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Single-Shot Spin Readout in Semiconductors Near the Shot-Noise Sensitivity Limit
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Fault-tolerant quantum computation requires qubit measurements to be both high fidelity and fast to
ensure that idling qubits do not generate more errors during the measurement of ancilla qubits than can be
corrected. Towards this goal, we demonstrate single-shot readout of semiconductor spin qubits with 97%
fidelity in 1.5 ps. In particular, we show that we can engineer donor-based single-electron transistors
(SETs) in silicon with atomic precision to measure single spins much faster than the spin decoherence times
in isotopically purified silicon (270 ps). By designing the SET to have a large capacitive coupling between
the SET and target charge, we can optimally operate in the “strong-response” regime to ensure maximal
signal contrast. We demonstrate single-charge detection with a signal-to-noise ratio (SNR) of 12.7 at
10 MHz bandwidth, corresponding to a SET charge sensitivity (integration time for SNR = 2) of 2.5 ns.
We present a theory of the shot-noise sensitivity limit for the strong-response regime which predicts that
the present sensitivity is about one order of magnitude above the shot-noise limit. By reducing cold
amplification noise to reach the shot-noise limit, it should be theoretically possible to achieve high-fidelity,

single-shot readout of an electron spin in silicon with a total readout time of approximately 36 ns.
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Sensitive detectors capable of fast, high-fidelity, single-
shot measurements of quantum states are essential for
robust quantum computation [1,2]. Single-electron spins in
semiconductor devices are attractive for quantum compu-
tation as they have a high predicted ratio of coherence
times to gate operation times, ~10°-10% [3-7]. However,
for fault tolerance, fast readout times are also essential to
ensure the accurate measurement of multiple qubits before
idling qubits decohere [8,9]. Readout times faster than
decoherence rates can also unlock the possibility for new
experiments such as entanglement via measurement and
quantum steering [10,11]. To date however, the fastest
electron single-spin state measurements in semiconductor
devices have taken >100 us [12,13], comparable to the
best decoherence times (270 us) in isotopically purified
silicon [14-16]. Here, we demonstrate high-fidelity (97%)
single-shot readout of electron spins in silicon in 1.5 us,
nearly 2 orders of magnitude faster than previous
results. Critical to the result is the nanoscale engineering
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of single-electron transistor (SET) detectors to reach the
strong-response regime [17]. Our nanoscale detectors are
designed simultaneously both for large charging energies
(E¢- =~ 4 meV) to achieve true Coulomb blockade and for
highly conductive tunnel barriers for maximum signal
contrast. With such a detector we demonstrate single-
charge detection with a signal-to-noise ratio (SNR) of
12.7 with 10 MHz bandwidth. As opposed to the shot-noise
sensitivity limit for SETs in the weak-response regime
[18-22], here we present the sensitivity in the strong-
response regime, which is more suitable for binary spin
detection, and show that our results are within one order of
magnitude of the shot-noise limit.

In Fig. 1(a) we show a scanning tunneling microscope
(STM) image of a nanoengineered single-electron transistor
used for fast, high-fidelity spin and charge state readout.
The device consists of two phosphorus donor quantum dots
(D1 = 3P and D2 = 2P) tunnel coupled (18 nm away) to a
large donor island (SET) with source (S) and drain (D)
leads that form a SET detector [23]. The detector is
~100 nm? in size, consisting of ~100 P donor atoms,
and has been designed with tunnel barriers of ~10 x 5 nm?
for both source and drain leads to enable a high conduct-
ance of ~10 uS. The SET is connected via an impedance
matching LC tank circuit to a rf reflectometry homodyne
detection setup, as shown in Fig. 1(a), to measure the
radio-frequency response of the SET (rf SET) [24]. The
inductance Ly = 1200 nH combined with the parasitic
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capacitance C,, = 0.4 pF is chosen to ensure the rf SET is
impedance matched with the 50 Q transmission lines for
maximal signal contrast (see the Appendix A). An input
carrier wave, with frequency f = 223 MHz, is reflected by
the LC circuit depending on the SET conductivity, and the
real (/) and imaginary (Q) components of the reflected
signal are measured.

We show the strong response of the SET to charge
movement in the device, while measured in a dilution
refrigerator with 60 mK base temperature, as a function of
gate voltages in Fig. 1(b). Here we observe a large shift
(~20 mV) in the rf response, 4 times the 5 mV Coulomb
peak width, as a single electron is loaded onto the left donor
dot. The ratio we measure is comparable to results in other
donor-based systems [12,13], in comparison to quantum
dot systems [25] where the ratio is often less than one. This
large shift arises from the strong coupling between the SET
and donor quantum dot due to the large mutual charging
energy (Au ~ 1.3 meV) between them. The large relative
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FIG. 1. Strong response of a donor-based rf SET. (a) STM
image of the device with external reflectometry circuit schematic.
Lighter patches are regions where the passivating H layer has
been removed ready for P incorporation to create in-plane
conducting gates (G1, G2, GT, and GSET), SET charge detector
(SET, S, and D), and donor quantum dots (D1 and D2). A radio-
frequency carrier wave is attenuated down to the 60 mK stage
where it is reflected by the resonant LC tank circuit, amplified at
4 K and room temperature, and then demodulated into 7/ and Q
components. (b) Charge stability diagram showing the rf SET
response as a function of gate voltages Vgt and Vg, (linear
combination of V5 and Vg,) at an electron transition on D1.
(c) The contrast in rf response (5R, AR) of the SET as a function
of the chemical potential ; in the weak-response (upper) and
strong-response (lower) regimes, respectively, in terms of the
SET charging energy E.. The rf response reaches R, during
Coulomb blockade and R, atop a Coulomb peak and shifts by
the mutual charging energy (o, Ap) in the respective weak-
response and strong-response regimes due to a single-electron
transition. The SET signal can switch between R, (lower black
dot) and R; (upper black dot) for a given chemical potential.

shift in our SET detector places it well within the “strong-
response” regime, in which the difference AR in the SET
signal levels of the two charge states, R, and R; [black dots
in Fig. 1(c)], is approximately equal to the difference
between the minimum R,;, (Coulomb blockade) and
maximum R, (Coulomb peak) SET signal, as illustrated
in the lower panel of Fig. 1(c) [17]. Here, the detection
sensitivity of the SET is fundamentally limited by shot
noise, the noise that results from the stochastic nature of
individual electron tunneling events through the SET [17].
The strong-response regime distinguishes our experiment
from previous rf SET experiments aimed at achieving shot-
noise limited sensitivity, which have traditionally been
operated as weak-response sensors [21,22,24]. Indeed,
most theoretical studies on the shot-noise sensitivity limit
have assumed a weakly responding SET, in which a small
SET response OR results from a small shift in its potential
op [Fig 1(c), upper panel] [18-20]. As a consequence,
the sensitivity metric is typically expressed in units of
e/+/Hz, emphasizing the smallest detectable potential shift.
However, this metric does not address the single-charge
detection sensitivity, a key factor in the overall determi-
nation of the spin readout fidelity, which also depends on
the size of the capacitive coupling between qubit and
sensor, and has a binary outcome. A better metric for binary
charge detection sensitivity is the “measurement time” z,,,,
as adopted in superconducting qubits, which uses the
integration time required to resolve a charge with a
signal-to-noise ratio (SNR) of 2 [26,27]. To clarify the
key differences between these two regimes, consider that
experimentally, to achieve shot-noise limited sensitivity in
the weak-response regime, the device is tuned to the side
of a Coulomb peak where the slope §R/6u is maximal, and
the rf power is limited to avoid broadening the peak and
reducing the slope. For a strong-response SET, however, we
tune the SET such that its conductance is maximal for one
charge state and zero for the other, so that we can apply
more 1f power before local heating starts to limit the
sensitivity. Because of the differences in these experimental
approaches, it is not possible to compare sensitivities
from one experiment to another. Instead, by expressing
the shot-noise limit in terms of the measurement time as
used in superconducting qubits, we find charge sensiti-
vities, 7,, = 2.5 ns, approximately one order of magnitude
above the limit and faster than other semiconductor spin
measurement experiments, which have demonstrated
7,, = 50-1000 ns to date [12,13,28-30].

The ability to engineer donor-based devices at the
nanoscale using atomic precision lithography [31] has
multiple advantages for creating a SET capable of reaching
the strong-response regime. The capacitive coupling
between the SET and donor dots is particularly strong in
STM donor devices due to their small separations
(~20 nm) in the same crystallographic plane. The donors’
Coulomb potential defines the conducting regions of the
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device so that no extra gates are required for confinement,
ensuring minimal shielding of the capacitive coupling.
The small SET island (~50 nm) produces a large charging
energy E that separates each of the Coulomb peaks with a
region of true blockade where the SET conductance is zero.
The sharp and deep confinement of the donors’ Coulomb
potential also ensures that we are independently able to
engineer small SET tunnel gaps (~10 x 5 nm?) with high
conductance to maximize the SET’s absolute response
contrast. Combined, these four attributes of precision
atomic qubit engineering, the large charging energy of a
nanometer SET island, the small, highly conductive tunnel
barriers, the small separations of components in the same
plane, and the minimal gate density with minimal shielding
to allow large mutual charging energies, result in a highly
sensitive charge and spin detector.

To demonstrate high-speed (us) charge detection, we
show real-time traces sampled at 10 MHz, in Fig. 2(a).
Here, we tune the SET and D2 donor dot potentials so that
single electrons tunnel between them, and show that the
rf SET is sensitive enough to detect the single-electron
tunneling events on the sub-us timescale. The 51 ns
response time of our detector is limited by the resonance
of the LC circuit with an effective quality factor varying
from 20 to 50 and carrier wave frequency f = 223 MHz
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FIG. 2. High-sensitivity charge detection. (a) Examples of
charge transition events of the third electron on the right donor
dot (D2) detected by the change in rf SET response. (b) 2D
histogram in /-Q space showing the bimodal Gaussian distribu-
tion of many charge detection traces of the third electron on D2
measured with —85 dBm rf power reaching the device. The
distribution shows two clear peaks centered around R, and R,
(separated by A;) with standard deviations of noise o, and o
corresponding to the respective ON and OFF electron charge
states on the donor quantum dot. (c) The theoretically optimal
sensitivity, characterized by the measurement time z,, as a
function of the rms rf current through the rf SET. The black
dashed line indicates the theoretical shot-noise limit. Solid curves
show how 7,, increases with additional amplifier noise, with noise
temperature between 0.3 and 30 K. A star indicates approx-
imately the sensitivity achieved in the present experiment.

(see Appendix B for characterization of the circuit response
times). Many such traces are used to create a histogram
of the I and Q rf-response components [Fig. 2(b)]. The
histogram shows two distinct regions corresponding to the
“ON” (3 electrons) and “OFF” (2 electrons) charge states of
the third electron on the right donor dot (D2). These regions
are then characterized by their respective means (R, and
R, separated by A) and standard deviations (¢ and o).

The SNR, defined as SNR = A/ /4 (63 + o7), is optimal

when we input —85 dBm power to the device, with a
compromise between the high reflected signal contrast and
Coulomb peak broadening, resulting in SNR = 12.7 with a
10 MHz filter bandwidth. The results correspond to a
short measurement time, 7,, = 2.5 ns; see the black star in
Fig. 2(c). For clarification, the measurement time is the
integration time required to distinguish between charge
states. The time required to distinguish between spin states,
the readout time, is inherently longer based on the
detector’s ability to respond to changes in states, i.e.,
response time, and the characteristic tunnel rate of the
electron between the qubit and SET island.

The SET sensitivity quantifies how well we can dis-
tinguish between two charge states, which correspond to
SET rms currents /, and [, respectively. We can model the
ideal case where the current through the SET is zero for one
of the charge states (i.e., I, = 0), such that the measure-
ment time would be dictated by the time taken for a single
electron to transit the SET, i.e., 7,, ~e¢/I; [27]. In other
words, as soon as a single electron tunnels in this case, we
determine we are in the charge state corresponding to /;.
We can calculate the sensitivity in this limit by assuming
the SET, with impedance Zggr, is coupled to a noiseless
amplifier of input impedance Z, through a perfect
impedance matching circuit. The current delivered to the

amplifier is I, = I1\/Zsgr/Zy and the shot noise is
approximately o3 ~ 2eFI,(Zsgr/Zy)/7, where F is the
Fano factor and 7 is the integration time (see Appendix C
for analysis of the device shot noise). The measurement
time for Zggr = 100 kQ, 7,,, is defined as the integration
time such that the signal-to-noise ratio I, /o, = 2 is plotted
as the black dashed line in Fig. 2(c). Colored curves in
Fig. 2(c) illustrate how the 7,, increases with finite noise
temperature of the preamplifier. The black star illustrates
approximately the sensitivity achieved in this experiment
after taking losses into account (see Appendix D for details
on these calculations). This graph shows that for realistic
currents through the SET (~1 nA) the shot-noise limit of
7,, can reach below 200 ps. Indeed, our theoretical
calculations show that with shot-noise limited sensitivity,
and an optimal tunnel rate of approximately 5.4 ns, a
single-spin measurement can be completed with error rates
<1% in ~36 ns, more than 5000 times faster than 28Si
decoherence processes [32]. Taking current reflectometry
methods into consideration, a more practical readout time
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would be on the order of 400 ns (see Appendix E for
further discussion).

We now consider high-speed single-shot spin readout at
the third electron transition of the left donor quantum dot
D1 [real-time traces shown in Fig. 3(a)]. This particular
electron transition has a characteristic tunnel rate ~1 MHz
and had been inaccessible to previous dc measurements due
to its fast tunnel rate [23]. The tunnel events are now easily
distinguished with the rf SET due to the high SNR = 8.1
(sensitivity 7,, = 3 ns) with 10 MHz filter bandwidth and
50 ns integration time. The fidelities F and F are used to
quantify the percentage of correctly identified spin-up (|1))
and spin-down (]} )) electrons, respectively. A series of
tunnel rate equations [Egs. (F4) and (F5) in Appendix F]
are used to optimize the visibility V = FT 4+ F! — 1 with
respect to At, and the complement of the visibility and
fidelities are shown in Fig. 3(b). For short Az, V is limited
by F' as there is not enough time to detect |1) electrons
tunneling off the donor dot. For long Az, V is limited by F*
because thermal excitations of ||) electrons start to
dominate and are misidentified as |1) tunnel events. The
readout position, relative to where the SET and donor dot’s
potentials are equal, was also chosen to be low enough to
minimize unintentional tunneling events caused by heating
effects while also ensuring that tunnel events are long
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FIG. 3. pus electron spin readout. (a) Single-shot spin readout is

performed in a global magnetic field B = 1.5 T by pulsing gate
voltages to read spin states via energy selective tunneling. Each
readout trace is declared spin-up or -down, respectively, if the
detector response rises above a set threshold (blue, spin-up) or not
(red, spin-down) during the optimal readout time Azq, = 1.5 ps.
Traces are offset for clarity with pairs of dotted lines depicting R,
and R;. (b) The readout time Ar is varied to optimize state
fidelities (F' and F* for |1) and || ), respectively) and visibility
(V) and is optimal at 1.5 us, where V = 97.8%. (c) Increasing the
rf-input power increases 7, above 200 mK. When scaled to
absolute applied power, heating due to dc current (black dots) and
rf-input power (red dots) shows the same trend. Black dotted lines
mark the optimal powers used for charge detection (—85 dBm)
and spin readout (=97 dBm).

compared to the charge detector’s response time (51 ns)
[13]. The optimal readout time A¢ = 1.5 us (V = 97.8%) is
limited by the stochastic nature of the readout process and
is 3 orders of magnitude faster than previous single-shot dc
measurements of the same device [23]. The overall measu-
rement fidelity F,,, when including electrical detection
errors (see Appendix F for full determination of fidelities) is
97%. The dominating factor that limits our readout fidelity
is the response time of the resonant circuit which is not fast
enough to detect a small, yet significant, number of faster
tunneling events.

The reliance on stochastic energy-selective tunneling
[33] makes single-electron spin readout more restrictive
than charge detection, both thermally and temporally. To
ensure high fidelities, the thermal energy kz7T, must be
much less than the Zeeman splitting of the spin states gugB,
where T, is the electron temperature, kp is Boltzman’s
constant, g is the electron g factor, and pp is the Bohr
magneton. To minimize dissipation of energy during spin
readout, and hence thermal excitations, we operate the rf
SET with a rf-input power 12 dBm lower than for charge
detection, which leads to the reduced SNR. We observe that
dissipation of energy due to the Joule heating of the SET
results in an increase in the apparent local electron temper-
ature above the 200 mK baseline for powers >10~! pW, as
shown in Fig. 3(c). For dc measurements, the SET bias
Vser was varied, while for rf measurements, the rf-input
power reaching the device was varied. The heating effect
was the same whether the SET current was ac or dc,
confirming that the observed heating is not directly caused
by the rf excitation. The electron relaxation time 7' is
similarly unaffected as the reflectometry measurements
replicated the dc results of T; ~ 20 s previously measured
with the exact same device [23]. Temporally, the spin
readout time A7 must be longer than the integration time
required for charge detection to take into account the time
required for the stochastic tunnel events to occur. Tunnel
events are then distinguished by comparing the maximum
SET response within Az to a chosen threshold value; i.e.,
if at any point during At the response rises above the
threshold, the electron spin is declared |1), otherwise it is
declared || ) [12].

The best spin readout performs measurements as fast as
possible to complete experiments in reasonable time with
good statistics, and much faster than decoherence times to
minimize errors. In our single-electron spin system in
silicon we have demonstrated fast (1.5 us) readout with
high fidelity. The measurement speed is high enough to
perform ~500 000 measurements per second and is ~180
times faster than 775 times (270 us) measured in isotopically
purified 28Si [16]. The measurement rate compared
to T3 corresponds to decoherence errors <0.4%, as
opposed to the >30% that would correspond to previous
measurement times (100 us—100 ms) in donor-based Si
devices [12,13,23,34]. Currently there is much interest in
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gate-based, dispersive readout for semiconductor spin
qubits, which reduces the number of leads in the device
and may improve the prospects for scalability. Our experi-
ment highlights the advantages of the SET for spin mea-
surements: we have demonstrated an order of magnitude
better sensitivity than the best dispersive readout sensitivity,
even though that experiment used a low-noise Josephson
parametric amplifier [35]. Furthermore the rf SET requires a
matching circuit with only a quality factor ~40, whereas
high-sensitivity dispersive readout uses Q > 1000, giving
the rf SET an advantage in overall bandwidth. Long term, for
donor-based qubits, the required additional leads for the SET
are proposed to reside in a three-dimensional architecture
[9,36], thereby providing a more scalable layout.

Currently, the fidelity of our fastest spin readout mea-
surements is limited by the response time of our resonant
tank circuit, which can be improved by designing it to
operate at a higher carrier frequency (and could be
improved by lowering the electron temperature 7',). The
fidelity can be sufficiently high for error correction
(>99%) as long as the sample rate and SNR are suitably
high [32], as has been achieved previously in similar
experiments [23] as to that presented here, and could be
further improved by adopting more sophisticated postpro-
cessing techniques such as maximum likelihood methods
[37]. The sensitivity can be improved in future experiments
by reducing losses in the matching circuit and adopting an
amplifier with lower noise temperature. In combination, it
may be possible to achieve an order of magnitude improve-
ment in charge detection sensitivity and readout of a single-
electron spin in approximately 36 ns with over 99%
measurement fidelity using such a detector in the strong-
response regime. Further improvements in the device itself,
such as having higher SET conductance or tolerating
more SET current without excessive heating, may see this
time reduced further.
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APPENDIX A: IMPEDANCE MATCHING FOR
THE STRONG-RESPONSE REGIME

The impedance of a SET is necessarily high (>10 kQ),
particularly compared with the characteristic impedance
Zy of a laboratory coaxial cable (typically 50 Q), so an

V. | Matchingcircuit |
T :
“\uV L
M ° T Co G, 1 % Gogr é Ispior
I I
FIG. 4. rf SET matching circuit schematic. We represent the

SET by conductance Gsgr, which is connected to a transmission
line of characteristic impedance Z, via an L-match filter circuit
consisting of inductance L,, capacitance C,, and parasitic
dissipation represented by conductance G,. The current source
at right represents the shot-noise contribution of the SET, Isyor-

impedance matching circuit is required to efficiently couple
a 1f signal to the SET. In this Appendix we consider
the suitable design of an impedance matching circuit for a
reflection measurement in which the input and output
signals V;, and V, interact with the circuit through a
common port as shown in the left-hand side of Fig. 4. The
reflected signal is related to the input signal by the
reflection coefficient,

Vout _ Zin B ZO

F — Y ., ~
Vie Zn+tZp

(A1)

where Z;, is the total input impedance of the circuit [38].
For the purpose of detecting changes between two discrete
charge states, the impedance matching circuit should be
designed to maximize the contrast in the outgoing signal
AV = |Vou(G1) — Vou(G,)| for two different SET con-
ductance levels G| and G,. We can impedance match our
circuit by choosing values for the inductance L, and
capacitance C, in our matching circuit to determine its

characteristic impedance, Z- = \/Ly/Cy. We will next
outline the best conditions to aim for when attempting to
impedance match.

To determine how to achieve impedance matching practi-
cally, we model our matching circuit as shown in Fig. 4,
consisting of an inductance L in parallel with capacitance
Cy and having parasitic losses which we represent by a
conductance in parallel with the capacitor, G,,. The circuit is
connected to the SET, which has (variable) conductance
Gggr- The total input impedance of the circuit is

Zn(@) = iwLy + (ioCy + G)7!, (A2)
where G = Gggr + Gy. The resonant frequency of this
circuit (at which the imaginary part of Z;, is zero) is
wy = (LyCy)™"%(1 — ZLG?). For o ~ wy,

1 . —
Zin<w) RZc <Q +2i @0 > )
nt

(A3)

where Q;, = 1/(ZG) is the internal quality factor of the
circuit. Q;,, together with the external quality factor,
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Qe = Z¢/Zy, determines the total quality factor Q =
(Ol + 05071 = Z¢/(Zy + ZLG). Although we are spe-
cifically considering the circuit in Fig. 4, Eq. (A3) is general
to other resonant impedance transformers such as a quarter-
wave stub [39], or waveguide resonator [40]. Ignoring
the small dependence of @, on Gggr, we assume the circuit
will be driven at the resonant frequency, in which case
Zin ~ Z%‘G = ZC/Qint'

In practice, the input signal amplitude V;, must be
chosen to limit the voltage across the SET, Vggr.
Because Vspr ~ —i(ZcG)™'Vy, is also a function of Z,
we should consider the output signal contrast not in terms
of Vi, but in terms of a fixed |Vggy|. Practically, while
we can adjust Vi, in an experiment, it is |Vggp| which
determines the performance of the SET. Taking G| < G,
so that |Vggr| is larger when the SET conductance is Gy,
experimentally we will choose V;, so as to limit |Vggr|. In
that case,

ZyZc(Gy — Gy)
Zy+ Z%(G, + Gy

‘Avout| ~ ) |VSET|' (A4)

This is maximized for Z- = \/Zy/ (G, + G;), which is the
condition for impedance matching to SET conductance G,
and leads to the optimized contrast

_ V%
|AVout| -
2y/G, + G

Thus we have the result that to maximize the reflected
signal amplitude the matching circuit should be designed to
match the larger of the two total conductances (with G,
ideally zero). The optimized contrast is independent of
resonant frequency. For this particular experiment, in order
to match the circuit for the larger conductance, we chose
to minimize C, by relying on the parasitic capacitance
of the device C,, = 0.4 pF and chose the inductance to
be Ly = 1.2 uH.

(G2 = Gy)|Vsgr|.  (AS)

APPENDIX B: MEASURED CIRCUIT
BANDWIDTH

An important consideration of the matching circuit is its
bandwidth, or, equivalently, response time (not to be
confused with the measurement time sensitivity metric):

20 2 Ze

T _——
wy @y (Zy+ ZEG)

(B1)

The output signal response to an instantaneous change in
the SET conductance to G will have a time dependence
Vou x exp(—2/T). The response time for the impedance
matching condition Zq = +/Zy/G is T = 1/(wg\/ZyG).
Here, we characterize the response of our matching circuit
in both the frequency domain and time domain.

We do this by first modeling the reflectance of our
resonant circuit. Combining Eqgs. (Al) and (A3), the
reflectance as a function of frequency can be written:

22— 1)~ i(Q51 - O3

I'~ - .
2(2 - 1) - i(Qt + Oat)

(B2)

We fit this expression to the measured reflection as a
function of frequency, as shown in Figs. 5(a) and 5(b) to
extract @y, Qin, and Q.- As the SET is tuned into and out
of Coulomb blockade its conductance varies significantly,
which is reflected in Q;, varying by as much as 75%
over the range of an entire Coulomb peak in Fig. 5(c). In
contrast, the external quality factor is constant, as it does
not depend on the SET conductance. As a result, the total O
varies from 19 to 42 across a single Coulomb peak. The full
width, half maximum bandwidth of the circuitis 11.7 MHz
when the SET conductance is maximum, and 5.3 MHz in
Coulomb blockade. It is the parasitic capacitance G, that
determines Q;,, hence our results in Coulomb blockade,
where O, = 200, implies Gy = 2.5 uS. If G, were to go to
0, this would give a factor of 1.12 improvement in |AV .

(@) ()
2001 °° o °
< 201 = 150 o °
E g o °
= & 100 o b
Zc 104 Q 50 oExternale ®%8eececoeees
— On Peak o Internal
Off Peak 0 , . .
015 T T 455 465 475
(b) (d)
0
e >
o) =
Q ~
) 2
5-180 Z
E &’
A~ =
&-
3601, Y : -
210 220 230 0 100 200 300 400
Frequency (MHz) Time (ns)
FIG. 5. Characterization of the resonator circuit. Panels (a) and

(b) show the rf amplitude |Voyr| and phase, respectively, as a
function of the rf-input frequency used showing a clear resonance
around 223 MHz. The resonance changes significantly between
cases in (black) and out (red) of Coulomb blockade. (c) Internal
(empty circles) and external (filled circles) quality factors as a
function of gate voltage across a Coulomb peak. The external
quality factor is constant while the internal quality factor changes
by a factor of 4. Dotted lines show when internal and external
quality factors are approximately equal, corresponding to the
impedance matching condition. (d) Rising (blue) and falling (red)
response of the resonating circuit as it is pulsed in and out of
Coulomb blockade by a 50 kHz square pulse on a nearby
electrical control gate. The responses are fitted to exponential
decays (black dash) to extract a rise time T, = 42.7 ns and fall
time Tgy; = 50.8 ns, reflecting the change in Q.
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A time domain characterization of the circuit response is
shown in Fig. 5(d). Here we apply a square voltage wave to
gate G2 to alternate between maximum and minimum SET
conductance. To calculate the response time from this data
we take time cuts through the square pulse edges of the rf
response and fit them to an exponential function to extract
the characteristic response time. Because the total quality
factor of the circuit is different for the voltage position
of the two cases, fits to the rise (blue) and fall (red) of
the signal give different response times: a rise time
T = 42.7 ns and fall time T, = 50.8 ns.

To extract a rise time via Q-factor analysis we must
consider the relationship between bandwidth and rise
time, Ty = 20/w,. We then substitute in the on-peak
Q factor Q.. = 18.6, which results in a rise time
T = 26.5 ns, and on-peak Q factor Q,,;, = 42.4, which
results in the fall time Ty = 60.5 ns. This particular
derivation method can be less reliable than the exponential
pulse fits as it depends on the accuracy of fitting our
resonating circuit model to the data. Based on the previous
response of the circuit to the square voltage wave we
determine the slowest response time to be 51 ns. It is this
response time which limits the minimum readout time in
our experiment. The response time can be improved by an
order of magnitude by a similar increase in the working
frequency .

APPENDIX C: REACHING THE
SHOT-NOISE LIMIT

The noise in an ideal SET readout experiment will be
fundamentally limited by the shot noise [17]. To be able to
see the shot noise, and other limiting noise, in our setup we
perform a measurement of the noise power spectral density
output from our amplifier chain (before demodulation)
measured at 222.3 MHz, with no rf input applied, as a
function of gate voltage V 5 shown in Fig. 6(b). We apply a
source bias up to Vg = £10 mV, larger than practical for
detection, to reach the regime in which shot noise domi-
nates [41]. At low bias, |Vg| < 3 mV, the dominant noise
source is from the preamplifier (CMT CITLF-3). Here, the
Coulomb diamond structure can still be observed, because
in Coulomb blockade the impedance seen by the preampli-
fier input is mismatched from 50 € and the noise level
increases [41]. The noise level is minimum at Coulomb
peaks or bias points where the total impedance of the tank
circuit and SET is close to 50 Q. At higher bias, the noise
level increases approximately linearly with bias, consistent
with shot noise of the SET, which has power spectral
density of current fluctuations S;; = 2eFI [42]. After
accounting for the impedance matching circuit, this con-
tributes S;; = (2eFI)Zsgr/Zy to the input of the preampli-
fier. The linear dependence of this noise on current allows
us to fit the total gain of our measurement chain to be
77.1 dB (assuming F' = 1 at high bias) [41]. Using this gain
factor we scale the measured noise to a noise temperature

() (b) (©)

Conductance (uS)
0 2 4 6

Noise power (fW/Hz)
0 10 20 30 40

Current (nA)

Ve (V)

]
-10-5 0 5 10
Vs (mV)

-10-5 0 5 10
Vs (mV)

FIG. 6. Measured noise levels. (a) dc conductance of the SET as
a function of dc bias Vg and gate voltage V5, showing the
Coulomb diamond structure. (b) Simultaneously measured power
spectral density output from the rf measurement chain at
222.3 MHz as a function of Vg and Vs,. At low bias, noise
from the preamplifier dominates and is modulated by the
conductance of the SET. At high bias, the noise level is linear
with the current in the SET, consistent with SET shot noise. (c) dc
current through the SET as a function of Vg at the black dashed
line in (a) and (b) (V51 = 0.225 V). (d) Measured noise output at
the dashed line in (b), scaled to an equivalent noise temperature
referred to the input of the preamplifier (black). The estimated
shot-noise contribution to this noise is plotted as the red curve.

referred to the input of the preamplifier, shown in black
dots in Fig. 6(d). The red curve indicates the shot-noise part
of the total measured noise. The minimum noise temper-
ature contributed by the preamplifier is 5.2 K (which is
again higher in Coulomb blockade). We note that for the
optimum input power used to perform spin readout,
—95 dBm, the SET rms current is about 1.8 nA, which
has a corresponding shot-noise temperature 1.0 K. Thus the
preamplifier is the dominant noise source in our detection
measurements, and if this noise could be reduced to the
shot-noise limit we would achieve more than a factor of 5
increase in the voltage SNR. Adding an isolator between
the matching circuit and the preamplifier would also
improve the sensitivity in this experiment, as the impedance
at the input of the preamplifier would remain 50 Q even
when the SET is in Coulomb blockade.

APPENDIX D: SENSITIVITY THEORY

The shot-noise limited charge detection sensitivity of the
strong-response SET has been addressed theoretically by
Oxtoby et al. [17]. The minimum timescale for charge
detection is the same as the timescale for electrons to
transit the SET channel in the high conductivity SET state
(~I,/e). At this timescale the uncertainty in tunneling
events cannot be treated as Gaussian white noise, and how
this noise combines with Gaussian white noise [such as
from a preamplifier as considered in Fig. 2(c) in the main
text] is complex. However, for simplicity we model the shot
noise as Gaussian white noise with a current power spectral
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density S;; = 2eFI, where F is the Fano factor [42]. We
assume that the SET is biased so that the current through
the SET is O for one particular charge state and /gy for
the other. The current delivered to the transmission line
in the ON state, assuming perfect impedance matching, is

I, = Ionv/Zsgt/ Zo- The shot noise, illustrated as a current
source in Fig. 4, contributes noise power 2elonZsgr tO
the output of the matching circuit, again assuming perfect
impedance matching. We assume additional (white,
Gaussian) current noise of spectral density 4kzTy/Z, is
added to the output current by an amplifier chain of noise
temperature 7'y. Then the current noise variances are

— (D1)

o 4kBTN + 2€FION ZSET
N ZoT T ZO ’

(D2)

And the measurement time z,, such that |I, —1Iy|/
(65 +07)/2=21s

2
= (8kpTy + 2eFlonZser)-

= (D3)
1 %NZSET

Tm

To calculate the curves shown in Fig. 2(c) of the main text,
we used F = 1 and Zggr = 100 kQ, similar to the present
experiment. In the limit of no added amplifier noise,
Ty — 0, the shot-noise limited measurement time is
T, X 4eF /Ioy. This is approximately twice the average
time it takes for one electron to transit the SET. Future
theoretical work will investigate the absolute limit of
charge detection sensitivity for an ideal value of Zggt.

APPENDIX E: ESTIMATED OPTIMAL READOUT
TIME IN THE SHOT-NOISE LIMIT

We can predict the optimal performance of single-shot
readout in a precisely placed donor device in silicon
operated in the strong-response regime at the shot-noise
limit using guidelines presented by Keith et al. [32]. The
guidelines consist of a set of conditions required to achieve
spin readout with measurement fidelity >99%. The most
relevant of these conditions include the following.

(i) The spin relaxation time 7', is much greater than

electron tunneling times, i.e.,

1,1 0 40
Ty > 11y, oyt ins Lot (E1)
where #ly (£{) and thyp (191) are the characteristic
times for a spin-up (spin-down) electron to tunnel on
and off the donor dot, respectively.

(i) Thermal excitations of spin-down electrons are
sufficiently low, i.e.,
tour 2 8001yr- (E2)
(iii) The sample rate I', (inverse of integration time) is
fast compared to the length of the high signal
response (“blip”) during readout (t?N), ie.,
T, 2 12/6). (E3)
(iv) Signal-to-noise ratio is greater than 3.
The optimal readout time 7, is given in terms of 7' and
characteristic tunnel times as

0 I
0 1 tour (T +our)
B T tourtout ln< Tl

t

= R
P T (8dyr — tour) + durtour

By substituting each of the above conditions into the
equation for 7, as well as choosing a readout chemical
potential such that 7{,;r = #fy, we find that 7, = 6.67]y;
i.e., the optimal readout time is approximately 7 times
the characteristic blip length. To get SNR =3 (.e,
achieve noise a factor of 2/3 lower) would require
increasing the integration time to 450 ps (assuming white
Gaussian noise). This translates to an optimal 3 > 5.4 ns
and, hence, 7, 2 36 ns.

Practically, with current sensing methods, it would be
very difficult to achieve a response time close to 450 ps
given it is 2 orders of magnitude faster than in this paper.
For comparison, an impedance-matched donor-based rf
SET with center frequency of 5 GHz could achieve a
bandwidth ~100 MHz and sample rate ~5 ns. Using the
shot-noise limit sensitivity of 200 ps in combination with
the 5 ns sample rate results in an optimal readout time of
~400 ns. The SNR in this case would be much greater
than 3 (SNR ~ 10), in order to reach the requirement for
99% readout fidelity, considering that the readout would be
limited by the response time rather than the sensitivity,
similar to the experiment presented here.

APPENDIX F: DETERMINATION OF SPIN
READOUT MEASUREMENT FIDELITY

Single-shot electron spin readout can be performed in a
global magnetic field via a process known as spin-to-charge
conversion (STC) [33]. Pulsed gate voltages are used to
load the donor dot with a random electron spin state, read
the spin state via energy selective tunneling, and empty the
donor dot ready to repeat. During the read phase the SET
chemical potential is aligned between the two spin energy
levels so that only |1) has enough energy to tunnel off the
donor dot to then be replaced by a || ) electron. The pair of
tunnel events ideally only occur when the initial electron
state is [1). The resultant charge movements are detected
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by the rf SET as a sharp switch back and forth between two
distinct rf-response levels (R, and R, ). Examples of readout
traces for both |1) (blue) and |]) (red) are shown in the
main text [Fig. 3(a)]. Each readout trace is determined to be
either initially |1) or |}), in a process called electrical
readout, by comparing the maximum rf SET response
within the readout time Ar of the readout trace to a
particular threshold.

The quality of spin readout is quantified by the average
percentage, known as the measurement fidelity F,, of
initial spin states that are correctly identified. The meas-
urement fidelity is separated into state fidelities (F; and
F ) based on initial spin state. Each of the state fidelities
can further be broken down into STC fidelities which take
tunneling, thermal, and relaxation errors into account, and
electrical readout fidelities which accounts for signal noise,
sampling, and filtering errors. The STC (electrical) state

fidelities Fly. and Fi. (FL and Fy) for |1) and [{),
respectively, are combined and optimized via the visibility

Ve = Fipe + Fére =1 (Vg = FL + Fi — 1). We then
define F; as

F'+ F!
= F1
w=—— (F1)
where the overall state fidelities F' and F' are
F' = FlicFL+ (1= Flro)(1-Ft), (F2)
F@ = FgeFg+ (1= Fgo) (1= FL). (F3)

The STC fidelities and visibility are shown as a function
of At in Fig. 3(c) of the main text while ignoring errors
from other sources such that F° ch =F'(F éTC = F'). This
relation is determined from a series of tunnel rate equations,

F gTC = % 7~ T(T)FFTéFF exp(Ar/ TéFF) (F4)
- TlréFF exp(—At/T; — AZ/TgFF)
+ TIT(T)FF exp(—At/T) — AZ/T(T)FF)]’

Fsre = exp(=A1/tépe). (Fs)

where T(T)FF and rgFF are the electron tunnel rates off the

donor dot, T; = 20 s is the spin-lattice relaxation time [23],
and T = TlféFF - Tlr(T)FF + T%)FFT(T)FF for compactness. To
maximize fidelity the readout duration needs to be long
enough to capture all |1) tunnel events without giving
enough time for thermal excitations to allow || ) electrons
to tunnel or for |1) electrons to decay before tunneling.
The optimal Ar = 1.5 us leads to a STC visibility of
VSTC — 978%

Counts

f O (mV)

rf 7 (mV)

FIG. 7. [I-Q histogram of the maximum readout traces’ re-
sponses. A 2D histogram of the maximum response of 10 000
readout traces was constructed in /-Q space. The areas within the
two white, dotted circles centered around R, and R; depict the
distributions of the entire traces that the maximum signals had
been sampled from. The histogram shows two distinct distribu-
tions corresponding to spin-up and -down that can be separated
by a perpendicular threshold 7.4 mV from R, to distinguish the
spin states during electrical readout.

Independent of STC conversion, electrical readout
involves distinguishing the two possible spin states by
applying a threshold to the measured SET response. Any
traces that rise above the threshold within Az are declared
|1) and, conversely, traces that do not rise above the
threshold are declared || ). A histogram of 10 000 readout
traces in /-Q space that shows two distinct peaks (with
respective means R and R; and standard deviations o, and
o) corresponding to the two possible outcomes is shown in
Fig. 7. The simplest threshold in this 2D space is a line
perpendicular to the line joining R, and R;, with the
threshold being depicted by the solid line in Fig. 7 with a
perpendicular distance of 7.4 mV from R,,. The SNR of our
data is high enough to permit collapsing the issue into the
classic 1D case based on the projection of each point onto
the line joining Ry, and R;. The maximum response is
defined as the point in 7-Q space furthest from Ry, in the
direction of R, when projected along the common axis that
joins the two points R, and R; as depicted by the dotted
arrow in Fig. 7. The complement of the state fidelities (F'
and FY) and visibility V = FT + F — 1 are shown in
Fig. 8 with respect to the threshold used to distinguish
tunnel events. The fidelities F! and F' are used to quantify
the percentage of correctly identified |1) and || ) electrons,
respectively. In Fig. 8 we calculate the state fidelities
without accounting for heating or decoherence errors to
independently characterize the electrical detection and,
hence, Fl. = F! (FL = F'). The fidelity F' does not
reach above 90% until the threshold is ~5 mV, where it
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FIG. 8. Electrical readout fidelity. The complement of the

electrical fidelities F gTC (blue) and F éTC (red) are shown as a
function of the threshold used to distinguish between the two spin
states. Reduction in fidelity is either caused by electrical noise or
missing very fast tunnel events due to filtering or the limitation of
the resonating circuit response time. The optimal threshold in
terms of the visibility Vgre = F gTC +F éTC — 1 is found to be
7.4 mV from R, resulting in V = 96.1%.

falls below the noise floor of R, but by this point F! has
already dropped sharply from missing short tunnel events
that are filtered out by the resonator’s 51 ns response time
and fail to reach R;. At the optimal threshold V; = 96.1%,
which when combined with Vgpc gives an overall meas-
urement fidelity F; = 97%.
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