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Abstract: The performance of modular, networked quantum technologies will be strongly
dependent upon the quality of their quantum light-matter interconnects. Solid-state colour centres,
and in particular T centres in silicon, offer competitive technological and commercial advantages
as the basis for quantum networking technologies and distributed quantum computing. These
newly rediscovered silicon defects offer direct telecommunications-band photonic emission,
long-lived electron and nuclear spin qubits, and proven native integration into industry-standard,
CMOS-compatible, silicon-on-insulator (SOI) photonic chips at scale. Here we demonstrate
further levels of integration by characterizing T centre spin ensembles in single-mode waveguides
in SOI. In addition to measuring long spin T1 times, we report on the integrated centres’ optical
properties. We find that the narrow homogeneous linewidth of these waveguide-integrated
emitters is already sufficiently low to predict the future success of remote spin-entangling
protocols with only modest cavity Purcell enhancements. We show that further improvements
may still be possible by measuring nearly lifetime-limited homogeneous linewidths in isotopically
pure bulk crystals. In each case the measured linewidths are more than an order of magnitude
lower than previously reported and further support the view that high-performance, large-scale
distributed quantum technologies based upon T centres in silicon may be attainable in the near
term.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Drawing inspiration from classical information processing, modular quantum information
architectures offer a clear path to large-scale quantum computers and quantum networks.
Breaking the constraints of local processors by networking will unlock the full competitive
advantage of quantum computing technology. Towards this end, a number of modular quantum
architectures have been proposed [1–3] and small-scale demonstrations have been realised [4–6].

Abstractly, the ideal modular quantum architecture simultaneously offers long-lived, high-
fidelity qubits as well as direct photonic access to efficiently distribute entanglement across the
network. Quantum objects known as spin-photon interfaces offer all of these capabilities in a
single element. Examples include trapped ions [1,4] and neutral atoms [7], but importantly also
solid-state systems such as integrated quantum dots [8–12], rare earth ions [13–16] and colour
centre defects within group-IV crystals (diamond [17,18], SiC [19–21], and Si [22–24]).

Commercial constraints will affect the pace with which these modular technologies move
from small-scale demonstrations to practical deployment. In this context, the ideal quantum
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architecture communicates via telecommunications-band photons without any transduction [25],
and leverages the manufacturing expertise of the semiconductor industry, and in particular silicon,
which is the dominant host platform for integrated photonics and electronics manufacturing. If
realised, such an architecture could simultaneously underpin global quantum communications
using terrestrial repeaters [26] as well as distributed modular quantum computers, all leveraging
the same shared core quantum element.

Opportunities to realise such an architecture have sparked considerable, but only very recent,
interest in telecommunications-band colour centres directly embedded within silicon. There
have been three categories of focus: (1) bright emitters without ground state spins, such as the
G [27–30], C [31], and W [32,33] centres, (2) dim yet high-efficiency emitters with optical
access to spins such as erbium [22,29,34,35], and (3) the T centre, which offers relatively bright
photon emission as well as direct access to long-lived spins. The T centre was first assessed and
proposed as a competitive candidate quantum spin-photon interface in 2020 [24]. Integration
tests quickly followed, establishing that T centre qubits could be created at high densities [36]
and individually addressed at scale in industry-standard silicon-on-insulator (SOI) [37].

Although the T centres in these demonstrations possessed many encouraging features, it was
unclear if their optical properties were sufficient to support optically-generated entanglement for
quantum networking and modular quantum processors. Spin-photon interfaces may be entangled
by emission [38] or reflection-based [39,40] protocols. Emission-based protocols require that
the ratio of homogeneous and lifetime-limited linewidths is close to one [41,42]. In general this
‘transform limit’ may be reached by utilizing optical resonators to Purcell enhance the emission
and increase the lifetime-limited linewidth accordingly [14,43,44]. Similarly, reflection-based
protocols using high-cooperativity emitter-cavity coupling require that the homogeneous linewidth
is small compared to this emitter-cavity coupling. In both cases the homogeneous linewidth
critically determines the optical resonator quality required for high fidelity entanglement, and for
T centres the relevant homogeneous linewidth remained unknown.

In this work we study the optical and spin properties of T centres in integrated silicon photonic
waveguides, the fundamental building block of an on-chip optical network. We fabricate single-
mode waveguides containing ensembles of T centres and measure their key optical properties. We
find remarkably sharp homogeneous linewidths that will support remote entanglement generation
via an emission-based entanglement scheme with modest Purcell enhancements. We compare
these linewidths with new measurements in bulk 28Si and report near-transform-limited optical
transitions. Finally, we place our integrated sample in a magnetic field and use hole burning to
initialize and readout the spin states and report competitive spin T1 lifetimes. Taken together,
these results showcase the T centre as a promising candidate for a modular quantum information
architecture.

2. T centre

The T centre is a multi-component colour center in silicon, possessing a bound exciton optical
transition at 1326 nm (935 meV), in the telecommunications O-band [24]. Known for many
years as a defect in the class of radiation damage centres, many of the T centre’s properties had
been known previous to its rediscovery as a qubit candidate [45,46]. The proposed chemical
structure [45], shown in Fig. 1(b), comprises two inequivalent carbon atoms and a hydrogen
atom, and possesses an unpaired electron in the ground state with an isotropic Landé g-factor
[24]. In the excitonic ground state the electron of the bound exciton forms a singlet with this
ground state electron. The expected fourfold degeneracy of the spin-3/2 hole is lifted by the
reduced symmetry of the T centre, resulting in a spin-1/2 doublet ground state for the bound
exciton, TX0, and a higher energy doublet, TX1, 1.76 meV above TX0.

The TX0 to ground state transition was determined to have a lifetime of 0.94 ± 0.01 µs and
a Debye-Waller factor of 0.23 ± 0.01 [24]. The radiative efficiency is not precisely known,
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Fig. 1. T centre waveguide integration and optical spectra. (a) Experimental setup for
measuring T centre ensembles within integrated waveguide devices (not to scale) illustrating
the two excitation pathways: above-bandgap excitation from above the chip (450/980 nm,
blue) and resonant excitation through a GC and waveguide (1326 nm, red). An optional
second resonant laser is available. Luminescence from the phonon sideband (∼ 1375 nm,
orange) is directed to a superconducting nanowire single photon detector (SNSPD). (b) The
proposed chemical structure of the T centre. (c) A side-on schematic of the subwavelength
grating coupler showing the period of the ZPL GC. (d) Energy level diagram of the T centre
under a magnetic field. Grey fill indicates the range of possible gh values. (e) PL spectra
from CW above-bandgap excitation measured through the two GC ports in addition to a PL
spectrum from an identical unpatterned sample. The nominal wavelength ranges (two-σ) of
the zero-phonon line and phonon sideband grating couplers are marked by horizontal bars.
(f) PLE spectra of the TX0 ZPL line for the same device both in a magnetic field and at zero
field compared to the PL of the unpatterned material.
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with theoretical estimates in the range 0.19–0.72 [47] and an experimental lower bound of 0.03
[37]. Thermal activation from TX0 to TX1 was found to freeze out below ∼ 2 K resulting in
low temperature inhomogeneous linewidth of 6.5 ± 0.2 GHz for silicon with a natural isotopic
abundance and 33 ± 2 MHz for isotopically purified 28Si [24].

Spectroscopy at magnetic fields revealed 12 inequivalent sets of 24 possible T centre orientations.
The ground state electron Landé g-factor was found to be isotropic with a value of 2.005 ± 0.008
whereas the hole g-factor was found to be very anisotropic, ranging between 0.85–3.5, depending
on the magnetic field axis relative to the axis of the orientational subset [24,36]. Furthermore, the
ground state level structure was determined to feature an anisotropic hyperfine coupling between
the electron and the spin-1/2 hydrogen nucleus with an effective hyperfine splitting <5 MHz.

3. T centre waveguide devices

We generate T centres in a silicon-on-insulator (SOI) wafer and pattern single-mode waveguide
devices (method in Supplement 1). These devices are optically addressed by an array of
single-mode fibres positioned above the plane of the photonic chip, which is optionally mounted
with a removable permanent magnet and cryogenically cooled to either 4.3 K or 1.2 K (method
in Supplement 1). Each device is a 360 µm long single-mode strip waveguide, terminated by
two sub-wavelength grating couplers (GCs) [48], shown schematically in Fig. 1(a), (c). The two
GCs are designed for different wavelengths, one centred on the T centre zero-phonon line (ZPL)
and one red-shifted GC that covers a portion of the phonon sideband (PSB) spectrum. This
configuration allows for resonant excitation of the TX0 ZPL through one GC port and detection
of phonon sideband fluorescence through the other. The sample can be resonantly excited with
one or two, independently pulsed, tunable lasers. Emission is collected from the PSB GC and
directed to an external superconducting nanowire single photon detector (SNSPD) after a 1340
nm longpass filter to further reject the excitation laser. An additional fibre port directly above
the waveguide centre can be used for direct, above-bandgap excitation of the waveguide itself,
with fluorescence collected from either/both of the PSB or ZPL GC ports; in this case no filter is
necessary and the fluorescence is sent to an optical spectrometer (see Supplement 1 Methods).

4. PL and PLE

We first demonstrate T centres within the waveguide by photoluminescence (PL) spectroscopy.
Above-bandgap excitation through the middle port generates excitons that bind to centres and
subsequently luminesce upon recombination. We measure the luminescence separately from the
two GC ports and record spectra with an ultra low-noise optical spectrometer. Figure 1(e) shows
these two PL spectra compared to a reference from an identical unpatterned SOI chip. The ZPL
GC spectrum is dominated by a bright TX0 ZPL, and the PSB GC spectrum exhibits a portion of
the phonon sideband to lower energy including the distinctive TX0 local vibrational mode (LVM)
replica L1 at 906 [24,45].

We measure the T waveguide device at higher resolution by photoluminescence excitation
(PLE) spectroscopy. Figure 1(f) compares the waveguide T PLE spectrum with the unpatterned
material spectrum from Fig. 1(e) in the vicinity of the TX0 ZPL. The resulting zero-field PLE
spectrum is typical of an inhomogeneous ensemble. Concentration estimates on similar material
[37] suggest that each waveguide device contains upwards of 600 centres. Resonant excitation
through the ZPL GC illuminates a single linearly polarized waveguide mode. The inhomogeneous
distribution of the T centre ensemble within this mode is 22.7 ± 0.3 GHz (0.0939 ± 0.0012
meV). Reference [36] determined that both implantation damage and strain from the silicon to
silicon oxide interface [49] contribute inhomogeneous broadening in SOI ensembles (increasing
linewidth from the mass homogeneity limit of 6.5 GHz [24] to ∼ 20 GHz). The pre-fabrication
linewidth of this SOI material was slightly larger, 27.3 ± 0.2 GHz (0.1129 ± 0.00008 meV). In
contrast to the micropuck-integrated T centres of Ref. [37], the waveguide ensemble linewidth is
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lower than the unpatterned material, indicating that the TX0 energy of centres in this mode at the
centre of the device layer is insensitive to waveguide fabrication. Fabricating devices may even
release strain from the SOI chip [28].

5. Lifetime measurements

We measure the average excited state lifetime of this waveguide-coupled ensemble and find that it
is not dramatically different from the bulk crystal, but the precise value depends on the excitation
method. First, we measure the lifetime with above-bandgap excitation through the middle fibre
using a 965 nm pulsed laser. The transient fluorescence, shown in Fig. 2, decays exponentially
with a lifetime of 0.96 ± 0.01 µs, consistent with the equivalent bulk above-bandgap excitation
lifetime of 0.94 ± 0.01 µs [24]. We conclude that there is no evidence of Purcell enhanced or
suppressed emission within this measurement uncertainty (simulated waveguide Purcell factors
are included as SI).

Fig. 2. Lifetime measurements. Luminescence lifetime from the two excitation pathways:
pulsed above-bandgap light coupled from above (blue, upper right inset) and pulsed resonant
light coupled through the waveguide (red, lower left inset). Both curves are fit with an
exponential decay.

When exciting resonantly through the waveguide we measure a lifetime of 0.81 ± 0.01 µs,
16% lower than the above-bandgap excitation value. Additional measurements to investigate this
discrepancy are included as Supplementary Information. The excited state lifetime shows no
dependence on the resonant excitation power (Supplement 1Fig. S4(a)) indicating that stimulated
emission is negligible. Furthermore, the simulated waveguide Purcell enhancement cannot
account for this difference in lifetimes under reasonable assumptions (Supplement 1Fig. S4(c–e)).
The difference may instead be due to the free exciton capture time or superradiant enhancement
[50,51].

6. Spectral hole burning

An emitter’s homogeneous linewidth is a critical metric for entangling and networking spin-photon
qubits [52]. An ideal emitter will have a lifetime-limited linewidth, however this deteriorates with
dephasing and spectral diffusion due to environmental fluctuations. In the case of the T centre,
the lifetime-limited linewidth is 170 kHz. In Ref. [36] the long-time homogeneous linewidth of
unpatterned SOI with the same T centre recipe was determined to be 1.3 ± 0.3 GHz, limited by
‘slow’ spectral diffusion (SD) on timescales much longer than the excited state lifetime. Similar
long-time homogeneous linewidth values for single-T centres were measured by Ref. [37]. Such
slow SD can be overcome with a feedback mechanism that tunes wandering emitters back into
mutual resonance [53,54]. Dephasing and ‘fast’ SD (on the timescale of the emission lifetime)
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on the other hand, are an intrinsic limit to emitter performance [41,52]. Here we report the first
instantaneous homogeneous linewidth measurement of T centres. We compare the instantaneous
linewidth in both waveguide devices and bulk isotopically-enriched 28Si by spectral hole burning
and find linewidths that are dramatically lower than the published long-time linewidths, in some
cases approaching the lifetime limit, and very promising for T centre spin-photon networks.

A pump laser is tuned to the peak of the inhomogeneous linewidth and a second probe laser is
swept about this wavelength. When the lasers are detuned further than a homogeneous linewidth,
∆ωhom, the lasers address independent sub-ensembles of T centres and produce a fluorescence
signal that is simply the sum of the emission from each sub-ensemble. When the detuning is
small and the two lasers are within one homogeneous linewidth, the lasers address the same
sub-ensemble and the signal is reduced due to saturation. Scanning the probe laser produces a
spectrum with a ‘spectral hole’ at the wavelength of the pump laser, and linewidth, ∆ωhole, given
by:

∆ωhole = ∆ωhom

(︃
1 +

√︂
1 +

(︁
Pprobe + Ppump

)︁
/Psat

)︃
(1)

where Pprobe, Ppump, and Psat are the probe, pump, and saturation powers respectively [55]. In
general ∆ωhom<

1
2∆ωhole.

We perform spectral hole burning on waveguide devices at 1.2 K, at zero magnetic field, at a
range of pump powers, and measure an instantaneous linewidth that power broadens according
to Eq. (1), shown in Fig. 3(a). Details of the method and analysis are provided as Supplement
1. The spectral hole we measure at the lowest pump power, inset to Fig. 3(a), corresponds to
an instantaneous linewidth of only 67 ± 3 MHz (full width at half maximum)—an order of
magnitude lower than the long-time single-T centre device linewidths measured in Ref. [37]. We
note that this measurement does not attain the low power limit, as such it is an upper bound for
the homogeneous linewidth. Extrapolating the fitted linewidth model to the low-power limit, we
infer that the true instantaneous linewidth is 4 ± 4 MHz.

We can illustrate the impact of additional dephasing by measuring waveguide devices at an
elevated temperature. At 1.2 K, thermal activation to TX1 is frozen out, but at 4.3 K thermal
excitation between the two excited state levels dephases the optical transition TX0 [24]. We
observe a minimum instantaneous linewidth of 590 ± 30 MHz at 4.3 K and once again measure
optical power broadening according to Eq. (1). The inferred low-power limit is 470 ± 30 MHz,
higher than the 290 MHz expected at this temperature from the model in Ref. [24]. PL spectra
confirm that the TX0–TX1 level splitting is unchanged compared to bulk ensembles. The
difference may instead be due to the altered phononic density of states within the waveguide.

The low-temperature linewidth is a significant improvement over the performance used to
estimate requirements for a T centre quantum optical network in Refs. [36,37], and very promising
for an integrated luminescence center with little material or fabrication process optimization
yet done. The primary reason these hole burning results produce narrower linewidths than
those measured in Refs. [36,37] is the measurement timescale. The burnt hole heals during the
centre’s excitation and decay time, approximately the excited state lifetime (<1 µs). Hole burning
provides a measure of the instantaneous homogeneous linewidth depending only on dephasing
and spectral diffusion from environmental fluctuations happening within this short window. The
relevant timescale for Refs. [36] and [37] are, respectively, the electron spin T1 lifetime and the
measurement integration time—both much longer than 1 µs. T centre material and fabrication
studies will likely achieve further reductions by removing sources of spectral diffusion, as has
been seen in other materials [56,57].

We compare instantaneous linewidths before and after waveguide fabrication by performing
zero-field, low-temperature hole burning on unpatterned SOI (see Supplement 1 for details).
This hole burning spectrum, shown in Fig. 3(b), indicates an instantaneous linewidth less
than 54 ± 1 MHz at low powers. Limited SNR prohibited a power study of the unpatterned
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Fig. 3. Instantaneous homogeneous linewidth via hole burning. (a) Spectral hole
burning in a waveguide device under various temperature and field conditions, all fit with
optical pump power dependence from Eq. (1). Error bars are one-σ uncertainty ranges
from an inverse-variance weighted average over fits to repeated hole-burning measurements,
binned based on power. (Inset) Lowest pump power spectral hole measured at 1.2 K,
zero-field. (b) Hole burning on unpatterned SOI shows only a small linewidth increase from
device patterning. (c) Hole burning on bulk 28Si, fit with a three level rate equation. (Inset)
Triplet-singlet energy level for two sub-ensembles showing the pump-probe detunings for
the anti-holes.

material, so we cannot infer the true zero-power linewidth. We observe that the lineshapes in
the waveguide and unpatterned materials are different, Lorentzian and Gaussian respectively.
This may indicate different spectral diffusion environments. A Lorentzian lineshape is typical
[55] however Gaussian lineshapes have been seen in other solid state environments [58,59].
Nevertheless, the instantaneous linewidths are on the same order of magnitude and we see no
evidence that either the electron beam lithography and etching procedure to produce waveguide
devices, or the presence of new, rougher, etched silicon-air interfaces results in greater fast
spectral diffusion. The resilience of T centres to integrated device environments bodes well for
future work with T centres and photonic interfaces, such as the integration with nanophotonic
cavities.

For comparison, we measured the hole burning spectrum of a 28Si sample to obtain the
linewidth in an isotopically and chemically pure environment with T centres far from surfaces.
Strikingly, this instantaneous linewidth measurement approaches the T centre’s fundamental
lifetime-limited linewidth. An example 28Si hole burning spectrum is shown in Fig. 3(c). It
features two sharp peaks or ‘anti-holes’ with only a faint indication of a hole. This indicates
that we are able to hyperpolarize into each of two long-lived ground states. We are optically
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resolving, for the first time, the zero-field hyperfine splitting of the ground state [24] (illustrated
in the inset of Fig. 3(c)).

A three level rate equation model was created to determine the true instantaneous linewidth
from this steady-state spectrum. The full details of this model are presented in Supplement
1 which, in addition to the instantaneous linewidth, had the zero-field hyperfine splitting and
the relative degeneracies of the ground states as free parameters. This model was used to
simultaneously fit five hole burning spectra at different pump/probe power ratios, resulting in
a triplet-singlet zero field splitting of 3.85 ± 0.01 MHz, with the triplet higher in energy than
the singlet. Finally, the fit revealed a instantaneous linewidth of 0.69 ± 0.01 MHz—just 4 times
larger than the lifetime-limited value of 170 kHz. Only very modest lifetime reduction would be
needed to obtain transform-limited emission from this 28Si base material. These measurements
indicate that the T centre’s instantaneous linewidth can be made much lower than previously
known [24], and further improvements to the T centre implant recipe and SOI material may yield
a substantial linewidth reduction.

7. Spin manipulation

In order to optically control the ensemble’s electron spin state we may apply a magnetic field
and split TX0 into four spin-selective transitions A–D as per Fig. 1(d). When mounted on the
permanent magnet and cooled to 1 K, we expect a ∼ 200 mT magnetic field at the device position,
oriented normal to the SOI sample along the ⟨100⟩ axis. In this configuration the inhomogeneous
spectrum broadens to 39.6± 0.5 GHz (0.164± 0.002 meV) (Fig. 1(f)), which is not accounted for
by the magnetic field alone as determined by a simulation using the rate equation model (see
Supplement 1). Clamping the sample over the neodymium magnet may strain the sample and
shift TX0 across the waveguide ensemble [60,61]. At this field the ground state is split by ∆g = 6
GHz, the orientation of the field along the ⟨100⟩ axis splits the excited state by either ∆1

e = 3
GHz or ∆2

e = 8 GHz depending on centre orientation (g1,2
h = 0.91, 2.55, with degeneracies 4

and 8 respectively) [36]. We therefore expect well-resolved spin-selective transitions, relative
to the long-term homogeneous linewidth, for a subset of centres in the device, allowing us to
hyperpolarize the ground state electron just as we did in bulk 28Si at zero-field.

We confirm the ability to hyperpolarize a subset of the sample by observing anti-holes in
the hole burning spectrum wherein both of the ground states are being addressed by either the
pump or probe lasers. Figure 4(a) shows an example spectrum with anti-holes separated by ∼ 12
GHz. We also observe a spectral hole, indicating a subset of centres with sufficiently large B–C
overlap to produce a saturation hole. The power dependence (see Fig. 3(a)) is well modelled
by Eq. (1) and we observe a minimum instantaneous linewidth of 720 ± 50 MHz. An increase
in instantaneous linewidth is to be expected; measuring the hole at field preferentially selects
centres with instantaneous linewidth on the order of the B–C splitting, ∆1,2

BC = ∆
1,2
e − ∆g = {2, 3}

GHz, as these centres contribute disproportionately to the single-laser fluorescence. It is also
possible that the observed sample strain increases spectral diffusion.

In general we expect anti-holes at pump-probe detunings of±∆g,±∆BC and±∆AD = ±(∆g+∆e)
[62]. The observed ±6 GHz anti-holes splitting is attributed to ∆e. We confirm this assessment
with a zero-parameter fit of a four level rate equation model included as SI. With this assignment
in mind we schematically illustrate the formation of the hole and anti-holes in the insets of
Fig. 4(a). A saturation hole is present when both pump and probe are driving the overlap of the B
and C transitions. The anti-holes are symmetric about the hole as inhomogeneous broadening
will lead to two bright subsets illustrated with solid and dashed ground state levels.

This hole-burning spectrum indicates that a subset of T centre spins can be initialized optically.
Additionally, a pulsed pump laser can be used to measure the spin population via the luminescence
transient as the spins hyperpolarize from bright to dark states. This is sufficient to measure a T1
lifetime for this subset [37]. We apply two lasers pulsing at wavelengths λ1 and λ2 separated by
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Fig. 4. T1 measurement via hole burning. (a) Hole burning spectrum of the sample at
field showing the saturation hole at zero detuning and the anti-holes at detunings equal to the
ground state splitting. (Insets) Energy level diagrams schematically illustrating the pump-
probe conditions for saturation and anti-holes for two sub-ensembles of the inhomogeneously
broadened line (solid and dashed lines in the ground state). At zero detuning the dashes on
the upward arrows indicate equal energies. (b) Spin relaxation measured over time bounds
the population lifetime T1>80 ± 20 ms as shown by the error bounds of an exponential fit
(grey region). (Inset) The pulse sequence of the two lasers tuned to λ1,2 as shown in (a)
along with the measured signal from each pulse showing the hyperpolarization transient.
Spin relaxation is determined by the ratio of data (blue) and reference (red) transient areas.

the ground state splitting ∆e. The pulse scheme and luminescence transients are shown inset to
Fig. 4(b). The system is initialized into an out-of-equilibrium spin state in which a sub-ensemble
is hyperpolarized by λ1. After a variable dark time the spin state is read out with two pulses at
wavelength λ2. The first ‘readout’ pulse will pump between the two electron spin states of the
sub-ensemble, leading to a transient luminescence signal. Subsequently probing the system with
the same wavelength (λ2) yields no further hyperpolarization or accompanying transient, but
rather only a constant background luminescence signal from the unresolved sub-ensemble. The
difference between the integrated luminescence during these pulses is proportional to the spin
population in the addressed state. This readout transient (blue) is labeled ‘data’. Afterwards,
an additional round of initialization and readout is performed without any dark time to give a
reference transient (red), labeled ‘ref’. The data transient is compared to the reference to get a
polarization ratio that drops from 1 (maximally polarized) to 0.5 (no polarization) in thermal
equilibrium.

The resulting polarization ratio versus dark time is shown in Fig. 4(b). The shortest spin
lifetime (T1) consistent with the observed polarization data is 60 ms, as determined by fitting a
polarization decay curve with a decay time of 80± 20 ms indicated by the grey uncertainty region
on Fig. 4(b). Finite optical pulse extinction artificially lowers the measurable T1 as leaked laser
light will slowly drive the spins to a mixed state during the dark time. The true T1 is expected
to be substantially larger. Although the measured bound T1>60 ms is short compared to the
bulk relaxation time, T1>16 s [24], it improves on the previous bound for integrated T centres,
measured by the same technique in Ref. [37], as expected given higher optical pulse extinction,
and it is sufficiently long to measure the electron spin coherence by combining the same optical
initialization and readout scheme with microwave control. Future work to increase extinction
during the dark time via, eg, additional optical modulators, will be necessary.
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8. Discussion

We have integrated the silicon T centre with monolithic photonic waveguides and measured
the homogeneous and ensemble properties. Such T centre devices can be efficiently networked
on chip with integrated photonic cavities, switches, and detectors [63], as well as efficiently
fibre coupled for remote networks. Integrating the T centre with nanophotonics fabricated by a
standard, unoptimized commercial CMOS process shows no significant degradation of optical
properties compared to the unpatterned chip material.

We measure, for the first time, instantaneous homogeneous T centre linewidths and compare
a variety of materials including waveguide-integrated centres and bulk 28Si. Promisingly,
we determine instantaneous homogeneous linewidths one to two orders of magnitude better
than previously reported spectral diffusion linewidths and show that a nearly transform-limited
linewidth is achievable in 28Si. With these instantaneous homogeneous linewidth values we can
predict the indistinguishability of networked T centre spin-photon interfaces. With appropriate
feedback the slow spectral diffusion can be made negligible and luminescence from two or more
emitters with zero relative detuning can be made to interfere [53,54]. In this limit interference
visibility is determined only by the emitter lifetimes and the emission linewidth [41]. We predict
the interference visibility for T centres in natSi waveguides and bulk 28Si (Supplement 1, Table
S1). We also tabulate what Purcell factor, FP, and cavity quality, Q, are necessary to entangle two
T centre spins beyond the Bell threshold [64]. A precise determination of the radiative efficiency
is critical, but we find high visibility is achievable with demonstrated photonics in every case.

Assuming unit radiative efficiency only FP ≈ 2, 200 (120), achievable in a nanophotonic cavity
of Q ≈ 14, 000 (800), is required for a visibility of 56% based on the lowest measured linewidth
(or inferred low-power limit) of waveguide-integrated T centres. If instead we assume the current
radiative efficiency bound from experiment, 0.03 [37], FP ≈ 73, 000 (4000) is needed, requiring
a cavity of Q ≈ 480, 000 (27, 000). Such quality factors are routine in silicon nanophotonics
[65,66]. Centres from the 28Si ensemble could achieve 25% interference visibility without any
enhancement, and require only FP = 13 (FP = 420), Q ≈ 83 (2800), to reach the Bell violation
threshold assuming radiative efficiency of 1 (0.03).

Achieving the Purcell factor targets above not only increases entanglement fidelity but also
increases emission rate. For waveguide-integrated T centres the emission lifetime is lowered to 2
ns (33 ns) for the lowest measured linewidth (or inferred low-power limit). The 28Si ensemble
would have an emission lifetime of 240 ns although with more room for improvement at such
a modest Q factor. For technical applications this presents an operation rate of 10–100 MHz.
From these values we have shown that the T centre is a competitive spin-photon interface for a
modular quantum information network based on long-range emission-based entanglement, with
only modest Purcell enhancement and cavity Q-factors necessary for high fidelity, fast operation.

We showcased the ability to optically initialize and readout electron spins within the waveguide
T centre ensemble. We used an all-optical pulse sequence to measure spin relaxation and find a
bound on T1 lifetime. This is a crucial first step towards full spin control of waveguide-device
integrated T centres, requiring only inclusion of microwave lines for driving the spins directly.
Taken together, these new measurements make the T centre an encouraging spin-photon interface
for on-chip networks, ready to be deployed in a silicon-based modular quantum information
architecture.
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