson energy of the qubit, the transition frequency between
the lowest two qubit levels is generally given by
f q ¼ ffiffiffiffiffiffiffiffiffiffiffiffi

8EJEC
p

=h� EC=h, and the anharmonicity of the qubit
corresponds to the charging energy, η ¼ �Ec.
In the qubit spectrum, two resonant frequencies can be

distinguished, as shown in the inset of Fig. 2b. The higher

resonant frequency f q corresponds to the single-photon transition
between the |0〉 and |1〉 states of the qubit, and the lower
frequency f 02=2 corresponds to the double-photon transition
between the |0〉 and |2〉 states of the qubit. From the
anharmonicity η=h ¼ 2f q � f 02, the charging energy Ec=h ¼
218MHz (a total capacitance CΣ � 88:9 fF) can be calculated.
The qubit frequency f q exhibits a tunable range from 3:6GHz to
6:0GHz by sweeping the gate voltage, since the gate voltage
changes the hole density in the nanowire, hence changing the
critical supercurrent IC and the Josephson energy EJ of the JJ. With
the charging energy derived previously, IC of the JJ in the qubit is
estimated to be 17 � 45 nA, which is consistent with our results
obtained in dc transport measurements (see Supplementary
Note 1). And it is found that when the detuning 4j j is reduced
by tuning the gate voltage, the spectrum broadens so that the
two resonance peaks can no longer be distinguished.
In addition, two phenomena can be observed in the qubit

spectrum. Firstly, the resonance peaks in the resonator spectrum
and qubit spectrum have repeatable synchronous jumps at certain
gate voltages, presumably due to the jumps of trapped charges in
the insulating layer of the bottom gate. The instability of the
trapped charges can also create charge noise, causing fluctuations
in the qubit energy levels, broadening of the qubit spectrum, and
reducing the coherence time. Secondly, there are level anti-
crossings in the qubit spectrum at f p ¼ 4:6; 4:9; 5:3; 5:7GHz due
to the couplings between the qubit and some microscopic two-
level systems (TLSs)34 that are not tuned by Vg. The splitting is
positively correlated with the strength of qubit-TLSs coupling.
More data from similar devices we measured show that by
reducing the length of the junction region where the electric field
of the plasma mode of the qubit is the strongest35, we can
effectively reduce the number of strongly coupled TLSs. It
indicates that these TLSs may mainly originate from the defects
in the oxide layer on the surface of the nanowire and/or in the
insulating layer HfO2 of the bottom gate.

Fig. 1 Ge/Si nanowire-based superconducting gatemon qubit. a Optical micrograph of the gatemon device. The gate-tunable qubit is
capacitively coupled to the resonator and the pump line. b False-color optical micrograph of the qubit [orange rectangle in (a). The bottom
gate consists of the 3=10=3 nm thick Ti/Au/Ti bottom electrode (brown) and 35 nm thick HfO2 insulating layer (gray). The JJ is shunted by the
capacitance of the island (purple) to the surrounding ground plane (cyan). c Scanning electron micrograph of the Ge/Si-Al JJ [red rectangle in
(b). A junction with two clear interfaces separated by � 30 nm was formed by diffusion of Al during annealing. d Schematic of the readout and
control circuit, including instruments: signal generator, arbitrary waveform generator (AWG), IQ mixers (⊗), cryogenic HEMT amplifier, data
acquisition (DAQ) card. There is a total of �110 dB attenuation from the signal generator to the chip. Cr and Lr are the effective capacitance
and inductance of the resonator, respectively.
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In order to investigate the qubit-resonator coupling strength g,
the resonator spectrum was measured as a function of f ro and Vg

in the strong-coupling regime (f q � f r) [Fig. 2c]. The splitting of
the resonance frequency of the resonator, known as vacuum Rabi
splitting, was observed which indicates hybridization between the
resonator and the qubit states. The frequencies of the hybrid

states, written as f ± ¼ f q þ f r ±
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðf q � f rÞ2 þ 4ðg=2πÞ2

q� �
=2, are

extracted from Fig. 2c to obtain the qubit frequency f q ¼ fþ þ
f� � f r and the splitting δ ¼ fþ � f�. The data in Fig. 2c are
replotted as a function of the qubit frequency f q, as shown in
Fig. 2d, which presents anti-crossing of the hybrid states more

clearly. According to the formula δ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðf q � f rÞ2 þ 4ðg=2πÞ2

q
, the

coupling strength between the qubit and the resonator,
g=2π ¼ 87MHz, is obtained by fitting the splitting δ as a function
of f q [Fig. 2e], and then the coupling capacitance Cg ¼ 4:6 fF can
be calculated, which is consistent with the simulation for the
circuit. This coupling strength g is suitable for allowing a wide
frequency range for dispersive readout and yet maintaining the
vacuum Rabi splitting to be resolved.

Rabi oscillations and coherence times
Next, we demonstrated the coherent quantum manipulation of the
qubit in the time domain. Since in our device the resonator
transient response time (about 300 ns, see Supplementary Note 2) is
greater than the energy relaxation time of the qubit (T1 � 100 ns),
it is impossible to read out the qubit after coherent manipulation
with two tones measurement in time domain. Therefore, we used

the method of weak continuous measurement36 to study our
device. As shown in the microwave pulse sequence in the upper
panel of Fig. 3a, in the case of continuous input of f ro, the qubit is
pumped and read out after the number of photons in the resonator
is stable.
While varying the pump pulse duration τRabi, the Rabi oscillation

of the qubit as a function of the pump frequency f p was measured
at f q ¼ 6:07GHz (Vg ¼ �3:5 V) [Fig. 3a]. Figure 3b shows the Rabi
oscillations for different powers of the pump microwave pulse at
f q ¼ 6:07GHz. By fitting to the data, the frequency of the Rabi
oscillation f Rabi is extracted, which is proportional to

ffiffiffiffiffi
Pp

p
, as

shown in Fig. 3c, indicating that the states of the qubit based on
Ge/Si nanowire are coherent. In addition to the one centered at
6:07GHz, there is another series of Rabi oscillations centered at
5:91GHz, as shown in Fig. 3a. We attribute it to double-photon
transitions between |0〉 and |2〉 states.
In order to further obtain the energy relaxation time T1 of the

qubit, we applied a microwave pulse Rπ (calibrated from the Rabi
oscillation) to excite the qubit to state |1〉, and detected the qubit
state after various delay time τ. It yielded an exponentially
decaying trace, with a relaxation time T1 ¼ 112:2 ± 4:3 ns.
To further investigate the decoherence time of the qubit, we

measured the response of the qubit spectrum at different pump
power Pp. As shown in Fig. 3e, when Pp is low, only the first
spectroscopic line representing the single-photon transition
between |0〉 and |1〉 states is detected. With the increase of Pp,
the mode of double-photon transition between |0〉 and |2〉 states
appears. The half width at half maximum (HWHM) of the spectro-
scopic line depends on the pump power and qubit decoherence,
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Fig. 2 Spectroscopy of a Ge/Si nanowire-based gatemon qubit. a Resonator spectrum as a function of the readout frequency f ro and the
gate voltage Vg in the dispersive regime ( 4j j � g), measured with the readout power Pro ¼ 0:1mW at the generator of the readout
microwave signal. b Qubit spectrum as a function of the pump frequency f p and Vg in the dispersive regime. The pump-generator power is
set to Pp ¼ 0:3mW and the resonator is probed on-resonance with Pro ¼ 0:1mW. Inset: A two-peaks Lorentzian (solid line) with the peak
difference η=2h ¼ 109MHz fitted to a line-cut in (b) at Vg ¼ �1:59 V (pointed by the red arrow). c Resonator spectrum as a function of f ro and
Vg in the strong-coupling regime (f q � f r) with Pro ¼ 0:1mW. The black and blue dashed line indicate two local minima of the hybrid state
frequencies f ± in the spectrum, and the solid pink line indicates the gate-voltage dependent qubit frequency f qðVgÞ extracted from the data.
The bare resonator frequency f r ¼ 6:85GHz is marked by the solid green line. d Resonator spectrum re-plotted as a function of f ro and f q of
the data from (c). e Frequency splitting δ between the hybridized qubit-resonator states, extracted from (c), as a function of f q. From the fit
shown with the solid curve, the qubit-resonator coupling strength g=2π ¼ 87MHz is extracted.
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2πδνHWHM ¼ 1=T�2 ¼ 1=T2
2 þ nω2

vacT1=T2
� �1=2 37,38, where ωvac ¼

2g is the vacuum Rabi frequency, n is the average number of
photons in the resonator, and the pump power Pp is proportional to
n. The decoherence rate γ2 corresponds to 2πδνHWHM in the low

power limit (Pp / n ! 0). Fitting the data of the first spectroscopic
line with the Lorentzian line shape, δνHWHM can be obtained, and is
plotted as a function of Pp in Fig. 3f. From the intercept extracted by
fitting the curve, we obtain the inhomogeneous dephasing time
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ffiffiffiffiffi
Pp

p
with a fit to the expected linear dependence.

d Energy relaxation time T1 measurement performed at f q ¼ 6:07GHz (Vg ¼ �3:5 V) using a π-pulse Rπ calibrated from the Rabi oscillation at
Pp ¼ 4:4 dBm. The fit to an exponential decay yields T1 ¼ 112:2 ± 4:3 ns. e Qubit spectrum as a function of the pump frequency f p and the
pump power Pp at Vg ¼ �3:5 V. The resonator is probed on-resonance with Pro ¼ 0:1mW. f Dependence of the half width at half maximum
δνHWHM on the pump power Pp, where δνHWHM of the spectroscopic line is extracted from the Lorentzian fitting to the data in (e). Error bars
represent the standard deviation. The solid line is a best fit, yielding the inhomogeneous dephasing time T�2 ¼ 19:1 ± 5:5 ns.
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T�2 ¼ 19:1 ± 5:5 ns � 2T1 at n ! 0, indicating that the qubit
dephasing is dominated by the pure dephasing time Tφ39.

Gate voltage dependence of coherent times and the ac Stark
effect
In order to distinguish the contributions of various noise sources
to the qubit relaxation and decoherence, we repeated the T1 and
T�2 measurement at different qubit frequencies by tuning the gate
voltage. Figure 4a shows that the maximum of T1 is ~180 ns,
indicating that the qubit has relatively strong coupling with the
TLSs and ambient noise. Possible solutions for eliminating the TLSs
would include reducing the length of the junction region, using
deep-etching trenches techniques, etc. As f q gets closer to the
resonator frequency f r, T1 drops from 180 to 70 ns. According to
the formula T1 ¼ ½πD2

V;?SVðf qÞ�
�139, where the DV;? is the

transverse response coefficient of the qubit to the ambient
voltage noise, SVðf qÞ is the spectral density of the ambient voltage
noise at qubit frequency, T1 is mainly affected by high-frequency
noise. Therefore, the drop in T1 near f r is caused by the enhanced
coupling between the resonator and the qubit. Properly adjusting
the coupling, and applying bandpass filters to the transmission
line, might improve the qubit quality.
For the inhomogeneous dephasing time ðT�2 � TφÞ, it is mainly

sensitive to the low-frequency noise according to the formula
Tφ ¼ ½πD2

V;zSVð0Þ�
�139, where DV;z is the longitudinal response

coefficient of the qubit to the ambient voltage noise and SVð0Þ is
the spectral density of the low-frequency voltage noise. For
gatemons, the low-frequency noise that affects the qubit is mainly
introduced from the gate voltage circuit. Figure 4b shows that T�

2
in our experiment is about 15 ns on average. Its large fluctuation
with f q is presumably caused by the inaccuracy of this indirect
way of determining T�

2. There are several reasons for such a short
dephasing time. Firstly, according to the ac Stark effect, the
instability of the number of photons in the resonator can affect

the dephasing time of the qubit40. Secondly, low-frequency noise
such as the gate voltage noise affecting the energy difference of
the qubit states also causes dephasing41. Improving the quality of
the insulating layer in the bottom gate, such as using a high-
quality single crystalline BN film as the insulating layer, or using a
side gate configuration, could effectively reduce charge trapping
and jumping in the gate, thereby avoiding the jumps in the qubit
spectrum and also improving Tφ. In addition, Tφ can be improved
by introducing on-chip low-pass filters to the gate line.
During weak continuous measurement, the qubit states are

affected by photons in the cavity. Therefore, it is necessary to
demonstrate that there are few photons in the resonator for the
Rabi oscillation measurements. Figure 4c shows the response of
the resonator spectrum with the power of the readout microwave
signal Pro to investigate the average photon number in the
resonator. As the qubit is coupled with the resonator in the
dispersive regime, there will be an ac Stark shift in the qubit
frequency f q ¼ f q0 þ ð2nþ 1Þ g=2πð Þ2= f q0 � f r

� �
37,38, where f q0 is

the bare qubit frequency without coupling. The shift in the f q is
linearly related to the average number of photons n in the
resonator, which is proportional to the power Pro. By linearly fitting
f q to Pro, the ratio of the photon number to the readout power
α ¼ n=Pro ¼ 23:9 photons mW−1 can be obtained with the
coupling strength g=2π ¼ 87MHz and the bare resonator
frequency f r ¼ 6:85GHz. The readout power Pro adopted for the
Rabi oscillation measurements in the time domain is 0:01mW, and
the corresponding average photon number n is about 0:24, well
below 1, confirming that our measurements were in the weak
measurement regime.

DISCUSSION
To summarize, we have successfully fabricated a Ge/Si nanowire-
based hole-type superconducting gatemon qubit, and demon-
strated the control of it in the frequency and time domains. The
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tunable frequency spectrum, Rabi oscillation, energy relaxation
time T1 and inhomogeneous dephasing time T�

2 of the qubit were
obtained, and the responses of T1 and T�

2 with gate voltage were
studied. Our results show that as the qubit-resonator coupling
gradually increases, T1 will be affected by environmental high-
frequency noise introduced from the resonator, while T�

2, which is
mainly affected by low-frequency noise such as gating noise, has
no obvious response to the coupling strength.
The coherence times of our device are comparable to the

gatemons based on other materials in their early stages of
development32,42,43, and has the potential to be improved in the
future. To reduce the trapped charges and the TLSs in the qubit,
one can shorten the length of the JJ, and use a high-quality BN
film as the insulating layer for the gate electrode. For improving
the measurement system, one can add better filters to the
transmission lines, to isolate the qubit from environmental noise.
Our Ge-based gatemon extends the superconducting qubit

system from electrons to holes and on materials with strong spin-
orbit coupling. In the future, it could be used to couple with the
Andreev level qubits (ALQs) or Andreev spin qubits (ASQs)
fabricated on the same Ge-based nanowires, mimicking what
have been done on InAs nanowires44,45. The absence of hyperfine
interaction in isotope-purified Ge/Si material would enable the
ALQs and ASQs to have longer coherence time. Moreover, the
strong and gate-tunable spin-orbit coupling in Ge/Si nano-
wires11,46 would enable fast and all-electrical control of ASQs.
Finally, since in hole-type semiconductor nanowires the Zeeman
field required for hosting Majorana bound states (MBSs) is
expected to be small47, Ge/Si nanowire-based gatemons can
hopefully survive in such a magnetic field, and thus are likely to
support MBSs researches1,47,48.

METHODS
The device fabrication proceeds in several steps described below.
First, the sapphire substrate used in the chip is baked at 200 °C in a
high vacuum environment to remove the organic impurities
attached to it, and then a high-quality Al film with a thickness of
100 nm is deposited. Subsequently, the circuit elements are
patterned by wet etching and the 3=10=3 nm thick Ti/Au/Ti
bottom gate electrode is deposited by electronic beam evapora-
tion. On top of the gate electrode, a 35 nm thick HfO2 dielectric is
grown by atomic layer deposition and then patterned by reactive
ion etching. The Ge/Si nanowire is precisely placed on top of the
dielectric using a nanowire transfer technique based on a tip and
vitrified polypropylene carbonate. After placement, the Si shell
around the nanowire was selectively removed by an argon milling
step with electron beam lithography mask, and then Al electrodes
with a thickness of 100 nm were deposited in situ. The Josephson
junction with a length of about 30 nm is formed by the
interdiffusion of Al and Ge after thermal annealing, which is
performed in a vacuum probe station to enable real-time
monitoring of the junction resistance. Finally, the Al electrodes
of the junction are contacted to the capacitor island and to
ground, respectively.

DATA AVAILABILITY
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