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The digital revolution was enabled by nanostructured devices made from silicon. A similar promi-
nence of this material is anticipated in the upcoming quantum era as the unrivalled maturity of
silicon nanofabrication offers unique advantages for integration [1] and up-scaling [2, 3], while its
favorable material properties [4] facilitate quantum memories with hour-long coherence [5]. While
small spin-qubit registers have exceeded error-correction thresholds [6], their connection to large
quantum computers is an outstanding challenge. To this end, spin qubits with optical interfaces [7]
offer key advantages: they can minimize the heat load [8] and give access to modular quantum com-
puting architectures that eliminate cross-talk and offer a large connectivity via room-temperature
photon routing [9]. Here, we implement such an efficient spin-photon interface based on erbium
dopants in a nanophotonic resonator [10]. We thus demonstrate optical single-shot readout [11, 12]
of a spin in silicon whose coherence exceeds the Purcell-enhanced optical lifetime, paving the way
for entangling remote spins via photon interference [13, 14]. As erbium dopants can emit coherent
photons [15, 16] in the minimal-loss band of optical fibers, and tens of such qubits can be spectrally
multiplexed [15, 17] in each resonator, the demonstrated hardware platform offers unique promise
for distributed quantum information processing and the implementation of a quantum internet [18]
based on integrated silicon devices.

INTRODUCTION

In the last decades, quantum information processing
has seen major advances, and first systems have outper-
formed classical devices in certain tasks [19, 20]. Ad-
vanced solid-state systems in this context are supercon-
ducting circuits [19] and spin qubits in silicon [21]. The
latter can operate at higher temperatures >1K [22], en-
able very dense integration [23], and give access to long-
term quantum memories [5]. So far, however, up-scaling
of such systems is hampered by cross-talk and heating
caused by the required low-frequency electromagnetic
control fields.

In contrast, using optical fields for qubit readout
and control offers several key advantages: First, opti-
cal frequencies offer superior bandwidth, allowing for
frequency-multiplexed addressing of hundreds of qubits
in a few cubic micrometers [24]. Second, optical modes
are not thermally populated even at ambient tempera-
ture, which enables long-distance transmission of quan-
tum states over glass fibers and avoids the need for cryo-
genic attenuators whose heat load impedes up-scaling [8].
Third, optical fields can be confined to the nanoscale [25],
eliminating cross-talk even between closely-spaced pho-
tonic components. Finally, fast and efficient detectors for
optical fields are readily available and can be integrated
on silicon chips [26] to enable rapid qubit measurements
with high fidelity.

Consequently, the last years have seen intense inter-
national efforts towards combining spin qubits in silicon
with optical initialization, control and readout via spin-
to-optical conversion [27]. A first milestone in this direc-

tion was the optical observation of single spins of erbium
dopants [28] or color centers [29]. Recently, integrating
these emitters into nanophotonic resonators [10, 30, 31]
has improved the efficiency of photon outcoupling. Here,
we build on these advances to demonstrate the optical
initialization and readout of a single erbium spin qubit.

ERBIUM DOPANTS IN SILICON

Compared to all other solid-state emitters [7], includ-
ing color centers in silicon [29–34] and other materials
[4, 35, 36], as well as quantum dots [37] and layered ma-
terials [38], erbium has a unique combination of advan-
tageous properties: it is the only known emitter with
long-lived and coherent spin ground states [39] that si-
multaneously offers lifetime-limited optical coherence [40]
in the telecommunications C-band, where loss in glass
fibers is minimal. Furthermore, the protection of its elec-
tronic states in the inner 4f-shell can lead to exceptionally
narrow spectral diffusion linewidths, down to 0.2MHz
[15, 16]. This facilitates the spectral multiplexing of hun-
dreds of emitters [24]. Finally, the slow spin-lattice relax-
ation rates in silicon [41] and other materials eliminate
the need for sub-Kelvin temperatures, and thus for cry-
ocoolers that use the rare isotope 3He. However, these
advantages come at a price - compared to other emitters,
in particular color centers and quantum dots, the opti-
cal transitions of erbium are much slower, with a typical
timescale of several milliseconds in bulk crystals.

The resulting difficulty of low operation rates can be
overcome by integrating the dopants into optical res-
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FIG. 1. Single erbium dopants coupled to a nanopho-
tonic resonator. a, Several emitters (black and red
spin symbols) are embedded at random positions within a
nanophotonic resonator (SEM image, scale bar 3 µm). Pho-
tons (red curly arrows) are coupled in and out via a tapered
feed waveguide that is brought in contact with a tapered glass
fiber (not shown). b, When the cavity frequency is tuned on
resonance with erbium ensembles in site A [41] and the exci-
tation laser frequency is varied, the fluorescence in the first
20 µs after 0.15 µs-long laser excitation pulses exhibits sev-
eral sharp peaks within the cavity linewidth of 2.37(6) GHz
FWHM (x-axis range). Each peak corresponds to a single er-
bium dopant, and several of them are well-separated from the
others so that these dopants can be addressed individually.
Error bars: 1 SD.

onators [7]. The first experiments that in this way re-
solved single erbium emitters and demonstrated multi-
plexed spin control used either bulk resonators [15] or
a hybrid approach [42], in which a silicon nanocavity is
deposited on top of another host crystal. While both
approaches are compatible with good spin- and optical
coherence [15, 16], they are incompatible with scalable
nanofabrication. Therefore, in this work we instead in-
tegrate the dopants directly into silicon at the recently
discovered site ”A” that exhibits excellent optical prop-
erties at its emission wavelength of 1537.8 nm [41]: a
short radiative lifetime in bulk (142 µs), and both narrow
inhomogeneous (0.5GHz) and homogeneous (<10 kHz)
linewidths. These properties are preserved in commer-
cial, wafer-scale nanofabrication processes [43], which of-
fers unique prospects for up-scaling.

SPIN-PHOTON INTERFACE

To resolve individual erbium spins and facilitate their
readout, we integrate them into a spin-photon interface
based on a silicon photonic crystal resonator, as shown
in Fig. 1a and further described in the Methods. Com-
pared to our recent first observation of Purcell-enhanced
spins in a similar device [10], we have improved the res-
onator design to reduce the mode volume almost twofold,
to 0.83 (λ/n)

3
, while maintaining a high quality factor

C

A

B

D

A B

0.3 0.0 0.3
Probe detuning [GHz]

0.3

0.0

0.3

Pu
m

p 
de

tu
ni

ng
 [G

H
z]

0.5

0.0

0.5

R
el

at
iv

e 
flu

or
es

ce
nc

e

b

4I15/2

4I13/2

B ≠ 0 T

a
AC DB

<latexit sha1_base64="CmF/XlhUR22+6Dvt4eloSgBGm7M=">AAACCXicbVC5TsNAEF1zhnAFKGlWRCCqyEZcJRINZZDIIcWWtd6MnRXrtbU7JooCLQ2/QkMBQrT8AR1/w+YouJ400tN7M7szL8qlMOi6n87M7Nz8wmJpqby8srq2XtnYbJqs0BwaPJOZbkfMgBQKGihQQjvXwNJIQiu6Ph/5rRvQRmTqCgc5BClLlIgFZ2ilsEJ9CTHe+t2sr5jWWZ/6WiQ99DVTiYQwCStVt+aOQf8Sb0qqZIp6WPmwj/EiBYVcMmM6nptjMGQaBZdwV/YLAznj1yyBjqWKpWCC4fiSO7prlS6NM21LIR2r3yeGLDVmkEa2M2XYM7+9kfif1ykwPg2GQuUFguKTj+JCUszoKBbaFRo4yoEljGthd6W8xzTjaMMr2xC83yf/Jc2DmndcO7o8rJ7tTeMokW2yQ/aJR07IGbkgddIgnNyTR/JMXpwH58l5dd4mrTPOdGaL/IDz/gWST5rQ</latexit>

|#ig

<latexit sha1_base64="rvnw4wsvDw57y5vJQgyZ33Oh5aY=">AAACB3icbVDJSgNBEO2JW4xb1KMgjUHxFGbE7Rjw4jGCWSATQk+nJmnS0zN01ygh5ubFX/HiQRGv/oI3/8bOctDEBwWP96qoqhckUhh03W8ns7C4tLySXc2trW9sbuW3d6omTjWHCo9lrOsBMyCFggoKlFBPNLAokFALelcjv3YH2ohY3WI/gWbEOkqEgjO0Uiu/70sI8cFPE6Z1fE99LTpd9DVTHQktaOULbtEdg84Tb0oKZIpyK//lt2OeRqCQS2ZMw3MTbA6YRsElDHN+aiBhvMc60LBUsQhMczD+Y0gPrdKmYaxtKaRj9ffEgEXG9KPAdkYMu2bWG4n/eY0Uw8vmQKgkRVB8sihMJcWYjkKhbaGBo+xbwrgW9lbKu0wzjja6nA3Bm315nlRPit558ezmtFA6msaRJXvkgBwTj1yQErkmZVIhnDySZ/JK3pwn58V5dz4mrRlnOrNL/sD5/AHryJnn</latexit>

|"ie
<latexit sha1_base64="3IWC4lAUdr2r3gEgp/wPzPvPDZE=">AAACCXicbVC5TgMxEPWGK4QrQEljEYGool3EVUaioQwSOaRsFHmd2cSK17uyZ4mikJaGX6GhACFa/oCOv8E5Ckh40khP783YMy9IpDDout9OZml5ZXUtu57b2Nza3snv7lVNnGoOFR7LWNcDZkAKBRUUKKGeaGBRIKEW9K7Hfu0etBGxusNBAs2IdZQIBWdopVae+hJCfPDbcV8xreM+9bXodNHXTHUktKCVL7hFdwK6SLwZKZAZyq38l32MpxEo5JIZ0/DcBJtDplFwCaOcnxpIGO+xDjQsVSwC0xxOLhnRI6u0aRhrWwrpRP09MWSRMYMosJ0Rw66Z98bif14jxfCqORQqSREUn34UppJiTMex0LbQwFEOLGFcC7sr5V2mGUcbXs6G4M2fvEiqp0Xvonh+e1YoHc/iyJIDckhOiEcuSYnckDKpEE4eyTN5JW/Ok/PivDsf09aMM5vZJ3/gfP4Aj0eazg==</latexit>

|#ie

<latexit sha1_base64="1LUnpn6fJT8WIsZZodiUAiCz6Bg=">AAACB3icbVBNS8NAEN34bf2KehRksSieSiJ+HQtePCrYVmhK2Wwn6eJmE3YnSom9efGvePGgiFf/gjf/jduag18PBh7vzTAzL8ykMOh5H87E5NT0zOzcfGVhcWl5xV1da5o01xwaPJWpvgyZASkUNFCghMtMA0tCCa3w6mTkt65BG5GqCxxk0ElYrEQkOEMrdd3NQEKEt0GeMa3TGxpoEfcx0EzFErpx1616NW8M+pf4JamSEmdd9z3opTxPQCGXzJi272XYKZhGwSUMK0FuIGP8isXQtlSxBEynGP8xpNtW6dEo1bYU0rH6faJgiTGDJLSdCcO++e2NxP+8do7RcacQKssRFP9aFOWSYkpHodCe0MBRDixhXAt7K+V9phlHG13FhuD/fvkvae7V/MPawfl+tb5TxjFHNsgW2SU+OSJ1ckrOSINwckceyBN5du6dR+fFef1qnXDKmXXyA87bJ+7Qmek=</latexit>

|"ig

FIG. 2. Selective spin addressing. a, An external mag-
netic field lifts the degeneracy of the erbium spin levels, with
a different splitting in the ground (g) and optically excited (e)
states. Thus, the spin-preserving (bold arrows) and the spin-
flip (dashed arrows) transitions can be excited selectively. b,
The fluorescence after resonant probe pulses is enhanced (red)
or reduced (blue) by preceding pump pulses if the frequency
of the latter is on resonance with one of the four optical tran-
sitions. The observed characteristic pattern allows for an un-
ambiguous determination of the transition frequencies (A to
D) and thus the effective g-factors in the ground and excited
state.

of 82(3) × 103. At the same time, the novel cavity de-
vices are close-to-critically coupled, such that we obtain a
high photon outcoupling efficiency of ≈ 40% to the feed
waveguide. In addition, an off-chip coupling efficiency
of ≈ 50% is achieved using a tapered glass fiber [44].
The initial characterization of the device follows the tech-
niques introduced in [10] and described in the Methods.
The resulting spectrum is shown in Fig. 1b. All mea-
surements are then performed on the most red-detuned
dopant (red) that exhibits the highest single photon pu-
rity in this device, g(2) (0) = 0.019(1).

To further characterize this emitter, we tune the cav-
ity precisely on resonance (see Methods) and measure
the optical lifetime, 0.803(11)µs. This is almost ten-fold
shorter than that observed for erbium dopants in pre-
vious experiments in other host crystals [16, 17], which
speeds up all operations accordingly. In comparison to
the bulk [41], a Purcell enhancement of 177(2) is ob-
tained. This high value enables the implementation of
an efficient spin-photon interface.

To this end, an external magnetic field of 55mT is
applied along the (100) direction to split the effective
spin-1/2 levels in the ground and optically excited states
by different amounts [43], as shown in Fig. 2a. When
this splitting exceeds the optical linewidth, a spin qubit
encoded in the ground state levels can be initialized by
cavity-enhanced optical pumping [7], i.e. by the irra-
diation of a laser that drives a spin-flip transition to
a level whose spin-preserving decay is enhanced by the
resonator. To determine the frequencies of the relevant
transitions, we employ a pump-probe scheme with 500
consecutive pump pulses of 0.1µs duration followed by a
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FIG. 3. Spin lifetime. The spin is initialized by optical
pumping on the spin-flip transitions and then probed after
a variable waiting time by measuring the fluorescence inte-
grated over 39 laser pulses. The spin lifetime is determined
from an exponential fit of the fluorescence decay (averaged
over 1000 repetitions for the bright state and 250 repetitions
for the dark state). The statistical error bars (1 SD) do not
include the finite initialization fidelity. During this measure-
ment, the sample was kept at a temperature of 2.8 K and at
a magnetic field of 0.3 T.

single 0.2 µs long probe pulse. The relative change of the
fluorescence after the probe pulse is shown in Fig. 2b.
As expected, a change is observed whenever the pump
field is on resonance with a transition and thus polarizes
the spin.

SPIN PROPERTIES

Next, we set the magnetic field to 0.3T to further in-
crease the separation between the levels. We then use
spin polarization on either of the two spin-flip transi-
tions followed by a fluorescence measurement on the spin-
preserving line (A) to characterize the spin properties.
We first insert a variable waiting time and measure a
spin lifetime of 0.44(6) s, as shown in Fig. 3. We then im-
plement optically detected magnetic resonance (ODMR)
spectroscopy by driving the spin transitions using mi-
crowave (MW) pulses. The ODMR spectrum, Fig. 4a,
exhibits a triple peak structure, which is well-fit by a
sum of three Gaussian terms, each with a linewidth of
2.37(2)MHz FWHM. Such broadening is expected as the
used crystal contains a natural abundance of 4.7% 29Si
isotopes whose nuclear spins lead to a fluctuating mag-
netic field at the position of the erbium dopant. The
observed line splitting can be attributed to the presence
of individual nuclear spins with a superhyperfine coupling
that is larger than the broadening from the rest of the
spin bath. In future experiments, such strongly-coupled
nuclear spins may act as a quantum register, which is
read and controlled via the erbium electronic spin — sim-
ilar to earlier experiments with color centers in diamond

[11] and other emitters in the solid state [4].
Next, we apply a resonant MW field for a varying du-

ration. As shown in Fig. 4b, we obtain Rabi oscillations
with π-pulse lengths of 2.3(2)µs and 1.6(2)µs when the
MW is applied on the central peak or on the left side
peak, respectively. To further characterize the qubit co-
herence, we then apply a Hahn echo sequence on the cen-
tral peak, in which a MW π-pulse is inserted between two
π/2-pulses. As the available pulse power and bandwidth
does not allow for a complete inversion, we subtract two
measurements with opposite phases of the first π/2-pulse
(Fig. 4c, inset). In this way, we obtain a Gaussian de-
cay of the spin echo with THahn = 48(2)µs, as shown in
Fig. 4c. The achieved coherence differs between measure-
ments at 2.75 and 4.45K, which hints at paramagnetic
impurities as a source of decoherence [4]. Still, our result
is comparable to recent ensemble measurements of Er:Si
with natural isotope abundance, and a strong improve-
ment is thus expected in isotopically purified material at
lower temperature [45]. Alternatively, dynamical decou-
pling may improve the qubit coherence time T2 up to
the lifetime limit of about one second once MW pulses
with a higher Rabi frequency are implemented, e.g. using
on-chip striplines [46].

OPTICAL SINGLE-SHOT READOUT

After characterizing the spin properties, we now turn
to the optical single-shot readout via state-selective flu-
orescence [7]: A laser selectively excites one of the spin
states, called the ”bright” state, while the other state is
detuned and thus stays ”dark”. Therefore, detecting a
fluorescence photon heralds that the qubit is in the bright
state. Because of the finite photon detection efficiency,
10(2)% in the current experiment, the dopant needs to
emit several photons so that one is detected before the
spin state is flipped. Thus, one requires a high cyclicity
ζ, which measures how often a photon is emitted on av-
erage on the readout transition before the spin is flipped
[12].
This is achieved at the chosen magnetic field of B =

0.3T when the cavity is tuned on resonance with the spin-
preserving transition A. Then, the spin-flip transition D
out of the bright excited state |↑⟩e is detuned by 3.6GHz,
i.e. ≈ 1.5 cavity linewidths, such that it experiences a
ten-fold lower Purcell enhancement [7] when assuming
an identical dipole projection to the cavity mode. The
resonator thus enhances ζ significantly as compared to its
free-space value, which facilitates spin readout. Albeit
larger B-fields may further increase ζ, they would also
reduce the spin lifetime owing to the B5 dependence of
spin-lattice relaxation via the direct process [4].

To characterize the single-shot readout, we initialize
the spin by optical pumping and then apply a readout
sequence comprising 500 laser pulses of 0.02 µs duration
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FIG. 4. Coherent control of the electronic spin qubit. a, For optically detected magnetic resonance spectroscopy, the
spin is initialized before a microwave (MW) pulse is applied followed by an optical readout sequence (see inset). The splitting
into three lines, each with a FWHM of 2.37(2) MHz (solid Gaussian fit curve), is attributed to the coupling to proximal 29Si
nuclear spins. b, The spin population undergoes Rabi oscillations as a function of the MW pulse duration, both on resonance
with the central peak (red) and one of the sidepeaks (orange). The Rabi frequency extracted from an exponentially decaying
sine fit allows determining the spectral width of the pulses applied in panel a (colored areas). c, The spin coherence time is
measured by applying a three-pulse spin-echo sequence (inset). The echo amplitude decreases with increasing sequence length
and is well-fit with a Gaussian decay from which T2 = 48(2) µs is obtained at a temperature of 2.75 K (bright red). At 4.45 K,
a reduced value of T2 = 23(1) µs is observed (dark red). Error bars: 1 SD.

on the ”A” transition. First, we determine the cyclicity.
To this end, the number of detected photons in 3 µs inter-
vals after each pulse is averaged over 25 000 iterations, see
Fig. 5a. When the spin is initialized in the bright state
|↑g⟩ (orange), we obtain a high fluorescence level after the
first readout pulses. However, upon repeated excitation,
the spin can flip to the dark state. Thus, the signal de-
cays exponentially with a decay constant of N↑ = 127(2)
pulses. In contrast, if the spin is initialized in the dark
state |↓g⟩, one initially observes a low fluorescence level,
which rises within N↓ = 135(5) pulses. Both values are
almost identical considering the standard deviation of the
fit. Thus, after calibrating the probability that the used
pulse excites the dopant, p = 0.78(6), we can specify an
average cyclicity of ζ = pN = 103(7) for both states.

The observation that also the dark state decays when
repeatedly applying readout pulses indicates that the
dominating spin-relaxation mechanism is not the opti-
cal decay of the bright state via the spin-flip transition
D. Instead, the comparable decay rates, N↑ ≃ N↓, sug-
gest the same spin-decay channel for both the bright and
the dark state. However, owing to the long lifetime we
can exclude spin-lattice relaxation (see Fig. 3). To study
the effect further, we thus vary the power of the read-
out pulses and measure the cyclicity. As shown in Fig.
6, ζ is reduced with increasing pulse area. The precise
mechanism of this drop will require further investigation.
For now, the observed decay entails a trade-off: At high
power, the readout fidelity will be reduced by the moder-
ate cyclicity. At low power, instead, the readout duration
is increased, and therefore detector dark counts will start
to play a role.

We find that the intermediate power used in the above
cyclicity measurement, Fig. 5a, is a good compromise.
Thus, using the same data set we continue with the anal-
ysis of the readout fidelity F , which is given by the prob-
ability to correctly detect the intended spin state. As
this can differ for the two spin states, F↓ ̸= F↑, we use
the smaller value as a lower bound: F ≡ min(F↓, F↑).
To study the dependence of F on the pulse number
N , we individually register all detected photons dur-
ing each single-shot readout sequence. Thus, we can
determine the value of N that gives the best F when
adapting the photon threshold accordingly. The result
is shown in the inset of Fig. 5b. Using N = 71 readout
pulses and a threshold of one detected photon, we achieve
F = 86.9(8)%. For these conditions, the resulting his-
tograms for both states are shown in Fig. 5b.

While errors in both the initialization and the read-
out contribute to a reduction of F , based on the his-
tograms — in particular the continuous shape of the
bright state distribution (orange) at low photon num-
bers — we find that readout errors dominate. Similarly,
due to the short optical lifetime achieved in our experi-
ment, detector dark counts (≈ 10Hz) only lead to a mi-
nor reduction of ≈ 0.3%. Instead, the extracted single-
shot readout fidelity is limited by the high probability
of zero-photon-detection events in the bright state, and
spin-flips in the dark state — in other words by ζ. Thus,
F is reduced for higher pulse powers as shown in Fig. 6
(red crosses). In contrast, a lower excitation probabil-
ity can lead to a slightly higher fidelity at the cost of a
longer readout duration. For technical reasons, the ex-
citation pulses in the shown measurements are repeated
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FIG. 5. Spin cyclicity and single-shot readout. a, The spin is probed on the spin-preserving transition (red arrow in
the level scheme in the inset), which is resonant with the cavity (blue curved lines), after initialization in the bright (orange)
or dark (blue) state. An exponential fit to the average fluorescence (solid lines) allows determining the cyclicity ζ. Error bars:
1 SD. b, After initialization, 71 pulses (red line in panel a and red circle in the inset) are applied on the spin-preserving line
to read out the spin state. The probability distributions for the number of detected photons are clearly separated for the two
initial spin states (orange and blue), thus allowing for readout with a fidelity of 86.9(8) % using a threshold photon number
of one (red line). Inset: Single-shot readout fidelity depending on the number of readout pulses while choosing the optimal
photon threshold.

every 10µs, such that the readout with 71 pulses takes
0.71ms. Using the maximum rate allowed by the inte-
gration interval, this would be reduced to 0.22ms.

In future experiments, the fidelity and speed of the
readout can be further increased by optimizing the pho-
ton outcoupling. In addition, one may attempt align-
ing the optical dipoles using a vector magnet [12], and
further enhancing the quality factor of the cavity, where
even a hundredfold increase seems feasible with improved
nanofabrication [47]. The latter would enable other read-
out techniques, e.g. via cavity reflection measurements
[7], that can fully eliminate photon scattering [48] and
thus overcome the limitation currently imposed by the
finite cyclicity. We therefore expect that fidelities on par
with other solid-state emitters [11], and potentially even
approaching common error correction thresholds [6] can
be achieved in future devices.

SUMMARY AND OUTLOOK

In summary, we have demonstrated the first optical
single-shot readout of a spin qubit in silicon, which con-
stitutes a major leap towards scalable, integrated and
optically controlled quantum information processing de-
vices. To this end, the next key step will be the genera-
tion of spin-photon entanglement, which will be feasible
in our setup using established cavity-enhanced protocols
[7]. With this, our approach will find applications in two
main fields: distributed quantum information processing
and quantum networking.

For quantum computing, large photonic cluster states
can be generated using a single efficient spin-photon in-

terface [49, 50]. These can be used as a resource for
measurement-based computation [51] which will heavily
benefit from the complete quantum photonics toolbox
that is readily available in silicon [9]. For scalable spin-
based computation, a further optimization of the read-
out speed and fidelity will be required, with the goal to
push it beyond the fault-tolerance threshold. This calls
for resonators with higher quality factor [47], and for in-
creasing the photon detection probability by optimizing
the resonator and off-chip coupler designs, or by directly
integrating efficient single photon detectors [26] and mod-
ulators [52] on the same chip.

For quantum networking, the demands on the read-
out fidelity are somewhat relaxed, as quantum repeaters
of the first generation can tolerate larger error proba-
bilities [53]. Instead, other properties of the system are
more important. In particular, the spin coherence time
should be long enough to keep a qubit while a photon
entangled with it is propagating. The observed 48(2) µs
already corresponds to a travel distance exceeding 10 km
of optical fibers, and even longer spin coherence times
are expected under dynamical decoupling [46] and in iso-
topically purified silicon, where recent experiments have
demonstrated ms-long coherence with Er:Si ensembles
[45]. With this, our system can make best use of one
of its key strengths - its emission in the telecom C-band,
where the transmission of ≈ 1% after 100 km of optical
fibers exceeds that of all other known coherent emitters
by more than an order of magnitude [7], offering unique
prospects for long-distance spin-spin entanglement. This
will require spectral stability of the emitted light on the
timescale of the entanglement protocol. Ensemble mea-
surements have demonstrated a lower bound of 0.03ms of
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FIG. 6. Optimization of the excitation pulses used
for single-shot readout. Inset: The spin is prepared in
the bright (orange) or dark (blue) state and the electric field
amplitude of the excitation pulses is varied. When averag-
ing the fluorescence in a time interval of 3 µs after the first
ten pulses, coherent Rabi oscillations are obtained. Assuming
100% population transfer at the maximum, one can calibrate
the excitation probability as a function of the pulse area. Data
points are larger than 1 SD. Main panel: The decay of the
fluorescence with the number of applied pulses is measured
using the same sequence as in Fig. 5a for different excitation
pulse areas. The constant N0 extracted from a fit to the ob-
served exponential decay is then multiplied by the calibrated
excitation probability for each pulse amplitude to determine
the cyclicity ζ. For both initializations, a reduction of ζ with
increasing pulse area is observed, which indicates the pres-
ence of an excitation pulse induced spin flip mechanism that
is independent of the initial spin state (blue and orange tri-
angles). Thus, also the single-shot readout fidelity (red, right
axis) depends on the used pulse area. The highest value is
obtained at higher ζ, i.e. lower power. However, also the flu-
orescence signal is reduced with lower power, which entails a
longer readout duration and a stronger contribution of detec-
tor dark counts. Error bars: 1 SD.

optical coherence with Er:Si in site A [41], which would
be sufficient to overcome the detrimental effect of spec-
tral diffusion using a recently demonstrated protocol [14].
Combined with its potential for commercial fabrication of
suited nanophotonic resonators [54] and for spectral mul-
tiplexing, i.e. simultaneously controlling several emitters
in the same resonator [15, 17], our system thus has a
unique potential for the up-scaling of quantum networks
and distributed quantum information processors.
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METHODS

Sample

The nanofabrication process of the erbium-doped pho-
tonic crystal resonators follows similar recipes to those
described in [10, 41]. First, the Czochralski-grown sili-
con device layer of a commercially available silicon-on-
insulator wafer (SOITEC) is homogeneously implanted
with erbium dopants (Innovion). In order to maximize
the fraction of emitters with a high Purcell enhancement,
the implantation is performed with an energy of 250 keV
and a dose of 1×1011 cm−2, resulting in a Gaussian depth
profile centered in the 220 nm silicon device layer, with a
simulated straggle of ≈ 20 nm and a peak Er concentra-
tion of ≈ 1× 1016 cm−3.
Following implantation, the wafer is diced into 10 ×

10mm pieces and then annealed at 800K with a ramp du-
ration of 1min from room temperature and a hold time
of 0.5min. Subsequently, nanophotonic resonators are
patterned using electron-beam lithography (Nanobeam
Ltd., nb5) using a positive-tone resist (ZEP 520A), and
transferred into the device layer by reactive ion etching
(Oxford PlasmaPro 100 Cobra ICP RIE 100) in a cryo-
genic fluorine chemistry. Finally, the BOX layer below
the nanostructures is removed using a buffered HF etch.
In order to compensate for fluctuations in the nanofab-
rication process, we make many resonators on each chip
with a sweep of their design frequency. We then select
the one that is closest to the erbium transitions in site
A after cooling down to cryogenic temperatures. To pre-
cisely tune this cavity on resonance, we first condense a
layer of argon ice onto the sample and then evaporate
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parts of it in a well-controlled way using resonant laser
fields with a power of ≈ 0.1mW. Furthermore, we con-
trol the sample temperature to fine-tune the cavity res-
onance, which exhibits a blue shift of about 4GHz when
increasing its temperature from 1.8K to 4.5K. This ef-
fect is attributed to the condensation of a liquid helium
thin film at the surfaces of the nanostructures in the ex-
change gas atmosphere of the used cryostat (Attocube
AttoDry 2100).

Experimental setup

The sample is mounted on a three-axis nanoposition-
ing system (Attocube ANPx312, ANPz 102). Optical
pulses are generated from continuous-wave laser systems
(Toptica CTL or NKT Photonics BASIK X15). To this
end, a single-sideband modulation setup is used, com-
prising an optical IQ modulator (iXblue MXIQER-LN-
30) and a modulator bias controller (iXblue MBC-IQ-
LAB-A1), which allows for frequency sweeps with a range
of several GHz, as well as two acousto-optic modulators
(Gooch&Housego Fiber-Q) for enhancing the on-off con-
trast. The experimental sequences controlling these de-
vices are implemented on two arbitrary waveform gen-
erators (Zurich Instruments HDAWG and SHFSG). The
light is then coupled onto the photonic chip by an adi-
abatic coupler consisting of a tapered waveguide and a
tapered optical fiber. The light reflected from the cavities
or emitted by the dopants is separated from the input us-
ing a beamsplitter with a splitting ratio of 95:5 (Evanes-
cent Optics Inc.). It is detected with a superconducting
nanowire single-photon detector (ID Quantique), with a
detection efficiency of 80(5)% and a dark count rate of
10Hz, located in a second cryostat. To prevent the de-
tector from latching due to the excitation pulses, a fast
optical switch for gating is employed (Agiltron Ultra-fast
Dual Stage SM NS 1x1 Switch, rise time: < 100 ns, trans-
mission: 78%) which is also controlled by the AWGs. Mi-
crowave pulses are applied via a copper wire at a distance
of ≈ 2mm to the chip using an amplifier with a maximum
output power of 100W (MiniCircuits ZHL-100W-352+).

Initial device characterization

For an initial characterization of the device, we
use Argon gas condensation to tune the cavity to
194 954.05(10)GHz — on resonance with the center of
the inhomogeneous distribution of the erbium transitions
of site A [41] in the absence of a magnetic field. After
pulsed, resonant excitation [10] using the setup described
above, we record the fluorescence spectrum (shown in
Fig. 1b), in which we observe several peaks that origi-
nate from individual dopants, confirmed by autocorrela-
tion function measurements that show clear antibunch-

ing, g(2) (0) < 0.5, on the isolated peaks. The emit-
ters differ in frequency because of their different local
strain environments. The observed inhomogeneous dis-
tribution of ≈ 1GHz is consistent with previous mea-
surements with ensembles [41]. It is narrower than the
cavity linewidth full-width-at-half-maximum (FWHM),
such that the emission of all dopants in the resonator is
enhanced in this measurement. We find that the isolated
emitters have Lorentzian spectral-diffusion linewidths
ranging between 13.5(5)MHz and 47(1)MHz FWHM,
which is lower than their average separation. Thus, sev-
eral erbium qubits can be individually addressed in the
device via spectral multiplexing [15, 17].
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[35] M. Atatüre, D. Englund, N. Vamivakas, S.-Y. Lee, and
J. Wrachtrup, Nature Reviews Materials 3, 38 (2018).

[36] D. M. Lukin, M. A. Guidry, and J. Vučković, PRX Quan-
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