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Valley, the intrinsic feature of silicon, is an inescapable subject in silicon-based quantum computing. At the spin–
valley hotspot, both Rabi frequency and state relaxation rate are significantly enhanced. With protection against charge
noise, the valley degree of freedom is also conceived to encode a qubit to realize noise-resistant quantum computing.
Here, based on the spin qubit composed of one or three electrons, we characterize the intrinsic properties of valley in
an isotopically enriched silicon quantum dot (QD) device. For one-electron qubit, we measure two electric-dipole spin
resonance (EDSR) signals which are attributed to partial occupation of two valley states. The resonance frequencies of
two EDSR signals have opposite electric field dependences. Moreover, we characterize the electric field dependence of
the upper valley state based on three-electron qubit experiments. The difference of electric field dependences of the two
valleys is 52.02 MHz/V, which is beneficial for tuning qubit frequency to meet different experimental requirements. As
an extension of electrical control spin qubits, the opposite electric field dependence is crucial for qubit addressability,
individual single-qubit control and two-qubit gate approaches in scalable quantum computing.

Keywords: silicon-based quantum computing, valley, electric-dipole spin resonance
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1. Introduction
Based on the Loss and DiVincenzo’s proposal,[1] a qubit

encoded by the electron spin freedom in the gate-defined
semiconductor QD device is booming developed.[2–5] Ben-
efiting from the isotopically purified technique[6] and com-
patibility with available silicon microelectronic fabrication
methods,[7–10] silicon has been a promising platform for quan-
tum information processing. A long dephasing time up to
120 µs,[11] single-qubit gate fidelity exceeding 99.9%,[12] two-
qubit gate fidelity exceeding 99%,[13–15] and quantum er-
ror correction protocol[16] have been demonstrated in recent
years.

The electron spin qubit definition requires excellent dis-
crete orbital states. In bulk silicon, the valley states exhibit
sixfold degeneracy.[17] Conversely, the sixfold valley degen-
eracy is lifted by the large in-plane strain where the energy
of z valleys is approximately tens of meV below the in-plane
valleys.[18,19] The remaining twofold degenerate z valleys are
separated by valley splitting (Evs) of tens to hundreds of µeV
under a vertical electric field and the sharp potential of the in-
terface in QD devices.[19–22] Therefore, a single electron in the
lowest valley state is used to encode spin qubit.[11,23]

As an intrinsic feature of spin qubit in silicon QD, the
presence of valleys is a mixed blessing. The valley degree of
freedom is conceived to encode qubit with protection against
charge noise.[24–26] When the Zeeman splitting energy is com-
parable to Evs, the electron spin state and valley state will mix,
achieving a significantly enhanced Rabi frequency at this spin–
valley hotspot.[27,28] However, the spin state relaxation rate
is also enhanced at spin–valley hotspot.[20,29,30] Additionally,
due to the presence of valleys, the EDSR signal of a single
electron spin qubit in a QD may be more complex than that
suggested by the simple two-level Hamiltonian.[23,31] There-
fore, a deep understanding of valley is essential for silicon-
based quantum computing.

In this paper, we study the electric field dependent char-
acteristics of z valleys based on one-electron (ground valley)
and three-electron (upper valley) qubits in a silicon metal–
oxide–semiconductor (Si-MOS) QD device. For the ground
valley, the electric field dependence of the one-electron qubit
resonance frequency is 22.23 MHz/V, and that of the upper
valley is −26.21 MHz/V, which is consistent with the result
of −29.79 MHz/V extracted from the three-electron qubit in
the upper valley state. For scalable quantum computing, if
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the electron spin qubit is sequentially encoded in the ground
and upper valleys, the opposite electric field dependence of
the resonance frequency is a significant approach for qubit
addressability,[11,32] individual single-qubit control[10,33] and
two-qubit gates.[34,35] Furthermore, we characterize the basic
properties of one-electron qubit. The suitable Rabi frequency
is 2.084 MHz where the microwave (MW) amplitude has little
effect on the control quality. The dephasing time of 1.084 µs
is measured by the Ramsey fringe, and the coherence time can
be enlarged to 191.96 µs by using the Hahn-echo technique.

2. Device and qubit state readout
Figure 1(a) presents the gate defined double quantum dot

(DQD) device fabricated on an isotopically purified 28Si epi-
layer (with the residual 29Si concentration of 60 ppm). Three
overlapping layers of aluminum gates[30,36] with plasma en-
hanced oxidation[37] to ensure electrical isolation property are
used to define the QD structure and single-electron-transistor
(SET) structure. The device fabrication details can be found
in Refs. [30,38–40]. Here, two QDs labelled LD and MD are
formed under gates LP and M to store electrons, and we only
focus on the electron spin qubit in LD here. The SET struc-
ture is capacitively coupled to DQD, and is used to monitor
the electron tunneling events to realize qubit state readout via
Elzerman readout.[41–43] Beside the aluminum gates, a rect-
angular micro-magnet (MM, Ti/Co 10/240 nm) is deposited
around the QD structure to provide the magnetic field gradi-
ent for EDSR.[12,23,44] An external magnetic field Bext pro-
vides Zeeman splitting between electron spin states and fully
magnetizes the MM.[45] Figure 1(b) shows the cross-section
schematic of the DQD structure along the white dashed line in
Fig. 1(a). The aluminum gates create confinement potentials to
trap electrons in two QDs. Two electron reservoirs accumulate
under gates LL and RL, where the right reservoir is extended
to gate RB. Therefore, the tunneling rates between two QDs
and the electron reservoirs are modified by adjusting the volt-
ages on gates LB and RP, respectively. A bias-tee is connected
to the gate LP to deliver the pulse sequence and MW signals
simultaneously to control the energy level and realize EDSR.

The typical charge stability diagram of DQD is shown
in Fig. 1(c), as measured by monitoring the capacitively cou-
pled SET current IS based on the lock-in amplifier.[38,46] Each
QD can be depleted to the last electron individually. Here, we
choose (0,0)–(1,0) and (2,0)–(3,0) charge transitions as the
working areas for one-electron and three-electron qubit exper-
iments, where (N1,N2) are the numbers of electrons in LD and
MD, respectively. For the three-electron qubit experiment, the
first two electrons occupy the ground valley to form a singlet
state, which has no effect on the third electron.[47] A multi-
electron qubit is thought to screen electrical noise to improve
the qubit control fidelity.[48,49]
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Fig. 1. (a) False-colored scanning electron microscope image of the DQD
device nominally identical to that used in the experiment. Three layers of
aluminium gates are used to define the DQD structure and tune the ex-
perimental parameters. A capacitively coupled SET structure is used as
the charge sensor to monitor the electron occupancy of DQD. The MM
structure improves the stray magnetic field for qubit state operation. The
white arrow indicates the direction of the external magnetic field Bext.
(b) Cross-section schematic of the DQD structure along the white dashed
line in panel (a). Two QDs are confined under gates LP and M, while
gates LB and RP are used to control the tunneling rates between QD and
its adjacent electron reservoir. Two electron reservoirs accumulate under
gates LL and RL, and the right one is extended to gate RB. (c) Charge
stability diagram of DQD obtained by sweeping gate voltage VLP and VM.
The (0,0)–(1,0) and (2,0)–(3,0) transitions are chosen as the working
areas for one-electron and three-electron qubit experiments, respectively.
(d) Charge stability diagram around (0,0)–(1,0) charge transition line to
illustrate the electron state control (point L) and readout (point R) pro-
cesses, and the measurement approach of electric field dependence of
fres. The corresponding energy diagram is shown in the inset. (e) Two
experimental single-shot traces of the spin up (blue) and spin down (or-
ange) states as a function of pulse sequence time tpulse. By monitoring the
sudden change of IS shown in the blue trace, the electron spin state can
be distinguished.

In Fig. 1(d), we introduce the qubit state control (point L)
and readout (point R) processes around the (0,0)–(1,0) charge
transition, and how to measure the electric field dependence of
the qubit resonance frequency fres = gµBB/h, where g is the
electron g-factor, µB is the Bohr magneton, h is the Plank’s
constant and B is the sum magnetic field of Bext and MM is
the magnetic field component that parallels to Bext. For the
qubit state control process (the energy diagram is shown in the
right inset of Fig. 1(d)), the initialized spin down electron is
pushed deep into the Coulomb blockade region and the res-
onant MW signal drives the electron wavefunction to move
back and forth in the stray magnetic field to obtain a local al-
ternating magnetic field Bac,[12,50] which is proportional to the
spin flip speed. During the readout process, the Fermi level of
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the reservoir lies between the electron spin up and spin down
states (see the left inset of Fig. 1(d)). Therefore, if the elec-
tron state is spin up, it can tunnel into the adjacent electron
reservoir, and a spin down electron will tunnel back to QD af-
ter waiting for some time, resulting in a sudden change of IS

(see the blue trace shown in Fig. 1(e)). On the contrary, if the
electron state is spin down, there is no tunneling event, indicat-
ing that IS remains unchanged (see the orange trace shown in
Fig. 1(e)). By monitoring the sudden change of IS, the electron
spin state can be distinguished.[43] With the ability to operate
and read out qubits, we turn to characterize the valley prop-
erties of the electric field dependence. When we focus on the
electric field dependence of fres, we scan the voltage of the
qubit control process (Vload) along the orange dotted line in
Fig. 1(d) to measure the change in fres.

3. Electric and magnetic field dependence of
one-electron qubit
Figure 2(a) shows two closely spaced EDSR signals sep-

arated by 28.43 MHz at Bext = 823 mT, where two fres are
26.04840 GHz and 26.07683 GHz, respectively. We propose
that the bimodal signal corresponds to the spin flip of the elec-
tron that occupies the ground valley or the upper valley state.
The energy levels of the two lowest valley states and the corre-
sponding qubit state operation processes as a function of B are
visualized in Fig. 2(b). Two Zeeman splittings with similar en-
ergies EG/U

Z belong to different valley states (the superscripts
refer to the ground and upper valley states) and the energy
difference between two identical spin states is Evs. Here, the
color-coded qubit state operation processes shown in Fig. 2(b)
are the same as those in Fig. 2(a), where the larger fres of the
bimodal signal corresponds to the ground valley, labeled fG

and the other EDSR signal (labeled fU) is associated with the
upper valley. In the following, we focus on these two intra-
valley spin flip processes and provide the basis for classifying
two EDSR signals.

For a constant Bext, we scan microwave frequency fMW to
measure the bimodal EDSR signal to track fG and fU. Then, a
set of fG and fU as a function of Bext is obtained as shown in
Fig. 2(c). The magnetic field dependence of fres, i.e., the elec-
tron g-factor of gG = 2.13073 and gU = 2.13217 is extracted.
The relative difference, defined as 2(gU− gG)/(gU + gG), is
0.0676%. According to the results of Takura et al.,[51] the
unperturbed Zeeman splitting E0

Z will be renormalized in the
presence of a stray magnetic field, and the renormalized Zee-
man splitting is E0

Z(1−
0.5M2

∆ 2−(E0
Z)

2 ). There are two possible

mechanisms to explain the difference of g-factor. The first
is the stray magnetic field of MM, where the spin up state of
the ground orbit and the spin down state of the first excited or-
bit are mixed,[51] resulting in the perturbation matrix element

M ∼ gµBbslL. Here, bsl is the magnetic field gradient of MM,
and L is the QD diameter. The other is orbital energy splitting
∆ . Due to valley–orbit coupling, ∆ is different for the two val-
ley states,[52] and this disorder will enhance the difference of
∆ .[53] Therefore, the Zeeman splitting of two valley states is
renormalized due to the effect on M and ∆ .

Figure 2(d) plots the electric field dependence of fres as
a function of the load depth during the qubit state control
process, Vload. Similar to the magnetic field dependence, the
variations in fG and fU with Vload are extracted by scanning
fMW, and the electric field dependence of two valleys are
αG = 22.23 MHz/V and αU = −26.21 MHz/V. The opposite
signs of αG and αU are from the mixture of the out-plane and
in-plane motion caused by the in-plane Bext.[49] Furthermore,
the different signs of αG and αU indicate that the fres of two
adjacent qubits encoded in the ground and upper valley states
can be simply tuned to be close or further away, which is sig-
nificant for qubit addressability,[11,32] individual single-qubit
control[10,33] and two-qubit gate[34,35] approaches in scalable
quantum computing.
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Fig. 2. (a) The bimodal EDSR signals separated by 28.43 MHz at
Bext = 823 mT, where two fres are 26.04840 GHz and 26.07683 GHz,
respectively. The spin flip processes correspond to the transition marked
in panel (b). (b) The energy levels of two lowest valley states and the cor-
responding qubit state operation processes labeled fG and fU as a function
of B. (c) Magnetic field dependence of fG and fU, where the g-factor of
two valleys is extracted: gG = 2.13073 and gU = 2.13217. (d) Electric
field dependence of fG and fU. The opposite dependence of two valleys
is αG = 22.23 MHz/V and αU =−26.21 MHz/V.

The bimodal signal is identified as an electron occupying
in the ground valley or the upper valley state due to the ther-
mal population. In the Si/SiGe QD platform,[23,54] Evs may be
smaller than the thermal energy (kBTe, where kB is the Boltz-
mann constant and Te is the electron temperature), and a ther-
mally populated process is possible. However, in the Si-MOS
QD device here, Evs is approximately 327.3 µeV, and Te is
258.4 mK corresponding to a thermal energy of 22.3 µeV (see
Appendix A for more details). The explanation for thermally
populated process does not make sense. Therefore, besides
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the basic property characterization of the one-electron qubit in
Section 4, the electric field dependence of the upper valley in
Fig. 2(d) will be further confirmed in Section 5 based on the
three-electron qubit.

4. One-electron qubit properties
After characterizing the electric and magnetic field de-

pendence of two valleys, we study the one-electron qubit prop-
erties. Here, we focus on the one-electron qubit that occupies
the ground valley (there is no Rabi oscillation of the spin qubit
in the upper valley). Figure 3(a) plots the oscillated electron
spin up state probability P↑ as a function of duration time tdur

of the MW signal when fMW is resonant with fG. The ex-
perimental data are shown as blue circles, and the black solid
line represents the fit with an exponentially damped sinusoidal
function. Here, the Rabi frequency fRabi is 2.804 MHz at the
MW power P of 15 dBm, and the quality factor Q, defined
as the number of operations during the Rabi decay time, is
approximately 18. Figure 3(b) shows the power dependence
of fRabi and Q. fRabi increases with increasing P, while Q
changes from increasing to decreasing at P = 15 dBm. We
attribute this to the MM structure, where the small transverse
magnetic field and large longitudinal magnetic field of MM
used here result in a small fRabi and a fast decay rate. There-
fore, for the following Ramsey fringe and dynamic decoupling
experiments, we choose P = 15 dBm to achieve a balance be-
tween the control speed and quality.
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Fig. 3. (a) Electron spin up probability P↑ as a function of tdur. The blue
circles represent the experimental data and the black solid line is the fit,
where the Rabi frequency of 2.804 MHz at P = 15 dBm is extracted.
(b) MW power dependence of Rabi frequency fRabi and quality factor Q.
P = 15 dBm is chosen for the Ramsey fringe and dynamic decoupling ex-
periments. (c) Ramsey fringe results. The dephasing time T ∗2 of 1.084 µs
is obtained from the fitted black solid line. (d) Hahn-echo measurement
results. The qubit coherence time is enlarged to 191.96 µs.

The Ramsey fringe experiment consists of two π/2 op-
erations that are separated by a wait time twait. The initialized
spin down state is operated to the equatorial plane of the Bloch
sphere by the first π/2 operation. During twait, a phase error

accumulates due to the fluctuation of fG, and the second π/2
will project the phase error to the z-axis of the Bloch sphere
to make it quantifiable. Figure 3(c) plots the Ramsey fringe
where fMW is offset by 3 MHz relative to fG, and a dephasing
time T ∗2 of 1.084 µs is extracted. To further improve the qubit
coherence time, we employ the dynamic decoupling protocol.
Based on the Ramsey fringe pulse, we insert an additional
π operation at the center of twait to construct the Hahn-echo
pulse. The π pulse will cancel the phase error that accumu-
lates during the former and the latter wait time twait/2. Fig-
ure 3(d) plots the Hahn-echo signal, and the coherence time is
improved to 191.96 µs.

5. Electric field dependence of three-electron
qubit

Since the explanation for thermally populated process
does not make sense, we confirm the electric field depen-
dence of the upper valley state via the three-electron qubit
resonance frequency fres-3e. Like the measurement process
of one-electron qubit shown in Fig. 2(d), we choose (2,0)–
(3,0) charge transition as the working area. Figure 4(a) shows
the electric field dependence of fres-3e, where the base fre-
quency is fres-3e = 26.0385 GHz. Here, the electric field
dependence α3e is −29.79 MHz/V which is comparable to
αU = −26.21 MHz/V shown in Fig. 2(d), and the sign is the
same as that of αU. Therefore, we emphasize that the bimodal
EDSR signal in Fig. 2(a) arises from the spin flip of the elec-
tron that occupies the ground valley or the upper valley state.
However, the mechanism that one electron occupies the up-
per valley state in Si-MOS QD platform remains to be under-
stood. In Fig. 4(b), we demonstrate the three-electron qubit
control. The Rabi frequency fRabi-3e of the three-electron qubit
is 1.356 MHz at P = 20 dBm, which is slower than that of the
one-electron qubit at P = 15 dBm. We list two main reasons
to explain the acceptable qubit control properties. From one
electron to three electrons, the QD location may change, re-
sulting in a change of the magnetic field gradient which is pro-
portional to the qubit control speed. The other is the different
MW response for one-electron and three-electron qubits.
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Fig. 4. (a) Electric field dependence of f3e with α3e = −29.79 MHz/V,
which is comparable with the result shown in Fig. 2(d). (b) Electron spin
up probability P↑ as a function of tdur at P = 20 dBm. The three-electron
qubit Rabi frequency fRabi-3e of 1.356 MHz is extracted.
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6. Conclusion

We measure the electric and magnetic field dependence
of the qubit resonance frequency that occupies the ground or
upper valley states in an isotopically enriched silicon quan-
tum dot device. The relative difference of g-factor is approx-
imately 0.0676%, and the difference of electric field depen-
dence is 52.02 MHz/V. We further show the qubit control and
coherence properties. The Rabi frequency of 2.804 MHz is
achieved, and the dephasing time is approximately 1.084 µs,
which can be enlarged to 191.96 µs by using dynamic decou-
pling protocol. The power dependence of Rabi frequency and
quality factor are characterized to realize suitable qubit con-
trol. By combining with the electrical tunability of qubit res-
onance frequency and sequential encoding of an electron spin
qubit in the ground and upper valleys, the qubit addressability,
individual single-qubit control and two-qubit gate approaches
can be easily realized, which is a potential approach to achieve
scalable quantum computing.

Appendix A: Electron temperature and valley
splitting

Figure A1(a) plots the unfilled probability of the first elec-
tron in MD as a function of the M gate voltage. Based on the
Fermi–Dirac function and the extracted level arm, the electron
temperature Te is approximately 258.4 mK, corresponding to
the thermal energy of 22.3 µeV.

The magnetospectroscopy of the third electron filling in
LD is shown in Fig. A1(b). When the Zeeman energy EZ is
smaller than the valley splitting Evs, the third electron will
fill the spin down state of upper valley. Otherwise, the third
electron will fill the spin up state of the ground valley. Fig-
ure A1(c) shows the energy level diagram of the first four
electron fills in LD, where the black dashed lines marked the
energy occupation of the third electron. Therefore, the tip-
ping point in Fig. A1(b) represents EZ = Evs, where the ex-
ternal magnetic field is approximately 2.6 T. After taking the
MM magnetic field component parallel to Bext into account
(approximately 50 mT), Evs is 327.3 µeV.
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Fig. A1. (a) Time-averaged quantum dot occupation. The electron temperature Te is approximately 258.4 mK, corresponding to the thermal
energy of 22.3 µeV. (b) Magnetospectroscopy of the third electron filling in LD, where the tipping point represents EZ = Evs. Here, Evs is
approximately 327.3 µeV. (c) The energy levels of the two lowest valley states to explain the third electron filling in QD. As the strength of the
magnetic field increases, the black dashed line marks the energy occupation of the third electron.
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