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Solid neon as a noise-resilient host for 
electron qubits above 100 mK
 

Xinhao Li    1,2, Christopher S. Wang3, Brennan Dizdar    3, Yizhong Huang    1,4, 
Yutian Wen    5, Wei Guo    6,7, Xufeng Zhang    4, Xu Han    1,8  , 
Xianjing Zhou    6,7   & Dafei Jin    1,5 

Solid neon can be used as a solid host for single-electron qubits. At 
temperatures of around 10 mK, electron-on-solid-neon charge qubits exhibit 
long coherence times and high operation fidelities. However, a systematic 
characterization of the noise features of such systems is needed for the 
development of scalable quantum information architectures. Here we show 
that solid neon can be used as a noise-resilient host for electron qubits above 
100 mK. We examine the resilience of solid neon against charge and thermal 
noise when electron-on-solid-neon charge qubits are operated away from the 
charge-insensitive sweet spot and at elevated temperatures. We show that 
the extracted high-frequency charge noise density of electron-on-solid-neon 
qubits, projected as voltage fluctuations on nearby electrodes, is between 
10−4 μV2 Hz−1 and 10−6 μV2 Hz−1 at 0.01 MHz to 1 MHz, which is comparable to 
common semiconductor hosts. We also show that the electron-on-solid-neon 
charge qubits operating at frequencies of around 5 GHz can maintain echo 
coherence times of over 1 μs at temperatures up to 400 mK.

Solid-state electron qubits are subject to various decoherence channels 
from their host materials. Noise spectral analyses find a characteristic 
1/f behaviour for electron charge or spin qubits, which is typically attrib-
uted to charge fluctuators in the bulk or at the interfaces of the host 
materials1,2. The coherence of electron qubits can be extended by reduc-
ing the noise density in their hosting environment and by minimizing 
their susceptibility to noise2,3. We recently showed that solid neon can 
be a host material that traps electrons at the vacuum/neon interface4,5. 
The charge states of electrons on solid neon can be addressed by coupling 
them with superconducting resonators in a circuit quantum electrody-
namics architecture. At the charge sweet spot, they are first-order insen-
sitive to charge noise and exhibit long coherence times T∗2 up to ~50 μs 
(ref. 5). This is nearly four orders of magnitude longer than that of sem-
iconductor charge qubits6. The long coherence of electron-on-solid-neon 
(eNe) charge qubits also leads to long coherence eNe spin qubits7–9.

However, eNe charge qubits are susceptible to environmental 
decoherence channels. Thus, understanding the performance of eNe 
qubits away from the sweet spot and at elevated temperatures, where 
they are subject to charge and thermal noise, is important for improv-
ing qubit uniformity, which is crucial for the generation and retention 
of entangled states1. Such studies are also required for the development 
of eNe spin qubits7,9,10 through electrically sensitive mechanisms, such 
as exchange interactions11–16 and synthetic spin–orbit coupling17–21. 
Furthermore, operating qubits at elevated temperatures can mitigate 
engineering constraints created due to the low cooling power at mil-
likelvin temperatures and can aid the scaling up of the technology22,23.

In this Article, we report the characterization of the noise features 
of solid neon. We use eNe qubits to probe the environmental noise 
on solid neon films by exploiting the increased charge sensitivity of 
the qubits when biased away from the sweet spots. We show that the 
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frequency, g is the electron–photon coupling strength, a† and a are 
the photon creation and annihilation operators, respectively, and σz 
and σ± ≡ σx ± iσy are the standard Pauli operators on a two-level system.

As an improvement from previous work, we used the high kinetic 
sheet inductance (~20 pH per square) of the thin TiN film to enhance 
the qubit–resonator coupling strength10,29. The trap, which is smaller 
than the previous device4,5, further enhanced the MW field strength in 
the electron-trapping area. The estimated equivalent lumped element 
impedance for the differential mode was Zr ≈ 600 Ω (Supplementary 
Information Section 1), which is approximately ten times that of the 
previous niobium (Nb) device4. As g ∝ ωr√Zr , we expected the 
high-impedance resonator to reach a coupling strength g/2π ≈ 10 MHz 
(ref. 29). For high-impedance resonators, the parasitic capacitance of 
d.c. gates surrounding the trapping area can be comparable to the 
resonator capacitance30, causing MW leakage. To minimize that, all 
gates were equipped with on-chip low-pass filters with an ~0.5-GHz 
cutoff frequency to provide over 60 dB attenuation at the resonator 
frequency. With this design, the resonator maintained a narrow 
linewidth κ/2π of 0.38 MHz (Supplementary Information Section 1).

A thin layer of neon was grown on the device surface, which led to 
less than a 1-MHz redshift of the resonator frequency. Electrons gener-
ated from a tungsten filament were bound to this layer (Methods). At 
the trap, eNe qubits that strongly couple with the resonator exhibited 
vacuum Rabi splitting when the qubit frequencies were tuned across 
the resonator with the d.c. electrode. As shown in Fig. 2a, for one of the 
three qubits we characterized, labelled as Q1, the coupling strength 
extracted from the splitting gives g/2π = 6.43 MHz. Compared with the 
previous Nb resonator4,5, the higher impedance of the TiN resonator 
enhanced the qubit–resonator coupling strength, with a maximum 
observed g/2π of ~16 MHz. (See Supplementary Information Sections 
2 to 5 for a detailed characterization of the three qubits Q1, Q2 and Q3.)

Noise sensitivity
We used eNe qubits as sensitive probes to characterize the environ-
mental charge noise. Their sensitivity depends on the qubit spectral 
property, which can be mapped via two-tone measurements while 
varying the d.c. gate voltages, as shown in Fig. 2b for Q1. The extracted 
qubit frequency follows a hyperbolic dependence on Vres applied to 
the resonator with a charge sweet spot at 5.065 GHz (Supplementary 
Information Section 3). We approximated the transition frequency of 
the eNe qubit with a general model, which captured the measured 
spectroscopic features of the qubit :

ℏωq = √ℏ2(ωss + δωss)
2 + (ϵ + δϵ + 2de(ℰ + δℰ))2, (2)

where ωss represents the charge sweet spot frequency, and ϵ describes 
the energy offset defining the corresponding bias voltage. The electri-
cal tunability of the qubit transition frequency is described by the term 
2deℰ , where de is the electron dipole moment and ℰ ∝ ΔVres  is the 
applied field31,32. Moreover, the noise terms δℰ, δϵ and δωss caused by 
the d.c. bias or adjacent charge fluctuations lead to decoherence of 
the qubit. The sensitivity of the qubit frequency (fq=ωq/2π) to voltage 
fluctuations on the resonator electrodes can then be extracted as the 
frequency lever-arm |∂fq/∂Vres|.

When the qubit is biased at the charge sweet spot, |∂fq/∂Vres| = 0, 
it is first-order insensitive to voltage (charge) noise. Figure 2c,d shows 
that the measured total dephasing (Ramsey) time T∗

2  and the total 
decoherence time with a Hahn echo T echo

2  were 8.2 μs and 21.6 μs, 
respectively. That T echo

2  approaches twice the relaxation time T1 indi-
cates that the low-frequency (quasi-static) noise is the dominant 
dephasing factor for Q1 at its charge sweet spot33. To reveal the 
high-frequency (non-static) noise distribution, we biased the qubit 
away from its charge sweet spot. The frequency lever-arms at the  
bias points used in the following noise analysis are |∂fq/∂Vres| = 90.2  
MHz mV−1, 130.0 MHz mV−1, 157.3 MHz mV−1 and 184.7 MHz mV−1.

extracted high-frequency charge noise density of eNe, projected as 
voltage fluctuations on nearby electrodes, is between 10−4 μV2 Hz−1 
and 10−6 μV2 Hz−1 at 0.01 MHz to 1 MHz. This is lower than that of some 
common semiconductor hosts11–14,17–21,24–26 and approaches the best 
noise performance achieved on GaAs/AlGaAs platforms (10−6 μV2 Hz−1 
to 10−7 μV2 Hz−1; refs. 15,16). We also show variations in noise density and 
qubit properties, which could be attributed to disorders on solid neon 
films that trap excess electrons and open other decoherence chan-
nels. Furthermore, we show that eNe qubits operated near ~5 GHz can 
maintain echo coherence times exceeding 1 μs at temperatures of up 
to 400 mK, which are primarily limited by thermally increased energy 
relaxation and dephasing rates.

Device structure
Our device consists of a split superconducting resonator made from a 
30-nm-thick titanium nitride (TiN) film grown on a 〈111〉-oriented intrin-
sic silicon substrate by atomic layer deposition27 (Fig. 1a). An electron 
trap at each end of the resonator was surrounded by direct current (d.c.) 
gates, which were used to tune the qubit frequency, as shown in Fig. 1b. 
The differential mode of the resonator was coupled with the motional 
states of electrons trapped on the solid neon, with the microwave (MW) 
electrical field pointing from one resonator pin to the other, as shown 
in Fig. 1c. Considering the first two charge states of eNe, the coupled 
system can be described by the Jaynes–Cummings Hamiltonian28:

H = ℏωr (a†a +
1
2 ) +

1
2ℏωqσz + g(a†σ− + aσ+), (1)

where ℏ is the reduced Planck constant, ωr/2π = 5.668 GHz is the reso-
nator frequency after neon deposition, ωq/2π is the qubit transition 
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Fig. 1 | eNe charge qubit coupled to a TiN high-impedance superconducting 
resonator. a, Illustration of the high-impedance TiN superconducting resonator 
with two identical electron traps, MW input and output couplers, and d.c. gates. 
The metal plane between the resonator pins is connected to the ground plane via 
aluminium wire bonds. b, False-colour scanning electron micrograph image of 
the electron-trapping area on the right-hand side of the resonator with trap 
gates. A resonator bias voltage Vres was applied symmetrically to the two pins of 
the resonator via the resonator gates in a. c, Cross-section schematic of the 
electron-trapping area following the black dashed line in b. The charge state of 
eNe qubit is coupled with the MW electric field E within the resonator. RTG, 
resonator trap gate.
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Additionally, the sensitivity to gate voltage fluctuations varies 
between qubits (Supplementary Information Section 2). As illustrated 
in Fig. 1c, the local neon profile and the trap structure define the poten-
tial energy landscape seen by the electrons. Recent theoretical work 
has emphasized the important role of neon morphology in defining 
the Hamiltonian of the qubit34,35. The observed variations in qubit 
sensitivity to d.c. biases and their sweet-spot frequencies confirm the 
non-uniformity in the local electron-trapping potential.

Noise spectroscopy
Fluctuations in the charge environment can cause stochastic frequency 
shifts of the eNe qubit, which lead to qubit dephasing. As illustrated in 
Fig. 3a, because of the increase of the qubit sensitivity to voltage fluctua-
tions, T∗

2  for Q1 decreased to 1.93 μs when biased at |∂fq/∂Vres| = 184.7   
MHz mV−1, corresponding to 15.9 MHz detuning from the charge sweet 
spot. Further, a single refocusing pulse, that is a Hahn echo, was insuf-
ficient to make the coherence time approach the relaxation limit, indi-
cating considerable high-frequency noise components.

To probe the high-frequency components of the environmental 
noise on solid neon, we drove the qubit with Carr–Purcell–Meiboom–
Gill (CPMG) sequences. Qualitatively, the decoherence time under 
CPMG sequences TCPMG

2  at all the bias points increased with the refocus-
ing number N, approaching 2T1, as shown in Fig. 3a. The extracted pure 
dephasing time Tϕ in Fig. 3b reflects the frequency-dependent noise 
power distribution. For a noise spectrum following S(f) ∝ 1/f α, Tϕ scales 
with N β, where β = α/(1 + α) (refs. 12,13,19,36). The β fitted via this scaling 
relation provides a more accurate noise distribution compared with 
individual fittings of the decay curve according to qubit dephasing χN 
at time τ, where χN(τ) = (τ/Tϕ)

α+1 (ref. 36). For Q1, the average fitting 
gives β = 0.6(1), corresponding to α = 1.5(6).

The CPMG sequences act as filter windows in the frequency 
domain. They are used to probe the noise spectral distribution33. For 
Q1, the sensing range spans from 0.01 MHz to 1 MHz, shown as the 
extracted total noise density in Fig. 4a. (See Methods for details of the 
CPMG sequence and noise calculation.) Figure 4b shows the converted 
voltage (charge) noise on the resonator electrode Sv, ranging from 
10−4 μV2 Hz−1 to 10−6 μV2 Hz−1, with a power-law fit Sv ∝ 1/f 1.3(3). A separate 
measurement of Q2 gave a similar voltage noise density with Sv ∝ 1/f 1.1(3) 
(Supplementary Information Section 4). The drop in coherence and the 

spectral noise distribution observed away from the sweet spot indicate 
that charge noise dominates the total noise when the qubit is sensitive 
to electrical fluctuations.

To benchmark the environmental charge noise experienced by 
electron qubits, Table 1 compares the converted voltage noise on 
adjacent gate electrodes, located ~100 nm from the qubits, across 
various platforms. The analysis focuses on the voltage noise spec-
trum from 0.01 MHz to 1 MHz, obtained from characterizations of the 
eNe charge qubits in this work and state-of-the-art noise records for 
silicon metal-oxide-semiconductor (Si-MOS), group IV heterostruc-
tures and group III–V heterostructures. The high-frequency voltage 
noise (between 0.01 MHz and 1 MHz) measured at the vacuum/neon 
interface ranges between 10−4 μV2 Hz−1 and 10−6 μV2 Hz−1. This voltage 
noise is at least one order of magnitude lower than in some engineered 
semiconductor platforms11,12,17–21,24,26 and comparable to others13,14,25. 
This result also approaches some of the best noise data (10−6 μV2 Hz−1 to 
10−7 μV2 Hz−1 in the same frequency range) that have ever been achieved 
with GaAs/AlGaAs semiconductor platforms15,16. Based on the upper 
bound of the electrochemical potential lever-arm against a nearby 
gate (1 eV V−1), the estimated charge noise (10−8 eV Hz−1/2 to 10−9 eV Hz−1/2 
between 0.01 MHz and 1 MHz) is also comparable to the best records 
achieved with semiconductor qubits13,20,25,37,38.

Among the semiconductor spin qubits used for comparison, 
GaAs/AlGaAs systems hold the record for the lowest voltage noise15,16. 
This characteristic may be attributed to the high-quality material 
growth with nearly perfect lattice matching and extremely low disor-
der2. Nonetheless, the coherence of GaAs/AlGaAs qubits is practically 
limited by relaxation processes stemming from strong piezoelectric 
electron–phonon coupling for charge qubits39 and by nuclear spins 
for spin qubits40, so that GaAs/AlGaAs is not a realistic contender for 
either charge or spin qubits.

For qubits based on Si-MOS or group IV materials, the origins of 
the dephasing charge noise are complicated. As summarized in Table 1, 
these include fluctuators in the bulk material as well as device- and 
fabrication-dependent interfaces37,38. In Si/SiO2 systems, the extreme 
proximity of the qubit to the oxide interface and electrical gates can 
introduce notable disorder and noise18,37. In Si/SiGe and Ge/SiGe sys-
tems, amorphous gate oxides are known to host a considerable vari-
ety of two-level fluctuators13,25,38. Mitigating these noise sources in 
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Fig. 2 | Spectroscopic and coherence properties of an eNe charge qubit Q1.  
a, Normalized MW transmission amplitude (A/A0) centred around the resonator 
frequency versus the relative resonator bias voltage ΔVres, as described in b.A0 is 
the bare-resonator transmission amplitude at resonance. Two avoided crossings 
appear when the eNe qubit comes into resonance with the resonator. b, Two-tone 
qubit spectroscopy measurement displaying the transmission phase response at 

the resonator frequency ωr versus ΔVres, while weak drive tones are concurrently 
sent in at a frequency fdrive. c, Ramsey fringes at the charge sweet spot, marked 
with the red arrow in b. The fitted total dephasing (Ramsey) time T∗2 = 8.2 μs. Pe is 
the excited-state population of the qubit. d, Relaxation and Hahn echo 
measurements showing that the total decoherence time with a Hahn echo 
Techo
2  = 21.6 μs and relaxation time T1 = 11.6 μs at the charge sweet spot.
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semiconductor platforms often requires intricate material engineering 
and interface optimization.

The charge noise for the present eNe charge qubits is probably 
not intrinsic to the solid neon material but due to the excess electrons 
trapped on the rough neon surface34,35 and the surface fluctuators from 
device substrates. Improving the film smoothness and thickness and 
refining the electron-loading procedure could mitigate these dominant 
extrinsic noise sources. Despite the current imperfect implementa-
tion, the above noise analysis is consistent with the coherence of the 
eNe charge qubits being orders of magnitude longer than reported for 
semiconductor charge qubits41. These results not only show that solid 
neon can serve as a low-noise environment for electron charge qubits 
but they also predict a long coherence time for electron spin qubits in 
this system (Supplementary Information Section 6).

In addition to the high-frequency range, we also investigated the 
low-frequency noise at the charge sweet spot. Figure 3c,d shows varia-
tions in the frequency for Q1 revealed by Ramsey measurements12,13 that 
were repeated for ~1 h after Q1 was initially biased near its charge sweet 
spot. The qubit underwent a discrete frequency transition with various 
magnitudes, as seen near the 25-min point of the 1-h trace. This was 
revealed by a fast Fourier transform of the Ramsey signals (Methods and 
Supplementary Information Section 3). Using a periodogram method, 
we converted this 1-h qubit frequency measurement into a frequency 
noise spectrum over 10−3 Hz to 10−1 Hz, as shown in Fig. 4a. A power-law 
fit of the data gives the relation S ∝ f −1.1(2). Other detection methods, 
such as single-electron charge sensing techniques13, could complete 
the noise spectrum in the middle-frequency range from 1 Hz to 104 Hz.

Although the qubit is first-order insensitive to small charge 
(voltage) fluctuations at the sweet spot, its local trapping potential 

remains vulnerable to low-frequency perturbations from second-order 
effects. These are probably caused by the rearrangement of excess 
electrons trapped on the rough neon surface, which are difficult to 
remove because of their low mobility. Growing smoother neon films 
and employing gate-controlled electron-loading schemes42 may help 
to mitigate these low-frequency fluctuations.

To complete the discussion, we calculated the transverse noise at 
the qubit frequencies contributing to energy relaxation with 1/T1 = π/2 
× S(2πfq) (ref. 33). In Fig. 2d, the measured T1 = 11.6 μs at the charge sweet 
spot of Q1, where the Purcell rate of Q1 to the resonator mode is 
Γr = κg2/∆2

rq = 1/3.9ms−1. ∆rq is the detuning between the resonator 
and the qubit, and κ is the resonator decay rate. Unlike the qubits 
reported in our previous work5, this result indicates that non-radiative 
decay channels dominate the energy relaxation of Q1, as is the case for 
the other two qubits as well. Relaxation via phonon emission7,28,43 and 
interaction with excess surface electrons, which can act as a back-
ground bath of two-level systems44, may limit the relaxation lifetime 
of floating electron qubits. Measurements of T1 of Q1 at various bias 
frequencies showed that the transverse noise increases with frequency 
in the gigahertz range, probably due to the interaction with an 
ohmic-type environment1. The best fit of the total transverse noise 
versus frequency in a log scale gives S ∝ f 2.2(2) between 5.065 GHz and 
5.498 GHz, with a mean of 3.6 × 105 Hz2 Hz−1, as shown in Fig. 4c.

Temperature dependence
To characterize the robustness of the solid neon film as an electron qubit 
host at elevated temperatures, we measured the temperature depend-
ence of the relaxation of Q1 and its coherence at its charge sweet spot 
from 10 mK to 500 mK. The energy relaxation T1 is described well by a 

∝N0.6(1)
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model that accounts only for the coupling of a two-level quantum  
system to a bosonic thermal bath within the experimental temperature 
range, T1 ∝ tanh(ℏωq/2kBT)  (refs. 45,46), as shown in Fig. 5a. Here ℏ is 
the reduced Planck constant, kB is the Boltzmann constant and T is tem-
perature. Similarly, the thermal population follows a Maxwell–Boltz-
mann distribution47 (Supplementary Information Section 3). The 
corresponding electron temperature closely tracks the mixing chamber 
(MXC) temperature between 100 mK and 500 mK and saturates around 
40 mK, demonstrating the effective cooling of electrons at 
low temperatures.

A separate measurement on a different qubit, Q2, as presented 
in Supplementary Information Section 4, revealed a similar tempera-
ture dependence for T1 but with a different low-temperature limit. This 
indicates a picture in which individual eNe qubits couple differently 
to their environment (including through phonons7,28), which sets the 
low-temperature T1. This motivates further studies of the microscopic 
limitations of T1. For the current qubits with transition frequencies 
near 5 GHz, T1 decreased to about half of its low-temperature value at 
200 mK. Given the temperature-dependent T1 scaling with the two-level 
quantum system model, we anticipate further improvements to the 
high-temperature performance of eNe qubits from engineering charge 
or spin states for qubit operations at higher frequencies. This would 
motivate the development of dedicated circuit quantum electrodynamics 
architectures and control hardware, for which recent efforts have already 
begun in superconducting qubits operating above 20 GHz (ref. 22).

The coherence data at elevated temperatures (Fig. 5b) show the 
thermal robustness of solid neon as an electron qubit host. Q1, with a 
qubit frequency of only ~5 GHz, maintained T echo

2  temperatures of up 
to 400 mK for >1 μs, indicating the potential of eNe for high- 
temperature operations. Moreover, the trend for coherence with tem-
perature remains complex. T∗

2  and T echo
2  show that quasi-static and 

high-frequency noise components behave differently with increased 
temperature, as shown in Fig. 5b. Below 50 mK, T echo

2  approaches 2T1, 
indicating a weak noise density in the high-frequency range. However, 
starting from 75 mK, T echo

2  scales with temperature proportional to 
T −1.1(1) and quickly degrades from 2T1, indicating the rise of non-quasi- 
static dephasing noises at higher temperatures15. On the other hand, 
T∗
2 ∝ T−0.72(4) in the whole testing range.

The extracted pure dephasing time Tϕ indicates that the decoher-
ence of the qubit due to non-quasi-static noise grew primarily due to 
thermal effects at elevated temperatures. As shown in Fig. 5c, Tϕ began 
to decrease notably when the MXC temperature exceeded 100 mK. 
In this range, the measured data match well with a parameter-free 
model that accounts for the effect of resonator thermal photons on 
the qubit dephasing22:

T−1ϕ = κ
2Re [

√√
√

(1 + 2iχ
κ )

2

+ 8iχ
κ nth − 1] , (3)

where χ is the dispersive shift for the resonator (Supplementary Infor-
mation Section 3). nth represents the resonator thermal photon 
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Fig. 4 | Noise spectroscopy of eNe qubit Q1. a, Data between 0.01 MHz and 1 MHz 
are the total longitudinal noise density (coloured dots) derived from dynamical 
decoupling data at different qubit bias points. Data between 10−3 Hz and 10−1 Hz 
are the extracted total longitudinal noise (blue dots) from long-term Ramsey 
measurements when biased at the charge sweet spot. Data near 5.0 GHz are the 
transverse noise of the eNe qubit (green diamonds). S(f) represents the noise 

spectral density with f denoting the frequency. b, Voltage noise density Sv(f) 
between 0.01 MHz and 1 MHz, projected on the resonator electrode. c, Zoom-in 
of the transverse noise in a between 5.0 GHz and 5.6 GHz. Notice that the x axis 
is linear with a unit of gigahertz. Grey dashed lines are power-law fits of the 
frequency-dependent noise.
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population, equal to 1/(ehfr/kBT − 1) , with fr the resonator frequency. 
Nevertheless, the deviation of the data from the model below 100 mK 
indicates the presence of other low-temperature dephasing mecha-
nisms. Separate measurements on Q2 (Supplementary Information 
Section 4) gave similar results. Using higher frequency resonators22 
could help to suppress the photon-noise-induced dephasing.

Conclusions
We have reported a quantitative investigation of the environmental 
noise isolation provided by a thin neon layer for eNe qubits. We have 
shown that eNe qubits are resilient to temperature and could be used for 
high-temperature operations. Improving the consistency of the system 
in terms of qubit properties and noise isolation will be an important 
next step in the development of eNe qubits. Our work also highlights 
the importance of improving neon growth and electron-generating 
and electron-trapping techniques.

The various spectral properties of eNe qubits indicate that the 
local neon profile is crucial in electron-trapping mechanisms. The sur-
face roughness of cryogenic solid neon and hydrogen films has been 
studied using optical methods and surface electron mobility meas-
urements48. With the current set-up and neon-filling approach, the 
cryogenic adsorption of neon back into the 4K section of the fill lines 
during the cooldown and the triple-point (de)wetting48 may result in 
a large surface roughness on the thin neon films. The morphology 

of the underlying substrate could also translate to the neon surface 
and affect the properties of trapped eNe qubits35. Developing a neon 
growth method with more refined control—including cryogenic 
valve49 and temperature regulation and repetitive annealing50—as well 
as exploring condensation methods51 could improve neon film quality 
and qubit uniformity. Additionally, the position of trapped electrons 
relative to the nearby electrodes determines the frequency lever-arm 
and the sensitivity of the qubit to voltage fluctuations. At present, the 
lack of a precise method for growing solid neon makes the electron 
trapping uncertain, which induces variations in the qubit properties.

Improving the consistency and control over individual eNe qubits 
is also important for scaling up. All-MW and fast d.c. types of two-qubit 
gates could be applied to eNe qubits coupled through a resonator bus52 
or direct charge–charge interactions53. They all require stable and 
efficient control over qubit properties. In both regards, refined neon 
growth methods, gated electron-loading mechanisms and electron 
detectors with higher spatial resolution should be developed.

However, the diverse noise behaviour observed in eNe qubits 
reflects the complexity of the local charge environment. We have shown 
that for two eNe qubits, a single refocusing pulse is insufficient to 
mitigate most of the noise at the sweet spots of the qubits, indicating 
a higher noise density in the high-frequency range (Supplementary 
Information Sections 4 and 5). The different spectral noise distribu-
tions indicate locally non-uniform noise sources, as the coherence 
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spot. a, Relaxation time T1 (blue dots, data) versus MXC temperature. The solid 
curve represents the predicted T1(T) = T1(T = 0) tanh(ℏωq/2kBT). We used the 
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temperature based on the measured thermal population in Supplementary 

Information Section 3. b, Decoherence time T∗2 (orange squares) and Techo
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triangles) versus the MXC temperature with a fitted power law (dashed curves). 
Grey dots and curves show 2T1 for comparison. c, Extracted pure dephasing time Tϕ 
as a function of the MXC temperature. The red dashed curve is the parameter-free 
calculation of the resonator-induced dephasing based on Q1 properties. All error 
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Table 1 | Comparison of voltage noise and prospective noise origins for electron (hole) qubits on solid neon and in various 
semiconductor platforms

Qubit platform Host interface Voltage noise Sv (μV2 Hz−1) at 
0.01–1 MHz

Reference Prospective sources of charge dephasing 
noise

eNe Vacuum/neon 10−4–10−6 This work Excess electrons on neon;
Substrate surfaces under neon; refs. 34,35

Si-MOS Si/SiO2
Si/SiO2
28Si/28SiO2

100–10−2

10−1–10−3

10−1–10−3

12
17
18

Surfaces and interfaces of electrical gates;
Si/SiO2 interface; SiO2 layer;
refs. 18,37

Group IV heterostructures

Si/SiGe
Si/SiGe
28Si/SiGe
28Si/SiGe
28Si/SiGe

10−3–10−5

10−1–10−3

10−2–10−4

10−2–10−4

10−1–10−3

13
21
11
19
20

Amorphous gate oxide;
Strained heterostructure interfaces;
In quantum wells confining the electrons;
refs. 13,25,38Ge/SiGe

Ge/SiGe
Ge/SiGe

10−1–10−3

10−3–10−5

10−1–10−3

24
25
26

Group III–V 
heterostructures

GaAs/AlGaAs
GaAs/AlGaAs

10−3–10−5

10−6–10−7
14
15,16

Carrier traps in the heterostructure
Gate leakage; refs. 59–61
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of a qubit is highly sensitive to the density and distribution of fluc-
tuators54. Excess electrons emitted by the tungsten filament could 
result in non-uniformly distributed charge fluctuators on the neon 
surface. A rearrangement of excess charges adjacent to the qubit may 
contribute to the low-frequency qubit drift and occasional electron 
escape events55. Fluctuations of distant charges may also perturb the 
qubits via the high-impedance resonator due to the enhanced coupling 
strength. The thinness of the neon film could have further reduced the 
effectiveness of isolating noise embedded in the underlying substrate. 
Strategies for improving the coherence of the qubit include develop-
ing electron-loading procedures on thicker films (~100 nm)10,42 and 
separating trapped qubits from adjacent charge reservoirs56 with 
protection gates.

Finally, the limiting factor for the non-radiative energy relaxation 
rate of eNe qubits needs further investigation. The non-monotonic 
variations in T1 for qubits with different charge sweet spot frequencies 
point to variations in the non-radiative decay channels. Nearby charges 
may create a sparse bath of two-level fluctuators weakly coupled to the 
eNe qubit, whose density determines the transverse noise intensity54. 
Electrical gating could be applied to bias or repel those weakly coupled 
charges to reduce the relaxation rate57. In addition, the rough neon 
surface may create more channels for phonon-induced relaxation, 
compared with electrons on flat neon or helium, due to symmetry 
breaking for otherwise forbidden selection rule processes7,43. With the 
development of improved electron-generating and electron-trapping 
methods on thicker and smoother neon, we anticipate improvements 
in both the coherence and long-term stability of eNe qubits.

Methods
Device and set-up
The resonator, electrode and on-chip filter were patterned with elec-
tron beam lithography followed by reactive-ion etching. Around the 
traps, the Si substrate was etched down by ~250 nm to host the thin 
neon layer. Unlike the previous device, which was originally designed 
to trap electrons on helium4,5 so that the resonator was embedded in 
a 1-μm-deep channel to host liquid helium, the TiN resonator in our 
device was positioned at the same level as the ground plane35. Moreover, 
the two-trap design had the broader goal of coupling two distant eNe 
qubits via the resonator bus52. See details of the characterization of 
the TiN film, resonator and on-chip filter in Supplementary Informa-
tion Section 1.

The experimental set-up was like that described in our previous 
works4,5. The chip was mounted on a customized printed circuit board 
within a vacuum-sealed copper cell, which provided d.c. and MW inter-
faces. A gas filling line was attached to the top lid of the cell and used 
to deposit neon at cryogenic temperatures. A tungsten filament was 
used as the electron source. The cell was mounted on the MXC plate 
of a dilution refrigerator. A total attenuation of 60 dB was applied 
on the cryogenic segment of the MW input line with infrared filters 
(QMC-CRYOIRF-004). The MW output line was equipped with cryo-
genic isolators (LNF-ISISC4_12A) at the MXC plate, which was followed 
by a high-electron-mobility transistor amplifier (LNF-LNC4_8C) at the 
4K plate and room-temperature amplification. All d.c. connections 
were filtered with thermocoax cables, inductor–capacitor (LC) filters 
(Mini-Circuits RLP-30+) and home-made low-pass filters with a 150-Hz 
cutoff. Qubit spectroscopic measurements were conducted with a vec-
tor network analyser (Keysight N5222B) and a signal generator (Anritsu 
MG3692C). Time-domain pulse measurements were conducted with 
Quantum Machine OPX+ and Octave. The d.c. gates were applied with 
QDevil QDAC-II.

Neon growth
The neon filling used the following procedure. The fridge was warmed 
up from its base temperature with a heater mounted on the 4K plate. 
At that point, the helium mixture circulation was turned off and all 

the mixture was collected while the pulse tube was still on. The heater 
power was set so that it created a temperature gradient from 27 K at the 
4K plate to about 25 K at the MXC plate. Under these conditions, the 
neon gas was filled into the apparatus and deposited onto the device 
chip in its liquid phase. After filling, the heater was turned off, and the 
whole fridge was cooled down again to let the liquid neon freeze into 
a solid. During the cooldown, we annealed the neon film at 10 K for 1 h.

Electron deposition
Electrons were ejected from the tungsten filament mounted on the 
lid of the hermetic copper cell. When the dilution fridge had cooled 
down to the base temperature, the total resistance on the filament 
loop was 2 Ω. A current pulse train applied by a pulse generator with a 
voltage output of −0.6 V, pulse width of 0.1 ms, repetition frequency 
of 1 kHz and duration of 0.3 s was used to fire electrons. We noticed 
that applying a higher voltage or longer duration caused too many 
electrons to land on the top of the chip, which reduced the stability of 
the trapped electrons. Only when both the neon film was present on 
the sample surface and electrons were emitted did we see signatures of 
trapped eNe qubits strongly coupled to the resonator (Supplementary 
Information Section 7).

Noise characterization
We used the dynamical decoupling technique with CPMG pulse 
sequences to study the spectral distribution of the high-frequency 
noise affecting the eNe qubits33. All qubit bias points had positive ΔVres. 
In the sequence, N refocusing Yπ pulses were applied between two Xπ/2 
pulses with identical separation τ/N between two pulses. Under such 
s e q u e n c e s ,  t h e  q u b i t  c o h e r e n c e  d e c a ye d  f o l l o w i n g 
Pe(N, τ) = P0 + a exp (−τ/2T1) exp (−χP) exp (−χN(τ)), with terms account-
ing for pure dephasing −χN, energy relaxation −τ/2T1 and decay during 
driving pulses −χP (ref. 33). P0 is the constant corresponding to the qubit 
population when τ approaches ∞, while P0+a corresponds to the qubit 
population when τ equals 0. We define TCPMG

2  as the time when the coher-
ence of the qubit had decayed by a factor 1/e due to energy relaxation 
and pure dephasing. Increasing the number of Yπ pulses reduced the 
time the qubit was exposed to noise before each refocusing, thereby 
extending the coherence time. Under the assumption of Gaussian 
noise33, a CPMG sequence with N refocusing pulses and total delay time 
of τ imposed a filter function gN(ω, τ) to the qubit noise caused by source 
λ with spectral distribution Sλ(ω), which determined the qubit 
dephasing χN(τ):

χN(τ) = τ2∑
λ
(
∂ωq

∂λ
)
2

∫
∞

0
Sλ(ω)gN(ω, τ)dω, (4)

where ∂ωq/∂λ is the sensitivity of the qubit transition frequency  
to noise source λ, the filter function gN(ω, τ) = ∣yN(ω, τ)∣2/(ωτ)2 and  
yN(ω, τ)= 1 + (−1)1+N exp(iωτ) + 2∑N

j=1(−1)
j exp(iωτ( j − 0.5)/N) cos(ωτπ/2).

With the noise filter imposed by the CPMG sequence, we approxi-
mated the total noise power spectrum density S at frequency fN as 
(refs. 12,13):

S(2πfN) =
1

(Tϕ)
2gN(2πfN,Tϕ)ΔωN

, (5)

where 2πfN is the peak angular frequency of the first harmonic of gN(ω, 
Tϕ), and ΔωN is the full-width at half-maximum of the peak. Tϕ is the time 
when χN(Tϕ) = 1. Given the qubit sensitivity |∂fq/∂Vres|, as listed in the 
legends of Figs. 3 and 4, and neglecting other potential noise sources, 
we extracted the equivalent voltage noise (Sv):

S(2πf ) = (∂fq/∂Vres)
2 × Sv(2πf ). (6)

To investigate the low-frequency dynamics of qubit decoherence 
near the charge sweet spot, we repeatedly conducted Ramsey  
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measurements for 128 iterations, with each recording taking 33 s  
(refs. 12,13). As shown in Fig. 3d, we extracted the qubit frequency drift 
through a fast Fourier transform analysis of the measured Ramsey 
fringes. During the measurement, we also observed more drastic qubit 
frequency fluctuations on the scale of 10–100 MHz, corresponding to 
0.14–0.44 mV for ΔVres. Sometimes, we even observed the disappear-
ance of qubit signatures in the usual gate scanning range. These qubit 
frequency ‘jumps’ usually occurred less than 0.5 times per hour. We 
attribute these large fluctuations to charge rearrangements of nearby 
weakly trapped electrons on neon55. We ensured that the qubit 
remained relatively stable and free from such notable fluctuations 
during data collection for all the presented measurements at various 
bias points.

For all time-domain decoherence and relaxation measurements, 
each data point was averaged over 500 single-shot read-outs.

Data availability
The source data of this study are available via Zenodo at https://doi.
org/10.5281/zenodo.18548730 (ref. 58). Other data that support the 
findings are available from the corresponding authors upon request.

Code availability
The codes used for analysing and plotting the data in this work are 
available from the corresponding authors upon request.
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