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Supplementary Information

S1 Device Fabrication

The device was fabricated on a 0.9 pum thick epi-
layer of isotopically purified 28Si, grown on top of a
500 pm thick "**Si wafer. The 2°Si has been depleted
to 800 ppm in the enriched 28Si epilayer. Single-atom
qubits were selected out of a small group of donors
implanted in a region adjacent to the Single-Electron-
Transistor (SET). In this device, Pg‘ molecular ions
were implanted at 20 keV energy in a 100 x 100 nm?
window. All other nanofabrication processes were
identical to those described in detail in Ref. (7), ex-
cept for a slight modification in the gate layout to
bring the qubits closer to the microwave antenna and
provide an expected factor 3x improvement in B;
(see Fig. S2 for schematic of the gate layout).

S2 Experimental Setup

The sample was mounted on a high-frequency printed
circuit board in a copper enclosure, thermally an-
chored to the cold finger of an Oxford Kelvinox 100
dilution refrigerator with a base temperature Tt =
20 mK. The sample was placed in the center of a
wide-bore superconducting magnet, oriented so that
the By field was applied along the [110] plane of the
Si substrate, and perpendicular to the short-circuit ter-
mination of the MW antenna. The magnet was oper-
ated in persistent mode while also feeding the nomi-
nal current through the external leads. We found that
removing the supply current while in persistent mode
led to a very significant magnetic field and ESR fre-
quency drift, unacceptable given the intrinsic sharp-
ness of the resonance lines of our qubit. Conversely,
opening the persistent mode switch led to noticeable
deterioration of the spin coherence, most visible as a
shortening of 735 in Ramsey experiments.
Room-temperature voltage noise was filtered us-
ing an anti-inductively wound coil of thin copper wire
with a core of Eccosorb CRS-117 (~ 1 GHz cut-
off), followed by two types of passive low-pass filters:
200 Hz second-order RC filters for DC biased lines,
and 80 MHz seventh-order Mini-Circuits LC filters
for pulsed voltage lines (see supplementary section

S4 for measurements on the frequency response of the
SET to a square wave applied to different gates.). The
filter assemblies were placed in copper enclosures,
filled with copper powder, and thermally anchored to
the mixing chamber. DC voltages were applied us-
ing optoisolated and battery-powered voltage sources,
connected to the cold filter box via twisted-pair wires.
Voltage pulses were applied using an arbitrary wave-
form generator (LeCroy ArbStudio 1104), connected
to the filter box via semi-rigid coaxial lines. ESR
excitations were generated using an Agilent E8267D
analog signal generator, and NMR excitations were
produced by an Agilent MXG N5182A vector signal
generator. Both excitation signals were combined us-
ing a power-combiner and fed to the MW antenna via
a CuNi semi-rigid coaxial cable, with attenuators at
the 1.5 K stage (10 dB) and the 20 mK stage (3 dB).
The SET current was measured by a Femto DLPCA-
200 transimpedance amplifier at room temperature,
followed by a floating-input voltage post-amplifier, a
sixth-order low-pass Bessel filter, and acquired using
a PCI digitiser card (AlazarTech ATS9440).

S3 Data Acquisition Statistics

For e~ experiments the state is always initialized
spin-down and all of our plots were produced by tak-
ing the spin-up proportion from 100 — 200 single-
shot measurement repetitions per point. For 3'P ex-
periments, plots were produced by taking the nu-
clear flipping probability (no initialization to a certain
state) from 41 measurement repetitions per point, and
50 electron readouts per nuclear spin readout. See
Ref. (2) for more details on nuclear spin readout and
control sequences.

S4 Frequency Response of the Electro-
static Gates

All electrical gates are low-pass filtered to minimize
the electron temperature. The top gate (TG), left
barrier gate (LB) and the right barrier gate (RB) are
filtered with 200 Hz second-order RC filters. The
left donor “slow gate” (LDS) and the right donor
“slow gate” (RDS) are filtered with nominally 10 kHz



Frequency Response DS

Frequency Response DF

Frequency Response TGAC

724.01 724.0
= 72351 72354
1S 3
S 09090 SRR s
&, 723.04 723.01
@
=
S 72251 722.5
s e | =
8 7220 722.0
721.54 721.54

£ =7 O IMEZ

cutoff

Frequency (10" Hz)

Figure S1: Frequency response. Frequency response of the SET current to a square wave applied to donor
slow (DS), donor fast (DF) and the SET tuning gate (TGAC). The red solid lines are best estimates of the cutoff

frequencies.

second-order RC filters. The left donor “fast gate”
(LDF), the right donor “fast gate” (RDF), and the
SET tuning gate (TGAC) are filtered with nominally
80 MHz seventh-order Mini-Circuits LC filters (see
Fig. S2 for schematic of the gate layout). However,
the measured response of the SET to these differ-
ent gates seems to differ from the engineered cut-
offs. The reason for this is unknown, but could be
explained by failed components or spurious conduct-
ing paths through the copper powder surrounding the
lines inside the filter boxes. In Fig. S1 we plot the cur-
rent through the SET (colored regions indicate higher
current) when a square wave is applied to the DS
(LDS+RDS), DF (LDF+RDF) and the TGAC gates,
respectively. For a frequency below the cutoff of
the cable and filter, individual SET Coulomb peaks
are split into doublets. Above the cutoff frequen-
cies the square wave is strongly attenuated and the
Coulomb peaks merge back into single peaks. We es-
timate the cutoff frequencies of the different lines by
comparing the measured data with theoretically mod-
elled second-order RC' filters, where R; = 20 k{2,
Cl =1 pF, R2 = 20 kQ, and CQ = 1/(R2fcutoﬁ)-
We find fD ¢ = 0.6 MHz, fDF . = 3.6 MHz, and

cutoff cutoff
TGAC = 7.0 MHz, and plot the corresponding fre-

quency responses as red lines in Fig. S1.

For the electrically-controlled measurements in
the main text, a combination of DS, DF, and TGAC
was used as “A-gate”. For the measurements in
Figs. 2 & S7 the voltages applied to the gates were
Vbs = Va, Vpr = Va, and Vrgac = 0.8V4. For
the measurements in Figs. 3 & 4, and all other mea-
surements in the supplementary information we re-
duced the voltage applied to the DS gate to improve
the frequency response of the system. The applied
voltages for these measurements were Vpg = 0.5V,
VDF = VA, and VTGAC = O.SVA.

S5 Triangulation of Donor Position

We can triangulate the position of the ion-implanted
donor based on the techniques and methods intro-
duced in Ref. (3). The triangulation is obtained by
combining two different techniques, each one predict-
ing a locus or several loci of donor locations compat-
ible with a measurable physical property of the sys-
tem. We use a classical, finite-element electrostatic
simulation software (TCAD) (4), to model the elec-
trostatic potentials in order to match the spin read-
out criterion (ground state energy of the donor-bound
electron aligned with the Fermi level of the SET is-



land), and a geometric capacitance extraction method
(FASTCAP) (5), to match the measured capacitive
coupling between the donor and the surrounding gate
electrodes.

For this device, we experimentally observed that
the donor was more strongly capacitively coupled to
TGAC than to the donor tuning gates LDF, LDF,
RDS, and RDF. This indicates that the donor is posi-
tioned on the TGAC-side of the SET island. This may
be due to misalignment of the implant window during
fabrication, or to a donor belonging to the background
doping of the epilayer. Matching the relative donor
capacitances, obtained from charge stability experi-

ments (see Table 1) with FASTCAP simulations, we
obtain 4 loci for the possible donor location (see Fig-
ure S2).

A 5th locus can be obtained from matching the
spin readout criterion. The device had a thresh-
old voltage of ~ 1.3 V. To faithfully describe the
electrostatics of the experimental device, we in-
clude a negative interface charge density of Qox =
—1.8 x 10'2 cm~2 in the TCAD model, necessary to
match the threshold voltage (3). This charge density
is consistent with estimates from deep level transient
spectroscopic measurements (6). In a gated nanos-
tructure, the donor can be susceptible to strain which

\
oV
.“v\e‘d
o
LY Extracted Donor
V - Location
et
o ’
°
£ ’ ¥
N «G
-100 )
(o Yo
.L/ 0 200
%,/ 100
100 N
-100 \“‘“
200 g0
LB = Left Barrier
RB = Right Barrier
TG = Top Gate
TGAC = Top Gate AC -
LDF = Left Donor Fast ¢

LDS = Left Donor Slow
RDF = Right Donor Fast
RDS = Right Donor Slow

<
\ (& do“:«]P
C do“'oY

Figure S2: Donor triangulation. Donor position extracted from a combination of donor ground state energy and
relative donor capacitances to various gates. The combination of donor capacitances and spin readout criterion
aids to reduce the uncertainty of the donor position to 4, £2.5 and 3.5 nm in the three cartesian axis x, y and z.



] Gates

| Relative Capacitance |

Cdonor—LB/Cdonor—TGAC 0.65+ 0.25
(CdonorfLDS + CdonorfRDS>/Cdonor7TGAC 1.534+ 0.25
(Cdonor—LDF + Cdonor—RDF)/Cdonor—TGAC 0.36£ 0.075

CTS = Cdonor—island/cdonor 0.36+ 0.06

Table S1: Relative gate capacitances used for triangulation of the donor position.

can modify the conduction band energy (7, 8). There-
fore, for our metrology, we choose a fairly large error
bar for the spin readout criterion, accepting locations
with . = 45.6 + 20 meV. The locus that matches
the spin readout criterion is plotted in Fig. S2. We
will see in Section S6 that the electric field at our fi-
nal donor location is ~ 6 MV/m, resulting in a slope
of the conduction band of ~ 6 meV/nm. Hence, our
large error bar in the spin readout criterion would only
translate to a small error in donor position of ~ 3 nm.

The 5 shells in Fig. S2 intersect to within a re-
gion [50 £ 4, -31.5 £+ 2.5, -8.5 £ 3.5], and represent
the possible set of donor locations in the device. The
donor is located under the right barrier gate RB, to-
wards the TGAC gate.

Electric Field for V,=

S6 Electric Field Simulations

We can use the triangulated donor positions and our
TCAD model of the Si/SiO5 structure with the Al-
gates (see section S5) to estimate the local electric
field at the donor site. Fig. S3 shows the magnitude
and direction of the calculated electric field for V4 =
50 mV (additional to Vi,g = 0.92V, Vgg = 0.92V,
Vg = 1798 V, Vpg = 0.579 V, Vpr = 0.575 V,
Vreac = 0.45 'V, compare also with section S4) in-
side a coordinate range that comprises the triangu-
lated donor positions.

Since the donor is located beneath the barrier
gate, the positive bias applied to this gate (Vrg =
0.92 V) causes the electric field to point in neg-
ative z-direction, and the electron wavefunction is
pulled towards the interface and away from the nu-
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Figure S3: Electric field simulations. Calculated electric field for V4 = 50 mV.
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Figure S4: Electric field simulations. Calculated electric field difference for AE = Evy, —300mv — Ev,=50mv-

cleus. This explains the very low initial hyperfine
coupling A = 96.9 MHz, which is significantly dif-
ferent from the bulk value of 117.53 MHz. Increasing
Vrp should pull the electron even further away from
the nucleus reducing A even more. This means that
we are starting in a situation slightly different from
what is schematically depicted in Fig. 1B, as the elec-
tron is already displaced towards the interface from
the beginning.

It may seem contradictory that, in experiment, we
have measured a positive tuning parameter ay =
0.91 £ 0.07 MHz/V, meaning that a more positive
V4 leads to an increase in the hyperfine coupling.
This is explained by the fact that the A-gate con-
sists of the DS-gates, DF-gates, and the TGAC-gate
(see section S4), which are all located some distance
away from the donor. In this case an increase in V4
will effectively compensate the electric field under
the right barrier. We confirm this in Fig. S4, where
we plot the change in electric field when V4 is in-
creased from V4 = 0.50 mV to V4, = 300 mV, i.e.
AV, = 250 mV. The change in electric field is clearly
positive, reducing the magnitude of the vertical elec-
tric field when V4 is increased, and therefore push-
ing the electron back towards the donor, resulting in a

positive value of o 4.

In Fig. S5 we plot the electric field E' at possible
donor locations as a function of V4. The stars cor-
respond to the compensated plunge position (“Pulse
ESR/NMR” position in Fig. 2A), that keeps the po-
tential of the SET island constant with respect to the
Fermi level of source and drain (9, /). The diamonds
correspond to the electric fields calculated for the dif-
ferent values of V4. The absolute value of E varies
significantly between the different donor positions,
and converting V4 into E would be subject to a large
error. However, the tunability of E is very similar
for all locations. Therefore, we fit this set of simu-
lations to extract an average value for the tunability
dE/dVsy = —2.62(5) MVm~1/V, where the error is
the standard deviation of the slopes of individual fits.
This value is used to convert from V4 to dE with
good accuracy, and to calculate the “Electric Field
Change”-axis of Fig. 2B.
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Figure S5: Electric field simulations. Calculated electric field as a function of V4 for possible donor locations.
The change in electric field is very similar for all donor locations.

S7 Atomistic Simulations of the Hyper-
fine Coupling

The spin Hamiltonian of a >'P donor electron spin S
and nuclear spin I in an electrostatic potential ¢ and
magnetic field By is given by:

prspin - ’ye(d))s . BO - ’YnI . BO + A(¢)I -S

The first and second terms in Equation S7 are
the electronic and nuclear Zeeman terms, the third
term is the contact hyperfine interaction between the
two spins, and 7. and -, are the electron and nu-
clear gyromagnetic ratios, respectively. The con-
tact hyperfine coupling (10) is expressed as A(¢p) =
8Ty (¢) 1|t (ro, )|, where |¢)(ro, )| is the prob-
ability density of the electron wave function evaluated
at the donor site .

The relative tunability of the gyromagnetic ra-
tio ay, /7.(0) is two orders of magnitude smaller
than the relative tunability of the hyperfine coupling
aa/A(0) (refer to Fig. 2 and Ref. (11)). The hyper-

fine coupling relative to the bulk value (A(0) = 117.6
MHz) can, therefore, be approximated as (3, 12, 13)

_ |1/}(T07 (725)‘2
= 00,0 @

We use a numeric implementation of tight binding
- packaged as a software tool called NanoElectronic
MOdeling-3D (NEMO-3D) (14, 15) - to calculate the
hyperfine coupling of the donor at the location trian-
gulated in Section S5 and for the electric fields sim-
ulated in Section S6. Typical simulation domains of
30 nm x 30 nm x 30 nm consisting of approximately
1.4 million atoms were considered. Each NEMO sim-
ulation with the above domain takes ~ 2 hours, when
run on a computing cluster with 48 processors.

In Fig. S6A we plot the calculated hyperfine cou-
pling for V4 = 50 mV for three different donor
depths d at the triangulated position. Confinement
by the interface enhances |t(rq, €)|? beyond the bulk
value for near shallow donors (d = 4.3 nm), result-
ing in a hyperfine coupling greater than 117.6 MHz.
However, for donors further away from the inter-
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Figure S6: Atomistic tight binding simulations of the hyperfine coupling for a donor at the location deter-
mined in section S5, for the electric fields simulated in section S6, and subject to lattice strain. A, B Hyperfine
coupling and tunability of the hyperfine coupling as a function of donor depth under the SiO5 in the unstrained
lattice. C, D Hyperfine coupling and tunability of the hyperfine coupling as a function of lattice strain for a donor
depth d = 4.3 nm under the SiO5. The green lines indicate the experimental values and the green circles highlight
simulations in good agreement with the experimental results.

face, the electric field pulls the electron away from
the nucleus, resulting in a decrease in hyperfine cou-
pling (13, 16). The tunability of the hyperfine cou-
pling AA, i.e. how strongly A is modified when
the electric field is changed, scales inversely propor-
tional with the confinement of the electron. We plot
AA = AVAZBOOmV — AVA:SOmV for three different
donor depths in Fig. S6B. We notice that the calcu-

lated tunability of A is much larger than the exper-
imentally measured one (compare Fig. 2). We be-
lieve this to be due to strain of the Si lattice, which
also influences the hyperfine coupling by distorting
the donor wave function (17).

We cannot quantify the strain in our device, but
Thorbeck et al. (7) estimate that strain due to metal
surface gates in nanoelectronic devices can be as



much as ~ 0.1 %. Especially with the donor located
directly under a barrier gate (see supplementary sec-
tion S5) we expect significant strain at the donor lo-
cation. We repeat the hyperfine calculations for the
donor d = 4.3 nm below the interface for differ-
ent values of homogeneous strain. Here, compres-
sive strain (s < 0) in the xy-plane will lead to tensile
strain (s > 0) in the z-direction. We plot the cal-
culated hyperfine coupling for —0.1% < s < 0.1%
for strain applied to the xy-plane (blue squares) and
the xz-plane (red circles) in Fig. S6C (V4 = 50 mV).
Any type of strain decreases the wavefunction over-
lap of electron and nucleus and reduces the hyper-
fine coupling A. In Fig. S6D, we plot the corre-
sponding tunability of the hyperfine coupling AA
(for AV, = 250 mV). For certain values of s both
the absolute value of A and the tunability AA are
in good agreement with the experimental values of
Aczp = 96.9 MHz and AA,,, = 0.228 MHz (high-
lighted with green circles). While the presence of
strain in the device seems to be able to match the sim-
ulated values with the experimental values, we cannot
conclusively attribute the observed effects to a spe-
cific value of strain. Further and more detailed sim-
ulations would be required to untangle the effects of
electric field, strain and the SiOs interface on the hy-
perfine coupling.

Electric fields, strain and the SiOs interface have
profound consequences for future multi-qubit devices
as they can lead to a strong variability in the hyper-
fine coupling A and, therefore, to distinctively differ-
ent qubit resonance frequencies. It can, however, be
expected that multi-qubit devices with deterministi-
cally positioned donors will have a smaller variability
in the hyperfine coupling as the donors can be placed
at locations with little or at least similar strain. Fur-
thermore, a gate layout optimized for maximizing the
Stark shift should give a tunability of the resonance
frequencies of a few MHz and be sufficient for the
operation of a multi-qubit quantum computer with a
monochromatic global microwave field. In a scenario
where the variability is too large or the tuning range
too small, the global microwave could be operated
as multi-tone continuous-wave driving field at regu-
lar frequency spacing.

S8 Electron Spin Resonance Spectrum
& Rabi Oscillations - Experiment &
Theory

In Fig. S7B we show a gate-controlled measurement
of the ESR spectrum, obtained by shifting v, with V4.
The nuclear spin is in the |{}) state for the duration of
the experiment, and we apply a continuous-wave MW
driving field at frequency vyw = V5§ — 200 kHz.
Here, 115! is the ESR frequency for |f}) obtained from
a conventional pulsed Ramsey experiment at the com-
pensated plunge position (‘“Pulse ESR/NMR” posi-
tion in Fig. 2A). We start the sequence (see Fig. STA)
at V4 = 0 V to load an electron in the |]) state by
spin-dependent tunneling (9) (“Read/Init.” position
in Fig. 2A). We then apply a positive V4 pulse to shift
Ve2(Va) towards vyw for the duration ¢, which re-
sults in a coherent manipulation of the spin. We then
pulse V4 back to 0 V to perform single-shot readout
of the electron spin (9), and we repeat the whole se-
quence 200 times to extract the electron spin-up frac-
tion Py(Va). For V4 = V. ~ 155 mV, an increased
count of spin [1) electrons indicates that v.2(Vy4) be-
comes resonant with the MW source. By optimizing
the duration of the gate pulse we can ensure that the
electron spin undergoes a mw-rotation while on reso-
nance, yielding Py ~ 1.

The maximum P, occurs at a frequency shift
Av, = —217 kHz instead of the expected —200 kHz.
This shift and the presence of side lobes at larger
V4, is caused by the finite time response of the elec-
trical control gates, which are low-pass filtered to
minimize electron heating (see supplementary section
S4 for details). When measuring the gate-controlled
ESR spectrum beyond vyw (Va > V), we sweep
Ve1(Va) through the resonance and back again. The
limited bandwidth of the gates causes slow crossings
through the resonance condition, resulting effectively
in a Landau-Zener-Stiickelberg interferometry exper-
iment (/8). Time-evolution simulations of the whole
sequence (red line in Fig. S7B), taking into account
the bandwidths of the different gates, show excellent
agreement with the measured data. In a setup opti-
mized for electrical control, the rise-time of the A-
gate should be chosen much shorter than the qubit
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Rabi period while on resonance.

In the following paragraphs we present the the-
oretical model that we have set up to describe the
temporal response of the donor system to a voltage
pulse on the A-gate, and the temporal evolution of
spin qubits when they are tuned into resonance with a
CW magnetic driving field.

We model the experimental data using the density
matrix formalism with the Hamiltonian

H(t) = %hAl/(t)O’z + %hﬁoo'm, 3)

where Av(t) = vea(t) — vmw is the detuning be-
tween the ESR transition and the MW source, and
Qo = 23.8 kHz is the Rabi frequency for a B; =
0.85 uT, which gives a w-pulse length of 21 us. The
output power of the MW source Pyiw = —22 dBm
was chosen very low for these experiments to reduce
the power broadening of the ESR line. The dephasing

time T5 = 970 ps of the electron spin (see Fig. 3H)
is included in the master equation of the Lindblad
form (19)

dp i
22— g L 4
where
1
ﬁ(p) = ﬁ (20’2[)0'2 —0;02p — PUzUz)
2
= 0 5)

We then use the equation of motion (4) to numerically
compute the time evolution of an electron initialized
in |{).

From the measurements in Fig. 2B, we know
dves/dV, and can allocate the total shift in v, to DS,
DF, and TGAC in accordance to their respective rela-
tive capacitive couplings to the donor (see section S5)



and temporally filtered to their respective cutoff fre- detuning sequence that we want to model:
quencies (see section S4). This allows us to generate
the detuning trace Av(t) for any measurement and

J

Av(t) = (dVea/dV4)
CdonorfDS/CdonorfTGAC + CdonorfDF/CdonorfTGAC +1
((Cdonor—DS/Cdonor—TGAC)VES (t) + (Cdonor—DF/Cdonor—TGAC)V,?F (t) + VEGAC (t))
—1.36 MHz/V DS DF TGAC

= ——— (1.53V,>(t) + 0.36V tH)y+V t)).
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Figure S9: Electrically controlled Rabi spectrum. Experimental data and time evolution simulations on the
electrically controlled Rabi spectrum.

Here, VPS(t), VP¥(t), and VIGAC(¢) are the are applied to the gates.
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simulation starts with an electron in the |]) state at
Av = 274 kHz for the first 10 us. Av is then changed
to —25 kHz (in this specific example) for a time of
tpuise = 21 ps (m-pulse) before it is tuned back to
274 kHz for 16 us. Fig. S8B,C,D show the time evo-
lution of the electron spin during this sequence. The
final z-orientation of the electron spin is then plotted
in Fig. S8E, and the whole calculation is repeated for
different detuning values to build up the entire ESR
spectrum (comp. Fig S8E and Fig. S7B). The calcu-
lated spectrum is in very good agreement with the ex-
perimental data when taking into account non-unity
readout fidelity (0.85 %) and non-zero background
counts (0.12). The sidelobes at Av < 0 are well
reproduced. They appear when vo is tuned through
vyw at the beginning of the pulse and back at the
end. The limited bandwidth of the A-gate causes slow
crossings through the resonance condition, resulting
effectively in a Landau-Zener-Stiickelberg (LZS) in-
terferometry experiment (/8).

The measurements of Fig. S7B and the calcu-
lations of Fig. S8 can be also be performed as an
electrically-controlled Rabi experiment, where the fi-
nal electron spin orientation is measured as a func-
tion of the length of the voltage pulse. In Fig. S9
we plot the experimentally determined, electrically-
controlled Rabi spectrum in the left panel, and the
simulated one in the right panel. Again, the simula-
tions are in excellent agreement with the experimental
data and the evolution of the LZS sidelobes is well re-

produced.

S9 Ramsey Experiments

The ability to apply V4 (t) sequences to the A-gate al-
lows us to perform arbitrary qubit control sequences
as already demonstrated in Fig. 3 and Fig. 4. This
supplies us with an alternative way to measure the
frequency shift induced by V4. While the measure-
ment in Fig. 2B was conducted changing V4 during
the control phase and pulsing the MW source, we
can also conduct an electrically-controlled Ramsey
experiment as introduced in Fig. 3D. In Fig. S10A
we plot a series of Ramsey measurements, where
AV, = Vit — P e the detuning of the spin
transition during the wait time, was changed from
one measurement to the next. The frequency of the
Ramsey oscillations corresponds to the detuning, and
we plot the extracted values as function of AVy in
Fig. S10B. The slope of the linear fit is dves /dAV4 =
—0.80 £ 0.04 MHz/V.

Fig. S11 shows a similar data set for the 3!P
neutral nucleus. The slope of the linear fit is
dvp1 /dAV 4 0.30 £ 0.01 MHz/V, which al-
lows us to calculate the tuning parameters ay =
dA/dAVs = 2dvyp1/dAVA = 0.60 £ 0.02 MHz/V,
and oy, By = dv.Bo/dAVs = dvea/dAVs —
dvpy [dAVy —1.10 £ 0.05 MHz/V, with a,, =
dve/dAV,y = —0.71 + 0.04 MHz/V/T at By =
1.55 T. All the values extracted in this section are
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Figure S11: Electrically controlled nuclear Ramseys. A Set of EC Ramsey experiments for different voltage

pulses AV conducted on the !P neutral nucleus. B Corresponding frequency shift as a function of AV4.



slightly smaller than the values extracted from Fig. 2.
This is because we reduced the voltage applied to the
DS gate (Vps = 0.5V4 compared to Vpg = V4 for
the measurements in Fig. 2) to improve the frequency
response of the system for all electrically-controlled
measurements involving pulsing sequences (see also
section S4).

S10 Coherence Times Measurements

In addition to the Hahn echo and CPMG measure-
ments introduced and presented in Fig. 3G,J.K, we
performed Ramsey experiments to extract 7% and
dynamical decoupling experiments with a different
number of refocussing pulses. The result of these
measurements is presented in Fig. S12 for the e~ and
in Fig. S13 for the 31P peutral nucleus. Furthermore,
the measurements on the e~ have been performed as

both electrically controlled and conventional, pulsed
spin resonance experiments to directly compare these
two measurements methods. The Ramsey experi-
ments are displayed in Fig. S12A,B, the measured
CPMG decay traces and their fits are displayed in
Fig. S12C,D and Fig. S13A, and the extracted decay
times are plotted as a function of number of CPMG
pulses in Fig. S12E,F and Fig. S13B.

The electron spin coherence times obtained for
electrically controlled and pulsed experiments are
identical within the error bars, indicating that there
is no additional source of decoherence introduced
by performing electrically-controlled measurements.
The free induction decay time is 75 = 220us (see
Fig. S12A,B) and the extended coherence times reach
values of T5,"MG = 10 ms for 32 decoupling pulses
(see Fig. S12C-F) for both experimental methods.
The electron spin coherence times can be fitted with
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Figure S12: Electrically controlled electron coherence times. A,B Ramsey experiments to extract 7% for the
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TSPMG o No/(atl) = NOST where o = 2.0
gives information about a colored noise spectrum
with S(w) o 1/w?? in good agreement with the
data obtained by noise spectroscopy with pulsed-MW

control sequences with TEMCPMG — () 93070
(o = 2.3). This is another strong indicator, that

the electrically-controlled measurements do not intro-
duce significant additional noise.

The coherence times of the neutral nucleus can
be fitted with TSTMG o No/(atl) — NO56 with
« = 1.3 that hints towards 1/ f-type noise. In contrast

to the measurements presented here, in measurements
with pulse-RF control sequences we were not able to
significantly extend 75,TMS with dynamical decou-
pling sequences (see Ref. (20)). We believe that this
is caused by a sensitivity of the donor system to the
RF radiation, possibly by a process as simple as heat-
ing. For the pulse-RF technique, the RF power was
chosen higher and pulsing of the RF source will lead
to a non-equilibrium state. On the other hand for
the electrically-controlled technique, the RF power
was chosen lower (to reduce power broadening of the
NMR transition) and the CW RF drive was leading to
a steady-state situation.





