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Long optical and electron spin coherence
times for erbium ions in silicon

M| Check for updates

lan R. Berkman ® '°, Alexey Lyasota ® "', Gabriele G. de Boo®, John G. Bartholomew ®?,
Shao Qi Lim ®*, Brett C. Johnson ® **, Jeffrey C. McCallum ®*, Bin-Bin Xu', Shouyi Xie',
Nikolay V. Abrosimov ® ¢, Hans-Joachim Pohl’, Rose L. Ahlefeldt ® 8, Matthew J. Sellars?,

Chunming Yin® '° & Sven Rogge ®'

Spins in silicon that are accessible via a telecom-compatible optical transition are a versatile platform
for quantum information processing that can leverage the well-established silicon nanofabrication
industry. Key to these applications are long coherence times on the optical and spin transitions to
provide a robust system for interfacing photonic and spin qubits. Here, we report telecom-compatible
Er®* sites with long optical and electron spin coherence times, measured within a nuclear spin-free
silicon crystal (<0.01 % ?°Si) using optical detection. We investigate two sites and find 0.1 GHz optical
inhomogeneous linewidths and homogeneous linewidths below 70 kHz for both sites. We measure the
electron spin coherence time of both sites using optically detected magnetic resonance and observe
Hahn echo decay constants of 0.8 ms and 1.2 ms at ~ 11 mT. These optical and spin properties of
Er**:Si are an important milestone towards using optically accessible spins in silicon for a broad range

of quantum information processing applications.

Quantum information processing (QIP) offers numerous protocols that
outperform equivalent classical protocols in terms of computational speed
and security' "' In order to enact these protocols, the ability to coherently
manipulate and entangle multiple quantum states is required. Electron spins
in silicon are attractive qubits due to the fast control of the highly coherent
spin states'> and the ability to use well-established semiconductor pro-
cessing techniques to fabricate scalable nanometer architectures with high
yield**. Additionally, silicon systems that are capable of photon-mediated
spin-spin coupling are promising candidates for inter-chip and chip-to-chip
coupling in quantum computing”*, and for long-distance coupling in
quantum networks*”~. For these spin-photon systems, it is favourable to
minimise the photon losses between the spin qubits in order to achieve
entanglement operations with high fidelity and efficiency.

Among the lowest loss architectures currently available is the combi-
nation of telecommunication band photons with silicon photonics™. Not
only are silicon devices at the forefront of high performance photonic
integration, but they also lead the technologically important complementary

metal-oxide-semiconductor (CMOS) field. These mature silicon industries
can be leveraged to realise very large-scale integration (VLSI) photonic
circuits by using on-chip silicon-based components such as ultra-high
quality factor cavities”, low-loss waveguides®, phase-shifters™*,
modulators*" and near-unity single photon detectors®. For these reasons,
realising telecom-wavelength emitters in silicon for QIP applications is a
highly active area of research, with artificial atoms showing remarkable
progress as optically active centres™"* ™.

Realising a high performance spin-photon interface imposes two
additional requirements on optically active centres in silicon: long electron
spin coherence times and long optical coherence times’****". For this pur-
pose, Er'* ions are strong candidates. Er’" ions possess an electrically
shielded intra-shell optical transition with emission in the lowest loss tele-
communication C-band and an effective spin-1/2 ground electron spin state
transition. Important QIP milestones have been achieved using Er** ions in
insulator host crystals. For example, Er** ensembles in Y,SiOs exhibit
optical linewidths down to 73 Hz in large magnetic fields”, and nuclear spin
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coherence times of over one second’’. Furthermore, ground state electron
spin coherence times of up to 23 ms have been measured in Er’:CaWO,™.
Er’* ensembles have also been used to demonstrate prototype microwave-
to-optical transducers™ >, including integrated on-chip geometries™.

At a single ion level, Er* jons in CaWO, have demonstrated indis-
tinguishable single photon emission at telecommunication wavelengths”,
enabled by 150 kHz optical linewidths and 12-h long spectral diffusion of 63
kHz. In addition, this study achieved >97% single-shot readout fidelity
optical quantum non-demolition measurements, similar to observations in
Er’*:Y,SiOs”. By embedding Er’* ions in LiNbO3, the emission of single
ions can also be controlled™. Finally, the large gyromagnetic moment of the
Er’" electron spin has enabled single electron spin resonance (ESR)
detection®.

Despite the individual appeal of both silicon as a host material platform
and Er’* ions as a spin-photon interface, Er’*:Si systems have not yet
demonstrated comparable performance to Er'* ions in the solid-state
materials mentioned above. While the optical properties of Er’*:Si systems
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Fig. 1| Photoluminescent excitation spectrum of Er’" ions in silicon. a Schematic
of the setup to perform photoluminescence excitation (PLE) and optically detected
magnetic resonance (ODMR) spectroscopy of Er’* ions in silicon. The optical
excitation consists of a laser pulse which excites the Er** ions resonant with the laser.
Directly after the pulse, the photoluminescence (PL) of these Er’* ions are collected
by a superconducting single-photon detector (SSPD). The antenna consists of a
copper wire and is solely used for the ODMR measurements. b PLE spectrum of the
Er’" ions in **Si. The letters denote the different sites observed and the resonances
that belong to the same site. ¢ Energy level diagram of Site E under 10 mT. The optical
transition is excited using the laser light, whereas the spin transition is controlled
using the RF antenna in (a). The values in this diagram are extracted from the PLE

have been studied, resulting in the observation of sub-megahertz homo-
geneous linewidths’"”, there are few studies on the Er’* electron spin
transition in silicon. To date, the Er**:Si electron spin coherence time has
solely been measured using bulk ESR, demonstrating a T jyahn 0f 7.5 ps in
natural silicon, which is likely limited by superhyperfine coupling to *Si
spins®’. Realising long Er’*:Si electron spin coherence times on optically
active sites has therefore remained elusive.

In order for Er’":Si to be deemed suitable for QIP applications, we
quantify the important properties that have to be met for an Er’*:Si site.
First, the site should be optically active and exhibit narrow homogeneous
linewidths to enable high cooperativity coupling to nanophotonic cavities.
Cooperativity is given by the Purcell enhanced lifetime over the homo-
geneous linewidth. Effective Purcell enhancements of over 650 are routinely
observed for Er’" ions in other host materials evanescently coupled to Si
nanophotonic cavities”*. For Er’**:Si nanophotonics cavities, the Er’* ions
reside within the cavities, leading to a promising avenue for larger Purcell
enhancement. We can hence assume that Purcell enhancements of 1000 are
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spectrum in (a), as well as the Zeeman spectrum in (d). The solid red lines refer to
spin-conserving transitions, while the dashed red lines refer to spin-flipping tran-
sitions. d 2D Zeeman spectrum, showing a recovery (dashed circles) of the signal
solely when the two lasers excite from both of the ground electron spin states as
displayed in (c). The numbers next to each recovered signal correspond, respectively,
to the first and second laser, and the transitions excited in (c). The detuned fre-
quencies where the Zeeman signals are observed occur at + (f; — fo) =+ 175 MHz and
* (fo + fi) = + 640 MHz. An additional Er’* orientation is visible with f, = f, =
350 MHz, displayed by the bright horizontal and vertical line, and the bright signal
close to transitions 4& 3 (3& 4), indicated with the black dashed circles.
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Fig. 2 | Optical transition properties of Site E and Site F. a Photoluminescence
excitation (PLE) spectrum of Site E and Site F, fit with a Lorentzian distribution to
extract the inhomogeneous linewidths, showing narrow linewidths for the sites.

b Schematic of the spectral hole burning technique to extract the upper bound on the
homogeneous linewidth (yj,). For Site E and Site F, a frequency comb of Nyopier = 18
doublets is used, with a Afgomp, of 3.4 MHz. Py, refers to the optical power on the

c

35

w w
@ S
1 1

w
N
1

PL intensity (cps)

Site E (y,

[

<66 + 25 kHz)

30 -

T T
-250 0
Af (kHz)

T T T T T
-750 -500 250 500 750

sample for each sideband. At Afgoubler = 0, N spectral holes are burned, whereas for
Afdoublet > Yi» 2N spectral holes are burned. Because of atomic saturation, the PL
intensity increases for increasing values of Afgoupler» allowing the extraction of the
upper bound on y;,. ¢ PL intensity as a function of Afgoypiet for Site E (Py, = 139 nW)
and Site F (Py, = 35 nW). The resulting spectral holes are fit with a Lorentzian
distribution, where the yj, is less than half the FWHM.

within reach for Er’*-embedded Si nanophotonic cavities. Homogeneous
linewidths that correspond to cooperativity factors above 1 for these Purcell
enhancements are therefore promising. Secondly, in addition to the narrow
optical homogeneous linewidth, the electron spin coherence time should be
sufficiently long to perform several gate operations with low errors. By
setting the dephasing rate to approximately once every 1000 gate operations,
we set a lower bound on the electron spin coherence time of
T’ Hahn 2 10007, where 7, corresponds to the time it takes to perform a 7-
rotation on the qubit. Third, by observing a second site that fulfils these two
optical and spin criteria, we demonstrate that excellent optical and spin
properties exist for different Er'* environments in Si rather than being
restricted to unusual properties of a unique site. Follow-up measurements
can investigate the range over which these sites exist and optimise sample
conditions to enhance the prevalence of favourable sites.

In this paper, we use optical detection to investigate both the electron spin
and optical transition properties of two Er’* sites within a *Si (<0.01 % *Si)
crystal. We observe, for the first time in any foundry-compatible semi-
conductor, long Er’* electron spin coherence times of 0.8 ms and 1.2 ms. In
addition, we measure inhomogeneous linewidths of 148 MHz and 72 MHz as
well as homogeneous linewidths below 66 kHz and 52 kHz, respectively. Our
combined observed optical and spin measurements and the excellent VLSI

potential of the silicon host present Er’*:Si as a promising candidate for a broad
range of QIP applications.

Results

Photoluminescent excitation spectroscopy

We first characterise Er’* sites in a **Si sample using photoluminescence
excitation (PLE) spectroscopy in a similar approach to ref. 61 using the
experimental setup shown in Fig. 1a with no applied radiofrequency (RF)
field. The Er'*:Si sample is sandwiched between a fibre ferrule and a
superconducting single-photon detector (SSPD). We package two of these
sandwiched devices, each containing an Er’*:Si sample from the same wafer,
and cool down one device to 20 mK (kgT/h = 417 MHz) in a dilution
refrigerator and the other to 300 mK (kzT/h = 6.25 GHz) in a *He system.
After calibrating the laser power to ensure consistent optical excitation
power across the sampled frequency range, we pulse the laser at a fixed
frequency and monitor the laser wavelength using a Bristol 621A wave-
meter. The resulting photoluminescence (PL) counts on the SSPD are
recorded from 20 ps up to 200 s after each pulse (Methods). Resonances are
observed from 193.4 THz to 197.0 THz for the sample in the dilution
refrigerator, as shown in Fig. 1b. The large number of resonances arises from
the Er’* ions occupying a combination of substitutional or interstitial Er’*:Si
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sites”", with multiple lines resulting from excitation to different crystal field
levels (Fig. 1c).

We furthermore observe the same resonances in a sample from the
same source, measured in a separate annealing run but under identical
annealing conditions. This consistency confirms that site formation is
reproducible when using the same sample material and annealing para-
meters. However, none of the resonances observed in this study overlap with
those reported in previous Er:Si studies®**>*’. Notably, these earlier studies
showed a decrease in the number of resonances with decreasing Er’* con-
centrations. Following this trend, we expected this sample to exhibit fewer
resonances, given that its Er*" concentration is 100 times lower than the Er**
concentration in ref. 61. Nonetheless, we see an approximately equal
amount of resonances compared to ref. 61. This result suggests that the
different boron background doping in this sample may play a significant
role in site formation. Further studies are required to investigate this phe-
nomenon and its underlying mechanisms.

To isolate lines possessing a long electron spin T, a prerequisite for a
long coherence time, a 10 mT magnetic field is applied along the [110]
crystallographic axis (Fig. 1a) to lift the spin degeneracy in each crystal field
level (Fig. 1c). For all of the sites we observe here, the ground states form
doublets and can be treated as an effective spin-half system with states | |, )
and | 7). If T; of the spin states is sufficiently long, optically induced spin
flips hyperpolarise Er’** ions to non-resonant ground states, e.g., into the | 1)
state when exciting transition 1 in Fig. lc. This reduces the PL signal
compared to that observed at zero magnetic field.

The PL intensity can be recovered if a second laser excites the Er’*
ions that are shelved into the hyperpolarised state, e.g., transition 2 in Fig.
1c for a hyperpolarised | 1) state. The excitation frequencies under an
applied magnetic field (Fig. 1c) can be determined by plotting the PL
signal as function of the two laser frequencies, which produces a char-
acteristic pattern shown in Fig. 1d for the 1532.853 nm site (Site E) at B=
10 mT. Here, bright Zeeman resonances appear at laser frequencies of + (f;
—fo) =+ 175 MHzand * (fy + f;) = + 640 MHz detuned from the centre of
the resonance at 0 mT, giving Afo/AB = 46.5 GHz/T (g=3.3) and Af;/AB =
81.5 GHz/T (g = 5.8). Sites with symmetry below the T,; symmetry of the
crystal will have multiple orientations that may be non-degenerate in the
applied field. For Site E, a second orientation with f = f; = 350 MHz is
visible: this orientation gives rise to the bright horizontal and vertical PL
lines at zero frequency detuning and the signals near the 3&4 and 4&3
peaks of the first orientation (dotted black circles in Fig. 1d). The different
crystal field levels belonging to a single site (Fig. 1b) can be identified by a
modification of the above method (Methods). The sites observed in this
paper do not contain overlapping resonances with previous Er’*:Si
studies”"*>". Besides the different boron background doping, the different
sample, implantation and annealing conditions can furthermore con-
tribute to the sites formed and can be investigated in more detail in follow-
up studies.

Optical transition measurements

We choose two of the brightest identified sites that exhibit well-
distinguished lines under a magnetic field (Site E and Site F) for further
investigation (Methods). The inhomogeneous lines of these sites are dis-
played in Fig. 2a and fit a Lorentzian lineshape, which is consistent with
previous studies”"*>**, Site E shows consistent full width at half maximum
(FWHM) of the inhomogeneous lines of around 150 MHz, whereas the
linewidths of the different crystal field transitions of Site F vary, with FWHM
values of 145 MHz, 72 MHz and 575 MHz.

We attribute the larger linewidth of the third crystal-field level exci-
tation, compared to the lower crystal-field level excitations, to homogeneous
broadening arising from a fast decay from the third, to the first and second
crystal-field level in the *I,5/, manifold””’. The inhomogeneous linewidths
seen here, below 150 MHz, are comparable to the narrowest linewidths
observed in bulk Er’” in insulating systems”' and are less than half the width
of any inhomogeneous lines observed to date for thin-region implanted
ErH:SiM’(’Z.

We use spectral hole burning on the transition to the lowest “I;3/,
crystal field level to investigate the homogeneous linewidths of the two sites.
Our method is based on the technique presented in ref. 61, which relies on
the saturating behaviour of an atomic transition as a function of the exci-
tation rate R, i.e., I(2R) <2I(R), where I is the inhomogeneous line intensity.
The excitation rate depends on the frequency detuning Af between two
consecutive excitation pulses with equal power P!, which enables spectral
hole burning in the Er’* inhomogeneous line. We significantly increase the
signal-to-noise ratio (SNR) of this technique by implementing the following
modifications [See Supplemental Materials]: two frequency detuned optical
pulses occur simultaneously, and this bichromatic excitation is repeated
Ny, times every Afcomp over the inhomogeneous peak, resulting in a fre-
quency comb (Fig. 2b). We keep Af.omp much larger than the power
broadened homogeneous linewidth at the used optical power. This ensures
that probed Er’* subsets within the inhomogeneous line spectrally overlap
with a single bichromatic excitation. When the frequency detuning between
excitation pulses Afis zero, the total PL intensity is N, - I(2R) (dashed red
line in Fig. 2b). In the case when Af exceeds the homogeneous linewidth (yy,),
the total PL intensity is given by 2N, - I(R) (solid red line in Fig. 2b). The
SNR ratio in this case is increased as ,/N,,,. Because the spectral comb
generated is similar for Af and — Af, the spectral hole can be mapped by
sweeping Af > 0 and mirroring the data along Af = 0.

Figure 2c shows the resulting spectral holes for each site for a 50 us
pulse at the lowest optical power set by the measurement SNR ratio, i.e., P =
139nW and P = 35nW for Site E and Site F, respectively. Because the
measured spectral hole is the convolution of two burnt spectral holes (Fig.
2b), yy, is equal or less than half the spectral hole FWHM” [See Supple-
mental Materials]. Our technique does not require a correction factor of Ny /
4, unlike the spectral hole burning method which relies on a polychromatic
excitation with N lines equidistantly spaced in frequency domain® [See
Supplemental Materials]. Lorentzian hole fits give homogeneous linewidth
upper bounds of 66 kHz and 52 kHz for Site E and Site F, respectively. The
observed homogeneous linewidths are close to the system spectral resolu-
tion limit of approximately 30 kHz set by the laser intrinsic linewidth (10
kHz) and the Fourier limited broadening of the used optical pulses (20 kHz).
Future experiments could hence utilise a more stable laser source to obtain
narrower bounds on y;,. Given that our method eliminates the need for a
correction factor, the optical properties of the sites presented in this
manuscript are the narrowest Er’*:Si linewidths observed thus far®"*®,

The optical lifetimes of site E and site F respectively are 365 ps and
345 us each [See Supplemental Materials]. This translates to Fourier-
transform limited linewidths of 436 Hz and 461 Hz. Assuming a branching
ratio of 0.2°, a Purcell enhancement above 800 is therefore sufficient to
reach a cooperativity factor above 1. Purcell factors above 650 are commonly
reported for Er’" ions that are evanescently coupled to Si nanophotonic
cavities” . In contrast to evanescent coupling, for Er’":Si, the Er’" ions
reside within the nanophotonic cavity, consequently leading to stronger
Purcell enhancements due to direct coupling of the Er’" ions to the cavity
modes. In conjunction with the high Q/V > 10’(n/A)’ nanophotonic cavities
that are available”, Er’*:Si appears particularly promising for reaching
cooperativity factors above 1.

Spin transition measurements
The spin transition is studied via optically detected magnetic resonance
(ODMR) by hyperpolarizing the spin states into the | | ) state, applying an
RF pulse to partially repopulate the | 1) state, and using state-selective
optical excitation of the | 1) state (transition 2 in Fig. 1c) to measure the Er’*
population in the | 1) state. The static magnetic fields of 12.37 mT for Site E
and 10.56 mT for Site F, are chosen to match the Zeeman splitting of the site
(46.5 GHz/T for Site E, and 64.7 GHz/T for Site F) to the RF antenna
resonance frequency: 575 MHz for Site E (*He system), and 683 MHz for Site
F (dilution refrigerator).

The ODMR pulse sequence follows either a single RF pulse or a
sequence of RF pulses to manipulate the electron spin states. Afterwards,
a delay of a few microseconds was implemented to reduce the effect of
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applied are 12.37 mT and 10.56 mT for Site E and Site F, respectively. Both data are fit
with a Lorentzian distribution. a, inset, The pulse sequence used for obtaining the
ODMR signal. b ODMR signal of Site F at different radiofrequency (RF) pulse

27 (ms)

lengths, using the same sequence asin (a, inset). ¢ Hahn echo decay traces as function
of delay between the pulses (7). Both Site E and Site F show long electron spin
coherence time at 300 mK and 20 mK, respectively. ¢, inset, The Hahn echo pulse
sequence used. Here, a final (-5 ) is applied to project the spin states to the | 1)
(11 )) state. This allows optical state-selective excitation to extract the ODMR signal.
The duration of each of these measurements is approximately two hours.

heating on the count rate by bringing the SSPD back to the super-
conducting state before the optical readout pulses. We then repeat a
series of optical pulses with a pulse length of t,,. followed by a readout
time of length fonection for reading out the spin states, which simulta-
neously reinitializes the spin states. The pulse length and collection time
are optimized to maximize the SNR during the collection sequence,
leading to microsecond pulse lengths and collection times slightly
shorter than the optical lifetime. We furthermore perform cyclicity
measurements using these parameters to ensure the spin states are fully
reinitialized before the following RF sequence [Methods].

In these measurements, the spin splitting of site F (kzT/h = 683 MHz)
is more than the thermal energy corresponding to the dilution refrigerator
(kgT/h = 417 MHz) and the spin splitting of site E (kzT/h = 575 MHz) is
less than the thermal energy of the *He system (kzT/h = 6.25 GHz) they
were measured in, respectively. Due to the application of optical and
microwave pulses, the sample temperature in the dilution refrigerator is
expected to be higher than the mixing chamber temperature, resultingin a
thermal energy that is comparable to or greater than the energy difference
between the spin states. This makes accurately determining the spin
temperature challenging. We therefore expect that the spin-up and spin-
down states within each sample have nearly equal populations at thermal
equilibrium.

Decreasing the RF power in the ODMR measurements results in
narrower spin inhomogeneous linewidths, indicating power broadening at
higher RF powers [See Supplemental Materials]. For Site E, a FWHM of 282
kHz is observed at — 10 dBm RF power to the antenna (Fig. 3a). This site
shows a long term drift of + 0.5 MHz over minutes. The drift to higher
frequencies likely indicates the sample holder moving in the field of the
(persistent-mode) superconducting magnet in the *He system. The corre-
sponding linewidth of Site F at an equivalent — 10 dBm of RF power is 129
kHz (Fig. 3a), with no observable long term drift, attributed to a more stable
setup in the dilution refrigerator, allowing the observation of a narrower
linewidth.

Rabi oscillations are obtained by varying the RF pulse length with the
frequency tuned to the centre of the inhomogeneous spin line. Here, we
focus on Site F due to the better long term stability of that setup. The Rabi
oscillations are fit with

Py = A[l — exp(—t/T), pap;)] COS27f p i), (1)

where A is the amplitude, ¢ is the pulse length, T, rap; is the Rabi decay
constant and fr.p; is the Rabi frequency. For — 16 dBm RF power to the
antenna, frap = 70 kHz and T, rapi = 50 ps, while at 12 dBm power, frabi
increases to 1.8 MHz and T p.p; decreases to 2.2 s (Fig. 3b). Pulse widths
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shorter than 350 ns are not applied due to limitations on the RF source, as
well as the 15 MHz bandwidth of the RF antenna. The experiments are
furthermore constrained to the RF powers from — 16 dBm to 12 dBm
because the ODMR signal diminishes at lower RF powers, while higher
powers introduce heating effects, evidenced by increased SSPD count rates
and elevated cryostat temperature readings. These measurements are
repeated on Site E at 300 mK, where we similarly extract a Rabi frequency up
to 1.7 MHz [See Supplemental Materials].

The high Rabi frequency seen here is comparable with other state-of-
the-art electron spin qubit systems in silicon'*"**, and indicates fast spin-
flip operations are possible for Er** ions in silicon. The Rabi frequencies
scale linearly with the applied electric field, ie. fp,; o< +/P, rather than
showing a saturation of the Rabi frequencies at these powers [See Supple-
mental Materials], which has been observed in semiconductor spin qubits at
high RF powers™*”®. Hence, higher Rabi frequencies are expected to be
observable by optimising the antenna geometry to allow higher magnetic
fields with less heat dissipation.

A Hahn echo sequence” is used to measure the decoherence time
(T ahn) of Site E and Site F. To optically detect the resulting refocused Er’*
spins, we apply an additional 5 _(or -5 ) pulse after the refocusing to project
the spin statesin the | 1) (| | )) state and then use state-selective excitation
to probe the spin state population (Fig. 1¢). We record the signal for varying
time 7 for two sequences (final 5 _or final -7 ) and subtract the two signals to
remove background counts, giving a signal decay depending only on T yann
(Fig. 3¢). This trace is fit with:

I=A eXp[_(T/TZ‘Hahn)XL (2)

where A is the fluorescence amplitude, T yan, is the exponential decay
constant and x is the stretch factor that can indicate the dominant deco-
herence mechanism®.

The Hahn traces for Site E and Site F exhibit a sharp decay around 1 ms
that is best fit to a stretched exponential with stretch factors of 3.8 + 1.1 and
3.3 £ 0.7, respectively. This remarkable 100-fold improvement in the Hahn
echo time for Er’* sites in Si, compared to the previously reported coherence
time of 7.5 s measured for a different Er’* site at a higher temperature, can
be attributed, as suggested in ref. 63, to superhyperfine coupling with *Si
spins. The hypothesis that *Si spins are the primary factor limiting spin
coherence time in natural Si samples is further corroborated by our mea-
surement of the coherence time for site F in a natural silicon sample [see
Supplemental Materials].

Stretch factors greater than one have also been reported in P:*Si qubits
in cryogenic systems™**', where spin coherence times are similarly limited to
around one millisecond. In ref. 80, these larger stretch factors were attrib-
uted to external influences, such as superconducting magnetic noise, likely
caused by mechanical vibrations or flux creep. Similarly, ref. 81 observed
stretch factors ranging from 2 to 3, attributing them to a phase mismatch
between the instrument and the in-phase Larmor frequencies.

The similarities between our findings and setup, such as the potential
for inducing acoustic vibrations via pulse tubes or roughing pumps, suggest
that the observed stretch factors and millisecond-scale coherence times in
our study are also predominantly limited by external sources. To better
understand the intrinsic factors limiting electron spin coherence times, such
as residual®Si spin noise or site symmetries, future studies on Ert systems
should focus on establishing a higher bound for T’ jy,,. Achieving this will
require addressing acoustic vibrations, mitigating instrumental phase noise,
and, in the context of ESR measurements, taking the amplitude of the ESR
signal®’.

These measurements therefore introduce a lower limit on T yyap, of
0.78 +0.04 ms and 1.19 + 0.05 ms for Site E and Site F, as extracted from the
fits to the stretched exponential. As presented before, both sites exhibit Rabi
frequencies exceeding 1.7 MHz. These observed Rabi frequencies require a
minimum 75 ppn, time of 294 ps to ensure, on average, that a phase flip
occurs once every 1000 7-rotation operations. Furthermore, we expect that
these coherence times will also set the lower bound for single Er’* ions at

these depths, as these ions will be subjected to a lower magnetic noise due to
the lower Er*"™ concentration. In addition, we observe spin-lattice relaxation
times of 10.9 sand 23.8 s respectively for site E and F under 20 mK and 10.56
mT [See Supplemental Material]. Since the observed Hahn echo times
surpass the required T’ y.p, threshold, the electron spin properties, along
with the optical transition properties, position Er**:Si sites as promising
candidates for QIP applications.

Discussion

In this study, we investigated Er’* ions in **Si at two sites and observed
narrow optical linewidths and millisecond ground electron spin coherence
times in both sites. These long coherence times indicated that Er**:Si meets
the fundamental requirements of a versatile telecom-compatible spin-
photon interface in silicon. The findings of this study, which focuses on
measurements conducted on Er’* ions implanted at a depth ranging from
200 nm to 700 nm, are particularly relevant to employing Er’*-implanted
micrometre-thick ultra-low-loss silicon on-insulator (SOI) devices for QIP
applications™”. Furthermore, L3 photonic crystal cavities with high Q/V
ratios can be realised in multimode membranes as confirmed by comparable
Purcell factors achieved in GaAs photonic crystal cavities fabricated in
multimode™ and single mode® membranes. Here, the VLSI potential of
silicon can be harnessed to fabricate photonic devices such as Er’*:Si
implanted SOI nanophotonic cavities in order to enhance the emission rate
or achieve non-linear effects*****. Future Er’*:Si research can also benefit
from the increasingly accessibility of **Si or *Si-on-insulator wafers, which
are realised through new approaches such as high fluence *Si ion
implantation” or molecular-beam epitaxy growth®.

We showed that the optical homogeneous linewidth of both sites is less
than 70 kHz. This itself is already narrow, confirming these sites as good
optical quantum information candidates, but the prospect of a much nar-
rower true linewidth motivates additional study to extract the true linewidth.
Photon echo methods, while challenging for such small ensembles, can
provide the required accuracy at the same time as allowing another
important parameter, the spectral diffusion, to be measured. The current
measurements can only limit the spectral diffusion on timescales less than
the pulse length (50 ps) to be less than 70 kHz. QIP applications for Er**:Si,
such as sources of indistinguishable photons, typically require medium or
long-term stability in the optical frequency and, therefore, low spectral
diffusion. This is a challenge for many optical centres, particularly in
nanophotonic structures where surface states and other fabrication effects
lead to both line broadening and spectral diffusion on short and long
timescales””. Fortunately, Er’" lines tend to remain narrow and stable
because their low electric field susceptibility generates a weak sensitivity to
noise and defects”*”.

Optical linewidths of comparable magnitude have been observed for
Er** ions in insulators and CaWO,”"**”', where narrow optical linewidths
have been associated with non-polar site symmetries. The similar linewidths
of the two sites presented in this manuscript could therefore suggest that
these sites likewise exhibit non-polar group symmetries. The non-polar
symmetry will contribute to preserve good optical coherence properties
when the Er’" ions are situated nearer to the surface in photonic structures.
Literature furthermore reveals that optically active Er’*-only sites have been
identified in samples with low oxygen concentration®*. Given that the O
concentration in this study is hundredfold lower than that of Er’* to mitigate
the creation of Er-O clusters, we anticipate that these sites are potentially
optically active Er’*-only complexes®*”>”. Additional investigations are
necessary to thoroughly examine the structural properties of these sites.

The current sample can readily be utilised for ensemble-based QIP
protocols, however, for protocols based on single Er*" ions, methods such as
large-scale characterisation with post-selective nanofabrication” or loca-
lised optical excitation through free-space optics for cluster state
generation” can be utilised to address single Er** ions residing within a site
with good quantum properties. In addition, the yield of Er’* ions residing
within a particular site can be further improved through varying implan-
tation and annealing conditions™"".
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These Er’* sites can be compared to the other optical spin photon
candidate in a telecom band, the silicon T centre, a complex carbon-related
radiation defect with a 1326 nm transition in the O-band®**°. In *Si, both
sites have comparable electron spin coherence times of 2.1 ms (T centre) and
1.2 ms (Er’"), and optical inhomogeneous linewidths of 33 MHz™ (T centre)
and 72 MHz (Er*"). Their other optical properties place them in different,
complementary regimes: the T centre has a stronger oscillator strength of
10~*and an associated ps short lifetime***, and broad homogeneous line of
690 kHz” with 27 MHz of spectral diffusion”, while Er’* has a weaker
oscillator strength (not measured in silicon, but 1077 is typical’®), 0.1 ms to
1.6 ms lifetimes®"** and very narrow homogeneous lines below 70 kHz. Both
optical centres are in similar, initial stages of study, but already show sig-
nificant appeal for spin-photon interfaces. Further development is likely to
improve key properties and elucidate the regimes and applications best
suited to each centre.

This work shows for the first time that Er’*:Si meets the spin and
optical coherence time requirements for a spin-photon interface. Taken
together with the unmatched mature fabrication technology existing in
silicon, these properties present Er’":Si as a promising material of high
interest for realising a scalable, telecommunication-compatible platform for
quantum computing and quantum network applications.

Methods

Implant and anneal recipe

The two **Si samples both originate from the material used for the study in
ref. 98, which contains a background doping of B at approximately 1 x
10" cm ™. To study the optical transitions without the complication of
hyperfine structure, the nuclear-spin-free "’Er isotope is implanted with ion
energies of 800, 1200 and 2000 keV and, respectively, ion fluences of 9 x 10',
1.4 x 10" and 3.1 x 10" cm™ into one side of the 490 um double-side-
polished **Si wafer to form a uniform concentration profile of 1 x 10'° cm™
over a depth of 200 nm to 700 nm. Following implantation, the wafers are
consecutively diced and annealed at 700 °C for 10 min in an N, atmosphere,
which is known to lead to optically active Er’* ions in silicon®"*>**”

Photoluminescent excitation spectroscopy

The emission of the Er** ions is collected by an in-situ SSPD as presented in
ref. 61. Here, a ferrule containing a CCC1310-J9 fibre was polished and used
to sandwich the sample between the SSPD and the ferrule. To obtain the PLE
spectrum, the laser frequency is swept from 190.70 THz to 197.36 THz
(1572 nm to 1519 nm) in steps of 20 MHz.

In addition to this in-situ detection configuration, we add a single-layer
coiled copper wire antenna between the sample and the fibre ferrule for the
RF control of the electron spins. The inner diameter of the copper coil is
larger than the mode diameter of the laser light emitted from the fibre end,
thus providing an unobstructed path for the laser light to reach the sample.
This copper wire is present, but unused during the PLE scan.

One *’Si sample is situated in a dilution refrigerator at a temperature of
20 mK, and one **Si sample in a *He system at a temperature of 300 mK.
These low temperatures are to ensure alow dark count rate on the SSPD, and
long spin-lattice and spin-spin relaxation times. Moreover, these tempera-
tures are low enough to minimise non-radiative recombination of the Er’*
optical transition'*™'”.

To excite the Er*" ions, we use a semiconductor diode laser (Pure
Photonics PPCL550) with an output pulse modulated by two acousto-
optical modulators (AOMs) connected in series, resulting in an extinction
ratio greater than 100 dB, similar to the excitation schematic in ref. 61. After
the excitation pulse, we record the number of counts from the SSPD for
200 ps with a digital counter (Keysight 53131A or National Instruments
PCI-6602). The SSPD current bias is set to zero during the excitation pulse
and is reset to its nominal value 20 ps after the excitation pulse. This SSPD
blanking mitigates the current-induced Joule heating, hence allowing a
faster reset time after the excitation pulse is extinguished®'. For this reason,
the counts in the first 20 ps after the excitation pulse are ignored in all PLE
measurements.

PLE spectrum site extraction

The resonances in the PLE spectrum belonging to the same site can be
identified with a modification of the two-colour excitation sequence used to
recover the Zeeman spectrum: instead of shifting the frequency of the sec-
ond laser by a small amount to excite one of the transitions to the same
excited state Zeeman doublet, it is shifted to the centre of a different line in
the PLE spectrum. If this causes the recovery of the signal, that line is a
higher energy crystal field line belonging to the same site [See Supplemental
Materials], and by testing all lines in the spectrum, all visible transitions
associated with one site can be determined. This procedure is performed on
the 7 brightest resonances exhibiting long-lived spin states, identifying them
as arising from seven sites with long electron spin lifetimes (Fig. 1b and
Supplementary Table 1 Resonances with long-lived electron spin states). Of
these sites, Site F exhibits the brightest resonance within the PLE spectrum at
195571 GHz, and is therefore the first resonance we used for spin coherence
time measurements. We furthermore choose Site E as a second resonance to
measure to confirm that the characteristics of Site F were not solely limited
to one site. Site E is the third-brightest and produced the clear Zeeman
pattern shown in Fig. 1d; Site C, the second brightest, is excluded due to its
unclear Zeeman pattern indicating a large number of site orientations,
which results in a lower intensity per Zeeman transition.

Optically detected magnetic resonance spectroscopy

To control the electron spin states, we use RF pulses from the copper coil
generated by a Keysight N5182B vector source. In order to mitigate the heat
load of the RF antenna, we introduce an LC circuit to enhance the RF
emission at a desired resonance frequency. We set the resonance frequency
at approximately 600 MHz, which is high enough to distinguish the two
AM = 0 optical transitions as seen in Fig. 1d, hence allowing state-selective
optical excitation.

The LC circuit is formed by adding two capacitors to the copper wire
antenna: one capacitor is connected in series to set the resonance frequency
of the antenna, and the other capacitor is connected in parallel to match the
impedance. The resulting resonance frequency is measured by sweeping the
reflection of the antenna as function of the RF frequency using a 9 GHz
Keysight FieldFox. The resonance frequency of the antenna in the dilution
refrigerator is 683 MHz at a bandwidth of 15 MHz, and the resonance
frequency of the antenna in the *He system is 590 MHz with a bandwidth
of 20 MHz.

Cyclicity measurements

We measure the number of optical pulses required to depolarise a spin state,
depending on the cyclicity of the optical transition excited. During the
ODMR sequence, a number of optical pulses are applied after the RF pulse
for two reasons: to initialise the spin state and to enhance the SNR of the
collected PL. The number of optical pulses after the RF sequence is chosen
such that Npuises > Neyclicitys Where Npyises i the number of pulses after the RF
sequence and Nicity the number of optical pulses needed to depolarise the
spin states, depending on the optical pulse length and power specific to the
measurements. After every optical pulse in this state-selective optical
sequence, the PL is collected. For our measurement, we excite the AMs =0
transitions [red solid lines in Fig. 1c].

To measure the cyclicity, an electro-optical modulator (EOM) was
used to rapidly change the excitation frequency. A frequency of 3 GHz was
applied on the EOM, leading to a single carrier and two sidebands. The
carrier was suppressed by changing the polarisation of the light and by
optimising the DC voltage to the EOM. One of the remaining two sidebands
was centred on the resonance belonging to the | | ) transition for the pump
pulse and the other sideband was located off-resonantly 3 GHz at a lower
frequency. The | | ) transition is depolarised by exciting this transition for 1
ms at 120 pW (60 uW per sideband) of optical power on the sample.
Afterwards, the frequency of the sideband is set to the transition in reso-
nance with the | 1) transition to initiate the probe sequence. The probe
sequence consists of a number of excitation pulses of 10 ps at the same
optical power on the sample, which are spaced 200 ps apart. The PL is
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collected in the 200 ps bins, of which we ignore the first 20 us due to the
SSPD recovery time as explained in Methods. This sequence is repeated 200
times and the PL at each pulse number is averaged. This sequence was
repeated with the pump pulse off-resonantly centred 200 MHz from the | |, )
transition [See Supplemental Materials for the cyclicity measurement
on Site E].

As expected, the count rate of the on-resonant curve is higher than the
off-resonant curve due to PL excitation of the hyperpolarised | | ) state, and
eventually reaches the same PL intensity after the | | ) state is depolarised.
During the ODMR measurements, the same optical parameters of 10 ps
pulse length and 60 uW of optical power were used to depolarise and read
out the spin states.

Notes
During the review of this manuscript, the authors became aware of a
manuscript reporting on ODMR measurements of single Er** ions in "Si

photonic cavities'”.

Data availability
The data that support the plots within this paper and other findings of this
study are available from the corresponding author upon request.

Code availability

The computer codes that support the plots within this paper and other
findings of this study are available from the corresponding author upon
request.
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