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Quantum dot (QD) spin qubits1 in silicon have potential 
applications in large-scale quantum computation2 due to 
their long coherence times3 and high quality factors4–6, as 

well as the fact that complementary metal–oxide–semiconductor 
(CMOS) manufacturing processes7–9 can be used to create dense 
arrays of interconnected spin qubits10,11. Inspired by conventional 
integrated circuits, the on-chip integration of classical control elec-
tronics with the qubit array has been suggested as a way to overcome 
the challenges in wiring up large numbers of multiterminal QD 
devices12. However, since the electronics produce heat, the amount 
of control functionality that can be implemented depends on the 
available cooling power. Therefore, it is beneficial to be able to oper-
ate qubits at temperatures greater than 1 K, where cooling power is 
orders of magnitude higher than at millikelvin temperatures13,14. For 
example, Intel’s cryogenic control chip, which is known as Horse 
Ridge, works at 3 K (ref. 15).

Spin qubits come in two distinct forms: electron3–5,13,14,16 and 
hole7,17–20. With electrons, an artificial spin–orbit interaction 
(SOI) can be engineered by equipping the qubit with a micro-
magnet4,5,16. Conversely, hole spins experience a strong intrinsic 
SOI21. All-electrical spin control is achieved via electric-dipole 
spin resonance (EDSR)22–26, where an applied oscillating electric 
field induces spin rotations. Compared with electrons, holes can 
reduce device complexity, which benefits scalability, because no 
additional device components are required to generate the SOI. 
Furthermore, with holes in silicon nanowires or fin field-effect 
transistors (FinFETs)27–29, the SOI can be exceptionally strong and 
fully tunable, creating a switchable coupling strength and a way to 
mitigate the effects of charge noise20,21,30. Moreover, hole spins are 
better protected against nuclear spin noise due to their weak hyper-
fine interaction31.

Recently, electron spin qubits operating at up to 1.5 K have been 
demonstrated13,14. In this Article, we report hole spin qubits working 
at 1.5–5.0 K, that is, in a temperature range where thermal energy 
is much larger than the qubit level splitting and cryogenic con-
trol electronics can be operated15. Hole spin qubits are integrated 

in silicon FinFET devices that are created using standard CMOS 
fabrication techniques, including self-aligned gates and chemically 
selective plasma etches instead of lift-off processes8,9. In addition, a 
high degree of process flexibility and short turnaround are achieved 
by using electron-beam lithography instead of advanced optical 
lithography32. The fin provides an one-dimensional confinement 
for holes, enabling fast and electrically tunable effective spin-1/2 
qubits20,21,30. We demonstrate EDSR-based spin control with Rabi 
frequencies up to 150 MHz and voltage-tunable qubit frequencies, 
a feature employed to implement z rotations as fast as 45 MHz. We 
also show spin rotations around the x and y axes of the Bloch sphere 
with a single-qubit gate fidelity of 98.9% at 1.5 K. A high robust-
ness against temperature allows for qubit operation above the boil-
ing point of liquid 4He, although with a reduced dephasing time T∗

2 
compared with 1.5 K, which is consistent with an observed whiten-
ing of the spectral noise density on increasing temperature.

Electrical control of hole spins
A tilted side view from a scanning electron microscope and a 
cross-sectional view from a transmission electron microscope of 
a co-fabricated device are shown in Fig. 1a,b. Since these FinFETs 
are fabricated using CMOS processes, they feature a highly uni-
form gate profile32 and ultrasmall gate lengths9, resulting in an 
estimated effective dot size of ~7 nm (Supplementary Section 6). 
By negatively biasing the gate electrodes, an accumulation-mode 
hole double quantum dot (DQD), hosting two individual spin-1/2 
qubits, is formed9. Here a pseudospin of ±1/2 is assigned to the two 
lowest-energy hole states, which for one-dimensional-like hole sys-
tems can have large contributions of both heavy-hole and light-hole 
basis states21,30. We measure the direct current Id.c. through the DQD, 
which when combined with spin-to-charge conversion through 
Pauli spin blockade (PSB)33,34 provides qubit readout functional-
ity (Methods provides further details on the device and measure-
ment setup). For the device investigated, PSB is observed for the 
(1, 1) → (0, 2)/(2, 0) charge-state transitions, and no additional tran-
sitions are observed when further depleting the QDs. Here (m, n) 
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denotes the effective hole occupancy of the left/right QD, whereas 
the true hole occupancy is (m + m0, n + n0) with possible additional 
holes m0 and n0.

In the PSB regime, hole tunnelling is forbidden by spin conserva-
tion if the two spins—one per QD—occupy a spin-polarized trip-
let state (|(1, 1)T+〉 or |(1, 1)T–〉) and are thus aligned parallel. The 
unpolarized triplet |(1, 1)T0〉 is not blockaded as it mixes with the 
singlet |(1, 1)S〉, which itself is coupled to the singlet |(0, 2)S〉 such 
that hole transport occurs35. Spin blockade can be lifted by flipping 
the direction of one hole spin using EDSR7,17,20,23,24, which is per-
formed by applying square voltage pulses and microwave (MW) 
bursts to gate P1 (Fig. 1b). The measurements consist of three stages 
(Fig. 1c,d): first, the two hole spins are initialized in a polarized spin 
state through PSB. Then, the system is pulsed into Coulomb block-
ade, where the MW signal is applied. Finally, in the readout stage, 
a current is detected if the spins are antiparallel, such that one hole 
can tunnel into the neighbouring QD and exit into the nearby res-
ervoir. This cycle is repeated many times for a measurable current, 
such that the duration of the manipulation stage is limited to a few 
microseconds (Supplementary Section 1).

For the high-temperature operation of spin qubits13,14, 
spin-to-charge conversion via PSB rather than energy-selective  

tunnelling36 is favourable, since the single-dot singlet–triplet split-
ting9 is typically much larger than the Zeeman energy. Thus, the 
measurements can be performed at higher temperature and smaller 
external magnetic field, resulting in lower and technically less 
demanding qubit frequencies.

EDSR takes place under the condition that the MW frequency 
fMW equals the Larmor frequency fL = ∣g*∣μB∣Bext∣/h, where g* denotes 
the effective hole Landé g factor along the magnetic-field (Bext) 
direction, μB Bohr’s magneton and h Planck’s constant. In Fig. 1f, 
the resonance appears as a V shape that maps out fL in the fMW–Bext 
plane. The single-hole spin resonance conditions differ slightly for 
the two qubits (Q1 and Q2), making them individually addressable. 
From the slope of the current lines, we extract the absolute values 
for the g* factor as 1.94 ± 0.05 and 2.35 ± 0.05. These two different 
values indicate a sensitivity to the local electric fields, which also 
provides an additional control knob for the g* factor and thus the 
qubit frequency3,5,18,20,26. This is confirmed by Fig. 1g, where the fL 
dependence on the square pulse amplitude Ap is shown.

When the MW drive is on resonance, the DQD current reveals 
Rabi oscillations as a function of burst duration tb. An example 
of a 22 MHz Rabi oscillation, whose decay time is too long to 
be observed within 87π rotations, corresponding to the longest  
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Fig. 1 | Spin–orbit qubits in a FinFET. a, False-colour scanning electron microscopy image of an unfinished device showing the two lead gates L1 and  
L2 (yellow) as well as the interdot barrier gate B (blue; ~35 nm). An in-plane external magnetic field Bext is applied perpendicular to the fin (red).  
b, Cross-sectional transmission electron microscopy image along the black dashed line in a after the integration of the QDs’ plunger gates P1 and P2 
(turquoise; ~15 nm). In addition to a d.c. voltage, fast pulses and microwaves can be applied to P1. The current flow is observed from source to drain via the 
fin-shaped channel. c, Measurement of a spin-blocked pair of bias triangles. The blue square and pink triangle mark the qubit initialization/readout and 
manipulation point, respectively. d, Schematic of the spin manipulation cycle with the corresponding pulse scheme. e, Rabi oscillation with fRabi = 22 MHz 
measured on Q1 at Bext = 123 mT, fMW = 3.311 GHz, AMW = 1.1 mV and T = 1.5 K. The data have been corrected by removing a small constant offset, and are 
fitted (solid curve) to I(tb) = Asin(2πfRabitb + θ) + B, where A, B, fRabi and θ are the fit parameters. f, Measurement of current as a function of fMW and Bext. Along 
the red (blue) line, the spin resonance condition is met for Q1 (Q2). For each frequency, the average current has been subtracted. g, Electrical tunability 
of the qubit frequency with the depth of the Coulomb pulse. The solid lines represent linear fits to the data. h, Detuned Rabi oscillations showing a typical 
chevron pattern, measured at fMW = 3.311 GHz and AMW = 1.4 mV. i,j, Dependence of fRabi on AMW (i) and Bext (j). The solid lines are linear fits to the data with 
zero offset. Error bars correspond to 1σ.
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applicable tb, is given in Fig. 1d. For a detuned fMW, the qubit rotates 
around a tilted axis on the Bloch sphere, resulting in faster rota-
tions of reduced contrast, as demonstrated by the chevron pat-
tern in Fig. 1h. The Rabi frequency fRabi linearly increases not 
only with the MW amplitude AMW (Fig. 1i) but also Bext (Fig. 1j), 
as expected for SOI-mediated spin rotations20,22,23,25,26. For these 
measurements, AMW is calibrated using the photon-assisted tun-
nelling response (Supplementary Section 3)23. The maximum fRabi 
observed is 147 MHz (Supplementary Section 5), which corre-
sponds to a spin-flip time of just ~3.4 ns. Under the assumption that 
EDSR occurs due to a periodic displacement of the wavefunction 
as a whole, the g* factor is not modulated26 and fRabi depends on the 
spin–orbit length lSO (ref. 23). We can, therefore, state an estimate for 
lSO in the range of 20 to 60 nm (Supplementary Section 7), that is, 
similar values to the one reported before9 and in very good agree-
ment with theory predictions21.

A key parameter for qubit controllability is the quality factor 
defined as Q = 2fRabiTRabi

2 , where TRabi
2  is the decay time of the Rabi 

oscillations. For the data presented in Fig. 1e, no decay is observed 
within ~2 μs, that is, Q ≫ 87. In terms of quality factors, our hole spin 
qubits, therefore, outperform their hot electron counterparts13,14.

Hole spin coherence
Next, we evaluate the spin coherence by performing a Ramsey 
experiment. Here two π

2 pulses separated by delay time τ (during 
which the qubit can freely evolve and dephase) are applied. When 

fMW is detuned from the qubit resonance, the current through the 
device shows coherent oscillations known as Ramsey fringes. The 
data in Fig. 2a are measured at a temperature of T = 4.2 K, which 
corresponds to the boiling point of liquid 4He and can be achieved 
in a technically non-demanding way by immersing the sample in a 
liquid 4He bath or at the second stage of a dry pulse-tube refrigera-
tor. The dephasing time T∗

2 is determined by fitting the envelope of 
the fringe decay to exp(−(τ/T∗

2 )
β(T)+1), where β depends on the 

temperature (discussed later). Despite the fact that our qubit read-
out is protected against temperature by the large orbital energies, 
which exceed the thermal energy available at 4.2 K by an order of 
magnitude, a degradation of the signal contrast on increasing tem-
perature is observed (Fig. 2b,c). The reasons for this are not yet 
fully understood; however, we speculate that this is due to spin-flip 
co-tunnelling (Supplementary Section 8). The T dependence of 
T∗

2 in the range of 1.5–5.0 K is presented for both qubits (Fig. 2d). 
Although Q1 can be manipulated faster than Q2, it lags behind in 
coherence. The spin-dephasing time drops with increasing temper-
ature, described by a power-law decay (∝T−η), where η = 0.5 (0.8) for 
Q1 (Q2)—a rather weak temperature dependence similar to previ-
ous reports13,14. The obtained values for T∗

2 are consistent with the 
EDSR spectral width (Supplementary Section 9), and a spin relax-
ation time T1 > 10 μs was found at 4.2 K (Supplementary Section 12). 
In the following, the focus is on the more coherent Q2.

Single-qubit gate fidelity
Spin rotations around at least two different axes are required 
to reach any point on the Bloch sphere. In Fig. 3a, we demon-
strate two-axis qubit control at both 1.5 and 4.2 K by employing a 
Hahn-type echo sequence. A modulation of the relative phase ϕ 
of the second π

2 pulse yields a set of Ramsey fringes that are phase 
shifted by π for a πx and πy echo pulse, which is applied to extend the 
coherence. The performance of the hole spin rotations is charac-
terized using randomized benchmarking37,38 (Fig. 3b and Methods). 
At 1.5 K, a single-qubit gate fidelity of Fs = 98.9 ± 0.2% is obtained, 
which is at the fault-tolerance level2,3 and very similar to the val-
ues recently reported for hot electron spin qubits13,14. The fidelity is 
reduced to Fs = 98.6 ± 1.6% (97.9 ± 1.1%) at 3.0 K (4.2 K), revealing 
a similar scaling with temperature as T∗

2. We, thus, expect to be able 
to enhance the gate fidelities further by improving the qubit coher-
ence, as well as by optimization of the gate pulses39.

Besides rotations around the x and y axis of the Bloch sphere, z 
rotations can be realized by exploiting the electrical tunability of the 
qubit frequency (Fig. 1g). For this purpose, a square pulse of ampli-
tude AZ and duration tZ is added to a Hahn echo sequence (Fig. 3c) 
to rapidly detune the spin precession frequency, which leads to a 
phase pick up around the z axis of the Bloch sphere5. As a conse-
quence, the DQD current oscillates as a function of tZ (Fig. 3d) at a 
frequency that linearly increases with AZ up to ~45 MHz (Fig. 3e).

Noise spectroscopy
Finally, to gain an insight into the sources of decoherence, we per-
form noise spectroscopy by employing Carr–Purcell–Meiboom–
Gill (CPMG) pulse sequences40, where a series of nπ πy pulses are 
applied as a spectral filter for the environmental noise5,41,42. For a 
power-law noise spectrum S(f) ∝ f−β, the CPMG coherence time 
T2

CPMG is expected to scale as T2
CPMG

∝ (nπ)
β

1+β (ref. 42). This 
dependency is confirmed in Fig. 4a, and a β value of 0.88 ± 0.11 
(0.26 ± 0.03) is determined for 1.5 K (3.0 K), revealing a whiten-
ing of the noise on increasing the temperature and thus a reduced 
noise-decoupling efficiency. For nπ = 32, the maximum nπ achievable 
with our transport-based readout scheme, the hole spin coherence 
time is extended to 5.4 μs at 1.5 K, which corresponds to an increase 
by a factor of 27 compared with the unprotected qubit. Although 
our CPMG measurements are sensitive to noise at frequencies of 
f ≈ 105−107 Hz, we independently probe S(f) at f ≈ 10−3−10−1 Hz by 
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tracking Larmor-frequency fluctuations through repeated Ramsey 
experiments5 (Fig. 4b). The temperature dependence of β dem-
onstrates noise whitening in both frequency ranges, and the good 

agreement of the β values for the two frequency windows suggests 
a similar coloured noise spectrum over a wide range of frequen-
cies. From the scaling of β with T, we cannot uniquely identify the 
underlying noise sources, such as charge or nuclear spin fluctua-
tions43. We note, however, that the longest T∗

2 measured is ~440 ns 
(Supplementary Section 10), which does not only exceed the 
dephasing times reported so far for hole spins in silicon at mil-
likelvin temperatures44 but is also close to the estimated limit of  
~500 ns set by the hole–spin hyperfine interaction (Supplementary 
Section 11). This sub-microsecond limit is a consequence of the 
hole spins interacting with a relatively small number of nuclear 
spins Ns ≈ 310, which increases the Overhauser field fluctuations 
that scale with 1/

√

Ns  (ref. 45) and also represents a lower bound due 
to the anisotropy of the hole hyperfine interaction31.

Conclusions
We have reported hole spin qubits in silicon FinFETs that oper-
ate above 4 K. The strong SOI allows for spin rotations as fast as 
147 MHz and the weak hyperfine coupling ensures T∗

2 of up to 
440 ns. In addition to two-axis control, we implement fast z rota-
tions by employing the electrical tunability of the g* factor. At 
1.5 K, we achieve fault-tolerant single-qubit gate fidelities. These 
results have been achieved using an industry-compatible FinFET 
device architecture, which is also well suited to the implementa-
tion of larger arrays of interacting qubits, such as a linear chain 
of exchange-coupled QD spins. Connectivity beyond the nearest 
neighbours can be realized by coupling to a superconducting MW 
resonator46 or coherent spin shuttling47.

In the quest for a higher qubit quality factor, hyperfine-induced 
dephasing can be prevented by engineering a nearly nuclear-spin-free 
environment3. Although a stronger SOI results in shorter gate times, 
it also increases the susceptibility to charge noise. For hole spins 
in silicon FinFETs, however, an unusually strong and at the same 
time electrically tunable SOI, allowing for on-demand switching  
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between qubit idling and manipulation modes, has been pre-
dicted20,21,30. Furthermore, a fast single-shot readout of hole spins 
is required for accurate qubit measurements. At few-kelvin tem-
peratures, this can be realized using a DQD charge sensor that 
exploits tunnelling between two quantized states48. This technique 
is more resilient against temperature than a single-sensor QD, and 
high-fidelity single-shot readout up to 8 K at a bandwidth greater 
than 100 kHz was demonstrated. In addition, a read-time resolu-
tion of <1 μs, which is fast compared with our hole spin lifetime, 
was demonstrated using radio-frequency reflectometry of a sili-
con DQD49. These readout techniques can be combined with the 
advance reported here—a hole spin qubit in a FinFET at tempera-
tures of 4 K and above.

Methods
Device fabrication. The fin structures are defined along the [110] direction on a 
near-intrinsic, natural silicon substrate (ρ > 10 kΩ cm and (100) surface) by means 
of electron-beam lithography (EBL) and dry etching8. The gate oxide is formed 
by thermal oxidation of silicon, yielding a ≃7-nm-thick silicon dioxide (SiO2) 
layer, which is covered by ≃20 nm titanium nitride (TiN) grown by atomic layer 
deposition. The first layer of gates containing L1, L2 and B is patterned using EBL 
and dry etching. Subsequently, the gate stack (≃4.5 nm SiOx and ≃20.0 nm TiN) 
of the second gate layer hosting P1 and P2 is grown by atomic layer deposition. 
The plunger gates are implemented by means of a self-aligned process9, where the 
gaps between the gates of the first gate layer (Fig. 1a, turquoise) act as a template 
for the plunger gates. The gate lengths of the device measured are lB ≈ 35 nm and 
lP ≈ 15 nm. The source and drain contacts are p- type and made of platinum silicide 
(PtSi), which is formed by sputtering a ≃15-nm-thick Pt layer on a silicon surface 
cleaned beforehand, followed by silicidation annealing at 450 °C for 10 min in 
an argon atmosphere. Finally, the devices are encapsulated in a ≃100-nm-thick 
SiO2 layer that is grown by plasma-enhanced chemical vapour deposition and are 
accessed via tungsten interconnects.

Experimental setup. All the measurements are performed using a 
variable-temperature insert that can be operated at 1.5–50.0 K. The MW and 
d.c. signals can be simultaneously applied to gate P1 (Fig. 1b) via a bias tee on 
the sample board. The d.c. voltages are supplied by a low-noise voltage source 
(BasPI SP927) and the source–drain current is measured with a current-to-voltage 
amplifier at a gain of 109 (BasPI SP983c). A square voltage pulse used to drive the 
device between Coulomb blockade (qubit manipulation stage) and PSB (qubit 
initialization and readout stage) is provided by an arbitrary waveform generator 
(Tektronix AWG5204), which also controls the I and Q inputs of a vector signal 
generator (Keysight E8267D) to generate phase-controlled square-shaped MW 
bursts. The latter ones and the square pulse are combined using a wideband 
power combiner (Mini-Circuits ZC2PD-5R263-S+). The qubit readout current is 
distinguished from the background by chopping the MW signal at a frequency of 
89.2 Hz and demodulating the current at this frequency with a lock-in amplifier 
(Signal Recovery 7265). Supplementary Section 1 provides further details.

Clifford benchmarking protocol. Randomized benchmarking is performed by 
applying a randomized sequence of a varying number of Clifford gates m before 
the spin state is rotated such that the final state ideally becomes either the |↑〉 or 
|↓〉 state. Each of the 24 gates in the Clifford group is constructed from the set 
{I, ±X, ±Y, ±X/2, ±Y/2}, with I being the identity gate38. Assuming that the qubit 
initial state is |↓〉, a current flow is only observed when the spin blockade is lifted 
for a final |↑〉 state. Thus, the difference in current between the sequences designed 
to output either a |↑〉 or |↓〉 state, that is, ΔI = I|↑〉 – I|↓〉, is proportional to the 
probability p|↑⟩↑ − p|↓⟩↑ . For each m, we average over 10 randomized sequences and 
the average Clifford-gate fidelity FC is obtained from fitting the normalized current 
difference to (2FC – 1)m. Since a Clifford gate consists of 1.875 gates on average, the 
average single-qubit gate fidelity Fs is derived from Fs = 1 − (1 − FC)/1.875.

Data availability
The data supporting the plots within this paper are available at the Zenodo 
repository: https://doi.org/10.5281/zenodo.4579586
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