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Observing Er3+ Sites in Si With an In Situ Single-Photon Detector
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We present a flexible method to study the optical properties of an Er3+ ensemble in Si accessed via
resonant excitation and in situ single-photon detection. The technique allows an efficient resonant pho-
toluminescence detection of optically active centers with weak oscillator strength in transparent crystals
without the need for nanofabrication on the sample. We observe 70 Er3+ resonances in Si, of which 62
resonances have not been observed in the literature, with optical lifetimes ranging from 0.5 to 1.5 ms.
We observe inhomogeneous broadening of less than 400 MHz and an upper bound on the homogeneous
linewidth of 0.75 and 1.4 MHz for two separate resonances. These narrow, stable resonances confirm Er3+

in Si as a promising quantum information candidate. We discuss the use of this technique for rapid char-
acterization of future samples, with the aim of enhancing the prevalence of sites which are favorable for
quantum information applications.

DOI: 10.1103/PhysRevApplied.19.014037

I. INTRODUCTION

Rare-earth (RE) ions embedded in a host crystal possess
numerous interesting properties for quantum information
processing. RE ions can have near-lifetime limited coher-
ence times on their optical transitions [1], as long as
4.4 ms [2], and hyperfine coherence times from sec-
onds to hours in carefully controlled magnetic fields [3,4].
While RE ions have weaker oscillator strengths than other
solid-state optical emitters, single-ion detection has been
achieved in multiple host crystals, including YAlO3 [5,6],
YVO4 [7], Y2SiO5 [8–10], and Si [11]. These proper-
ties make RE ions in solid-state hosts excellent materials
for quantum memories [3,12] and potential candidates for
qubits [13].

*i.berkman@unsw.edu.au

Of particular interest is Er3+ because it has a transi-
tion between the lowest crystal field levels of the 4I15/2
ground multiplet and the 4I13/2 excited multiplet at approx-
imately 1540 nm, within the technologically useful tele-
com C band. This convenient wavelength makes Er3+

particularly attractive for quantum communication devices
and applications. Incorporating Er3+ into Si, by means,
such as ion implantation or chemical vapor deposition,
allows integration into standard complementary metal-
oxide-semiconductor processing and provides the ability
to fabricate nanophotonic structures [14]. Furthermore, Si
can be enriched to nuclear-spin-free 28Si with less than 1
ppm 29Si, resulting in a low magnetic noise environment
[15,16], which leads to linewidths as narrow as 33 MHz
for T centers [17] and 5 MHz for the donor-bound excitons
[18] in Si.

Er3+ in Si is known to occupy a wide variety of both
substitutional and interstitial sites [19,20]. The nature and
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symmetry of many of these sites is, as yet, unknown
and a broad parameter space is still to be explored.
Characterizing these sites will allow those with ideal prop-
erties for quantum information applications to be identi-
fied, such as long coherence times, low spectral diffusion,
or cyclic optical transitions. Further, knowing the nature
of the sites will allow methods to be developed to pref-
erentially create favorable sites. Three main methods are
used to characterize these sites: electron paramagnetic
resonance (EPR), photoluminescence (PL), and photolu-
minescence excitation (PLE).

Measurements utilizing EPR probe splittings in the low-
est few crystal field levels of the 4I15/2 state while PL and
PLE probe higher-lying multiplets. In PL, above-band-gap
excitation of the Si populates the Er3+ excited states via
excitation transfer, and fluorescence is monitored from all
populated states as the ions decay [20,21]. In PLE, a single
optical state of interest is directly excited with a narrow-
band laser, and fluorescence is again monitored. Hence,
PLE is site selective and particularly suitable for study-
ing the multiple sites in Si. The difficulty of using PLE to
study Er3+ sites in Si is the low photoluminescence signal
due to the ions being distributed over a large number of
sites. Nonetheless, PLE of Er3+ sites has been observed in
Si nanophotonic waveguides [14].

In this paper, we present a flexible and efficient method
for the PLE detection of Er3+ in Si and characterize their
linewidths and lifetimes. The method involves placing
a shallow-implanted Er3+:Si chip in direct contact with
a superconducting single-photon detector (SSPD), which
minimizes coupling losses to the detector and requires
no need for nanofabrication of the samples. Samples
with different preparation parameters can hence be easily
exchanged and characterized, allowing rapid identification
of Er3+ sites. This is advantageous in the context of opti-
mizing sites for quantum information applications, and
allows follow-up measurements, such as probing the spin
dynamics or performing spectroscopic scans of single ions.
Furthermore, the high efficiency of SSPDs across the spec-
tral range from 250 nm [22] to 7 µm [23–25] indicates that
this technique is applicable to other optical sites in Si, such
as optical point defects [26,27], and could also be extended
to other transparent materials, such as Y2SiO5, SiO2, and
LiNbO3.

A. Experiment

In our experiment, implanted Er3+ ions in a 1.7 ×
1.7 mm2 Si chip are resonantly excited with a narrow-band
laser and the emission is collected by an in situ SSPD.
The implanted side is placed against the top of a tungsten-
silicide- (WSi) based, optical stack-embedded SSPD. By
adjusting the thickness of the optical cavity, the absorption
can be tailored to a desired wavelength. We fabricate a
SSPD with a minimum system detection efficiency of 50%
from 1500 to 1600 nm and with a maximum of 66% at

1550 nm for the measurement [28]. The resulting dark
count rate when the laser is turned off is less than 1 kHz.

The chip is sandwiched between the SSPD and an opti-
cal fiber that has its core aligned with the SSPD. The latter
allows an optical excitation of Er3+ ions in direct proximity
to the SSPD. Because of the 10 µm mode field diame-
ter of the fiber and the numerical aperture of 0.14, it is
expected that the divergence of the optical mode waist
through 300-µm Si sample is small, resulting in an opti-
cal spot size at the Er3+-rich sample plane comparable to
the 15 × 15 µm2 working area of the SSPD. Other trans-
parent wafers containing a larger thickness can also be
used in this configuration, as the thickness of the sam-
ple does not have any effect on the collection efficiency
and impacts only the optical spot size at the dopant layer.
The reduction in the optical power density in this layer
can be counteracted by increasing the laser power. The
experiment is operated at 300 mK to ensure a low dark
count rate on the SSPD. Moreover, this temperature is
low enough to minimize nonradiative recombination of the
Er3+ [29–31].

To excite the Er3+ ions, we use a semiconductor diode
laser (Pure Photonics PPCL550) with an output pulse mod-
ulated by two acousto-optical modulators (AOMs) con-
nected in series, resulting in an extinction ratio greater than
100 dB [Fig. 1(a)]. After the excitation pulse, we record
the number of counts from the SSPD with a digital counter
(Keysight 53131A or National Instruments PCI-6602) (see
Appendix A for the complete setup).

To study the optical transitions without the compli-
cation of hyperfine structure, the nuclear-spin-free 170Er
isotope is implanted with multiple ion energies and flu-
ences into one side of the 300-µm double-side-polished
Si wafer to form a uniform concentration profile of 1 ×
1018 cm−3 over a depth of 0.2 µm to 0.6 µm. The
wafer contains a background doping of P below 5 ×
1015 cm−3. The Er3+ concentration is an order of magni-
tude higher than our single-ion electrical detection exper-
iments [11,32] to provide a strong photoluminescence
signal.

The sample is co-implanted with O, as this has been
shown to increase Er-related photoluminescence [33,34]
and sharp lines in EPR spectroscopy [35]. Hence, O is like-
wise implanted with multiple energies to create the same
depth profile as Er3+, but with a higher concentration of
1 × 1019 cm−3.

Following implantation, the wafer is diced and annealed
at 700◦C for 10 min in an N2 atmosphere, which is known
to lead to optically active Er3+ ions in silicon [11,14].
Afterwards, a 190-nm-thick SiNx antireflective coating is
deposited on both sides using plasma-enhanced chemi-
cal vapor deposition. Following numerical calculations,
the SiNx antireflective coating improves the optical detec-
tion efficiency by approximately 30% for Si wafers and is
therefore not essential.
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FIG. 1. (a) Schematic layout of the experiment (not to scale).
The Si sample consisting of a 400-nm Er3+-doped region is
placed on top of a SSPD situated in a cryostat at 0.3 K. The
PLE spectrum is obtained by producing 100-µs pulses using
two acousto-optical modulators with an on:off ratio of more than
100 dB and collecting the luminescence. A magnetic field is
applied orthogonal to the sample during the Zeeman measure-
ments. (b) Top: PLE spectrum of Er3+-implanted Si. Bottom:
resonance positions for the PLE spectrum (red lines). Inset: a
single optically detected inhomogeneous resonance centered at
1535.199 nm, which is fit with a Lorentzian function resulting in
a 0.34-GHz full width at half maximum (FWHM) linewidth.

B. Broad spectral survey

A resonant PLE spectrum is obtained by pulsing the
laser for 100 µs and integrating the counts from 10 to
900 µs after the pulse [Fig. 1(b)]. This is repeated 1000
times at each optical frequency before the excitation laser
is stepped to the next optical frequency. In total, the range
of 1516 to 1550 nm is scanned in steps of 50 MHz
(0.4 pm). The laser line is broadened with a frequency
modulation of 60 MHz in order to avoid stepping over nar-
row resonances. The laser frequency is monitored at each
step with a wavemeter (Bristol 621A).

The SSPD is set to a constant current bias, resulting in
a high count rate the first 10 µs after the optical pulse as
the SSPD transitioned from a latched resistive state to the
superconducting state. The latching is caused by the opti-
cal pulse and the additional Joule heating due to the current
bias. These high count rates can be prevented by reducing

the current bias to zero during the optical pulse. Further-
more, by pulsing the current bias (see Fig. 7 in Appendix
A), the SSPD is able to detect 1.5 µs after the optical pulse.
This reset time is consistent with the RC time of the SSPD
biasing circuit.

The spectrum in Fig. 1(b) consists of 70 peaks, which
all displayed a prominence of at least 0.15 counts per
pulse and followed a Lorentzian or Gaussian distribu-
tion. The resonances with sufficient SNR to distinguish the
shape of the distribution, show a better fit to a Lorentzian
distribution than a Gaussian distribution. The lower signal-
to-noise ratio (SNR) resonances show similar fitting devi-
ations to both distributions. All 70 resonances show an
exponential lifetime decay with a milllisecond timescale,
consistent with Er3+ sites [14,30,31,36,37]. The excitation
wavelength, amplitude, Lorentzian FWHM and optical
lifetime of the resonances are listed in Appendix I. These
resonances consist of different Er3+ sites and may include
resonances associated with excitation to both the low-
est 4I13/2 crystal field level, and higher levels. The large
number of sites compared to the previous study [14] is
explained by the higher Er3+ concentration and the forma-
tion of more Er − O complexes due to the co-implanted
oxygen [19]. The observed resonances have inhomoge-
neous linewidths ranging from 0.4 to 9.1 GHz, compara-
ble to Er3+ in other host crystals [38,39], which can be
attributed to different environmental inhomogeneities as
well as different sensitivities of the optical transition to
these inhomogeneities.

Next, we study the splitting of inhomogeneously broad-
ened resonances under an applied magnetic field to under-
stand their site symmetry. Splitting of an inhomogeneously
broadened resonance into a multiple of well-distinguished
lines confirms that the Er3+ centers reside in well-defined
crystallographic sites [40].

In this initial experiment, the magnetic field is applied
perpendicular to the SSPD and sample. This field is limited
to 60 mT before the SSPD transitioned from a supercon-
ducting to a normal state, rendering it unable to detect
single photons. Only a few resonances show a resolved
splitting below 60 mT. In future experiments, the SSPD
could be aligned with the applied field direction. In this
arrangement, we find that the SSPD stays superconducting
for fields up to 500 mT.

Here, we present the two resonances with the largest
splitting under an applied external magnetic field of 50 mT.
The first splits into six peaks [Fig. 2(a)] and the second into
two peaks with different peak intensities [Fig. 2(b)].

In sites of less than cubic symmetry, Er3+ energy levels
retain a two-fold Kramers’ degeneracy in zero field, which
is lifted in an applied magnetic field. This structure gives
rise to four different possible optical transitions, assuming
the Zeeman splitting in the 4I15/2 and 4I13/2 differs, as it
does in the general case. However, more lines are possi-
ble in these ensemble measurements, because if the site
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FIG. 2. (a) Inhomogeneously broadened resonance at
1534.194 nm at zero field and the splitting into multiple reso-
nances when 50 mT is applied. (b) Inhomogeneously broadened
resonance at 1523.126 nm under −50, 0, and 50 mT. P1 indicates
the polarization which results in a maximum intensity of the
left peak at −50 mT, while P2 indicates the polarization which
results in a maximum intensity of the right peak at −50 mT.

symmetry is lower than the cubic symmetry of the crystal,
the site will comprise several magnetically inequivalent
subsites with different orientations of the Zeeman tensor
(up to 24 in C1 symmetry). Multiple lines may also be
observed if the defect occupies the Td site in Si without
reducing the symmetry, however, in Si, the symmetry will
typically be lowered. The splitting into six peaks relating
to the transition energies in Fig. 2(a) therefore likely indi-
cates at least two magnetically inequivalent subsites at a
lower site symmetry than cubic. The splitting into less than
four peaks, as seen in Fig. 2(b), is explained by an underly-
ing unresolved structure, indicated by the broader Zeeman
arms compared to the resonance at zero field.

The different peak intensities in Fig. 2(b) can be
attributed to different polarization-dependent oscillator
strengths, rather than different Boltzmann populations of
the initial states, because the relative intensities of the two
peaks can be reversed by rotating the polarization using a
λ/2 wave plate. Reversing the magnetic field also reverses
the peak intensities, further confirming that the difference
is not due to differing Boltzmann populations.

C. Homogeneous broadening

The homogeneous linewidth is investigated in detail
using transient spectral hole burning [41] for two reso-
nances with narrow spectral hole properties. The method
relies on the nonlinear increase of the fluorescence sig-
nal due to saturation of the atomic transition. The laser
frequency is modulated using an electro-optical modula-
tor (EOM), creating two sidebands 5 GHz apart while
suppressing the carrier (see Appendix B for the setup).
The high-frequency sideband at 2.5 GHz from the car-
rier frequency is centered on the inhomogeneous peak and
excited the ensemble for 20 µs, referred to the pump pulse.
The low-frequency sideband at −2.5 GHz from the car-
rier frequency excited an off-resonance region to ensure
no additional lines are excited. Immediately after the on-
resonance pump pulse, a 20-µs excitation pulse is applied
at a slightly detuned laser frequency (2.5 GHz + �f ),
referred to as the probe pulse. For an equal pump and probe
time, the occupation number of the excited state at the end
of both pulses is given by

ρee(2tp) =
{

ρres(2tp) for �f = 0

2ρres(tp)(1 − 1
2 e−tp /τ ) for �f � γD

, (1)

where tp is the pump time, ρres(t) is the occupation num-
ber when excited on resonance, τ the optical lifetime, and
γD the homogeneous linewidth [Fig. 3(a)]. The excita-
tion and probe pulse length are chosen to be sufficiently
short compared to the optical lifetime that ρee(2tpump) ≈
2ρres(tpump) > ρres(2tpump) whenever �f � γD. The repe-
tition time of 3 ms is chosen to be twice the optical lifetime,
ensuring the majority of excited Er3+ ions have decayed
into the ground state. To ensure that the off-resonant low-
frequency sideband did not affect the spectral hole width,
the homogenenous broadening is remeasured while the
carrier is present, yielding a comparable width and con-
firming that the hole width is unaffected by the off-resonant
light.

At 1 µW of excitation power on the sample, only the
resonances at 1538.685 and 1532.254 nm show narrow
spectral holes with sufficient SNR. These spectral holes
are studied in detail under 360 nW of excitation power
to extract the minimum hole width obtainable in our cur-
rent setup. The data is fitted with a Lorentzian distribution
with a FWHM of 1.5 MHz [Fig. 3(b)] for 1538.685 nm
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FIG. 3. (a) Top: expected decay signal when the probe offset is
larger than the homogeneous linewidth. Middle: expected decay
signal when the pump and probe frequency are equal. Bottom:
pulse sequence for spectral hole measurements. The curves are
normalized to ρres(tpump + tprobe), which is the occupation num-
ber when the subset is resonantly excited. (b) Upper bound on the
homogeneous linewidth at 1538.685 nm. The vertical axis gives
the integrated number of counts up to 1 ms after the probe pulse
as a function of fprobe − fpump. The data is fitted with a Lorentzian
distribution, resulting in a FWHM of 1.5 MHz.

and 2.8 MHz at 1532.254 nm. The upper bound on the
homogeneous linewidth is given by half of the spectral
hole linewidth [42], leading to a maximum homogeneous
linewidth of 0.75 MHz (3.1 neV) and 1.4 MHz (5.8 neV)
for 1538.685 and 1532.254 nm, respectively.

To study the timescale of processes resulting in the spec-
tral hole broadening, the hole linewidth is compared for
10 µs pump and probe pulses separated by 0 µs and by
90 µs (see Appendix C for the measurement). The choice
of delay is limited by the optical lifetime of the resonance,
as a longer delay results in a loss of spectral hole visibility.

A delay of 90 µs did not affect the hole, hence instanta-
neous spectral diffusion did not play a significant role in
the spectral hole linewidth on this timescale.

D. Lifetime

Next, the optical lifetimes of all 70 resonances were
measured. The lifetime of Er3+ varies according to the
radiative lifetime of the transition as well as the back-
ground doping of Si [31]. In addition, in this type of
fluorescence measurement, the lifetime measured is typ-
ically that of the lowest 4I13/2 level, regardless of which
crystal field level is excited, because higher crystal field
levels rapidly decay nonradiatively to the lowest state [43].
In principle, this means that resonances associated with the
same site should have identical fluorescence lifetimes.

To measure the fluorescence lifetime, the number of
single-photon events is recorded for 5 ms after a 100-µs
excitation pulse is centered on the inhomogeneous peak.
The signal decay after the excitation pulse did not follow
a single exponential curve, but instead is a combination of
the resonant signal and a background signal. To separate
this background decay, it is measured at an optical fre-
quency where the photoluminescence resonance is absent.
It is found to be wavelength independent and consisted
of a fast (approximately 200 µs) and a slow (approx-
imately 800 µs) exponential decay [Ioffres in Fig. 4(a)].
This biexponential decay has been observed previously in
Er3+:Si using both photoluminescence [36,37,44,45] and
electroluminescence [29]. These fast and slow components
are related to the radiative decay of excitons and indi-
rectly excited Er3+ ions, respectively. The background is
thus attributed to a noncompetitive process and can be
subtracted from the resonance decay signal.

To more accurately determine the Er3+ lifetime, a
nearby background decay is measured at every resonance
approximately 2 times the FWHM away [46]. The sub-
tracted signal followed a single exponential decay for most
of the resonances, where the largest amplitude decay trace
is shown in Fig. 4(a). A number of resonances show a biex-
ponential decay in the subtracted signal, marked by b in
Table I and several biexponential traces can be found in
Ref. [46].

A summary of the lifetimes is presented in Table I.
The optical lifetimes range from 0.5 to 1.5 ms, similar
to lifetimes found in various PL and PLE experiments
[14,30,31,36,37] as well as what is expected on theo-
retical grounds for magnetic dipole transitions [47]. No
other defects in Si contain a lifetime over 0.5 ms except
for S [48]. Since the contamination levels of S in the Si
wafer and introduced during ion implantation are negli-
gible, the 70 resonances are associated with Er3+ sites.
Compared to the PLE results in Ref. [14], for the seven
resonances that are found in both experiments we find a
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FIG. 4. (a) Photoluminescence decay curve for the resonance
at 1527.565 nm (Ires) and the background at 1527.461 nm (Ioffres).
The on-resonant time trace shows a biexponential decay, which
is due to the biexponential off-resonant decay. Since the off-
resonant decay is due to noncompetitive processes, the Er3+

decay can be extracted by subtracting the off-resonant time trace,
resulting in a single exponential decay except for a few, as can
be found in Table I. (b) Fit result of the lifetime for the 70
resonances. Errorbars show the standard error of the fit.

shorter lifetime for each resonance, with the average dif-
ference being 250 µs. The two experiments use different
samples, excitation methods and detection geometries, and
two mechanisms could explain the different numbers: extra
nonradiative decay in our system, or fluorescence trapping
in the measurements of Ref. [14].

A large number of lines are obtained with lifetimes all
close to 1 ms [Fig. 4(b)]. The small variations in lifetime
can be explained by the different sites and emission from
different crystal field levels.

II. DISCUSSION

The results described above show that this in situ detec-
tion method results in a sufficient collection efficiency to
observe a very large number of sites. Furthermore, this
technique detects optically active sites over 5 orders of
magnitude dynamic range, with a lower bound at 170 Hz,
corresponding to 1525.848 nm in Table I and an upper
bound of 25 MHz, limited by internal kinetic inductance of
the SSPD [49]. As the SSPD has a dark count rate of less
than 1 kHz, it is expected that count rates down to 10 Hz
on the detectors can be observed, which should allow the
study of single ions.

Given the ease of studying multiple samples with this
method, various sample parameters can be investigated
and optimized with the aim of increasing the prevalence
of sites with the narrow homogeneous and inhomogeneous
linewidths desired for quantum information applications.
Future samples of interest include lower Er and O con-
centrations, different annealing procedures and the use of
nuclear-spin-free 28Si as host crystal.

The narrow inhomogeneous linewidth and submega-
hertz optical homogeneous linewidth presented in this
paper at a high Er3+ and O concentration show that
Er3+ ions in Si is a promising platform for quantum
photonics applications, such as Er3+-based single-photon
sources [50]. The practical applications of Er3+-based
single-photon sources for optical quantum computing rely
on the ability to compensate for the relatively weak Er3+

oscillator strength by integrating Er3+ ions with photonic
cavities [7–9,38,51].

The emission rate of Er3+ ions in photonic cavities is
given by γcav = βFγbulk assuming γcav � γbulk, where F ,
γbulk, and β = 0.2 are the Purcell factor, the Er3+ emission
rate and the branching ratio for Er3+ in bulk Si into the
optical transition resonant with the cavity mode, respec-
tively. The maximum Purcell factor is achieved when the
system operates at the transition between the weak and
strong coupling regimes [52]. At this transition, the cav-
ity mode energy damping rate is κ = 4g and γcav = 2g,
where g is the optical transition-cavity mode coupling
strength. Then, the maximum Purcell factor given by F =
2g/(βγbulk) is defined by the cavity design and the corre-
sponding cavity mode volume Vm = 3λ2c/(2πn3F2βγbulk)

(Vm = 3λ2cβγbulk/(8πn3g2)). Here, κ and g are in angular
frequency units.

A Purcell factor of approximately 2 × 106, correspond-
ing to an Er3+ emission rate of 400 MHz, would approach
the state-of-the-art single-photon source brightness [14].
To achieve this regime requires an upper bound on the cav-
ity mode volume of Vm = 0.1(λ/n)3 (g = 2π × 30 MHz)
for the Er3+ spontaneous emission rate in Si (γbulk =
1 kHz). Such a cavity mode volume can be achieved in
nanobeam Si photonic cavities [53,54]. The corresponding
quality factor Q = 1.5 × 106 (κ = 120 MHz) is close to
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the state-of-the-art values in nanobeam cavities [55] but
still has to be practically realized. To achieve a Purcell
enhancement of 6 orders of magnitude in lower-quality
factor cavities would require ultralow mode volumes, such
as those available in bowtie photonic crystal cavities [56].
If these extremely high Purcell factors can be realized,
the Er3+ homogeneous linewidth could be engineered to
be limited by radiative broadening that exceeds the other
broadening rates by 3 orders of magnitude. This would
make Er3+ in Si a promising platform for creating single-
photon sources with high brightness and single-photon
indistinguishability.

III. CONCLUSION

In this paper we use an in situ PLE method to study,
in detail, the inhomogeneous linewidths and lifetimes of
70 Er3+ resonances in Si, only eight of which have previ-
ously been observed [14,57]. The homogeneous linewidths
of two bright resonances are found to be 0.75 and 1.4 MHz,
indicating sub-MHz linewidths of multiple sites can be
expected with sample optimization. The narrow linewidths
presented show that Er3+ in Si is a promising system
for quantum information and communication purposes,
and further refinement is achievable using the current
approach due to the rapid preparation of samples so a broad
parameter space can be explored efficiently.
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APPENDIX A: PHOTOLUMINESCENT
EXCITATION SPECTRUM SETUP

A schematic of the setup is shown in Fig. 5 and the
in situ sample and optical stack-embbed SSPD in
Fig. 6. The continuous-wave laser was a Pure Photonics
PPCL550, which is attenuated to reach low optical power
levels. Afterwards, the light is split using a 90:10 beam
splitter where the low output port is connected to a Bristol
621A wavelength meter. Following the beam splitter are
two AOMs, which are pulsed using an arbitrary waveform
generator. A 90:10 beam splitter is used to direct 10% of
the light to an optical power meter. The higher output end

cw laser

dc

ac

FIG. 5. Experimental setup. A continuous-wave laser pro-
vided narrow-band light. A portion of the laser light is monitored
by the wavemeter. The EOM is added when performing the spec-
tral hole burning measurements. Two AOMs are used to pulse the
intensity of the light with a contrast of over 100 dB. Ten percent
of the laser light continued to an optical power meter to calculate
the power on the sample. The other portion of the laser light con-
tinued through polarization paddles to control the polarization
on the sample. The sample, SSPD, bias tee, and HEMT ampli-
fier are inside the HelioxVL at 300 mK. The high-frequency
SSPD signal coupled out through the HEMT amplifier and two
room-temperature amplifiers into the counter.

is directed to polarization paddles to adjust the polariza-
tion for the magnetic field measurements. A schematic is
shown in Fig. 5.

The fiber is coupled into an Oxford HelioxVL, which
resides in an Oxford magnet dewar. The HelioxVL con-
tains the sample, SSPD, bias-tee, and a homemade high-
electron-mobility transistor (HEMT) amplifier. A bias cur-
rent is applied to the SSPD, and the 2-ns pulse is read out
via a bias tee. The ac SSPD signal is amplified at room
temperature using two rf amplifiers. The pulse is stretched
using a homemade double-comparator pulse stretcher and
read out using a National Instruments 6602 counter card.
The counter card is initialized to measure the number of
counts in 10 µs bins.

For the PLE spectrum in the main text [Fig. 1(b)] the
SSPD current is kept constant at the switching current
Isw where the detection efficiency is maximum [49]. The
count rates in the first 10 µs after the end of the optical
pulse are ignored, since these count rates are significantly
higher than the count rates originating from the Er3+ due
to the SSPD transition from a latched resistive state to a
superconducting state.

Alternatively, the SSPD current can be biased, where the
current reduces to zero during the optical pulse (see Fig. 7)
to decrease the resistive-to-superconducting-state induced
high count rate and to reduce the reset time of the SSPD
after the optical pulse. In this approach, the SSPD reached
the nominal detection efficiency value 1.5 µs after the end
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FIG. 6. Direction of the laser light, the sample, and optical
stack-embedded SSPD (not to scale). The sample is coated with
190 nm of SiNx on both sides to enhance the transmission
through the sample. The chip is placed upside down on the SSPD
stack so the 400 nm Er3+-doped region is in close proximity with
the SSPD. The SSPD is embedded in an optical stack to increase
the collection efficiency. A fiber is placed on top of the sample,
which provides the laser light and clamps the sample on top of
the SSPD. The remaining air gap between the sample and the
SSPD is limited by the flatness of both surfaces.

of the optical pulse, which is consistent with the RC time
of the SSPD biasing circuit.

APPENDIX B: SPECTRAL HOLE BURNING
SETUP

To perform the spectral hole burning measurements, an
EOM is connected in series before the AOMs. A voltage
source is connected to the dc port and two rf sources are
combined using a rf combiner and connected to the rf port
of the EOM. Both rf sources are pulse triggered by the
leading edge of the AOMs signal. The first rf source is
set to 2.5 GHz and 0 dBm and the second rf source is set
to �f + 2.5 GHz, where �f is the detuning frequency.
The power of the second rf source is normalized to result
in the same optical power as the first rf source at differ-
ent rf frequencies. To pulse both rf sources externally, the
sync output of the arbitrary waveform generator used to
pulse the AOMs is connected to the pulse modulation input
of both rf sources. To align the pulses, delays are imple-
mented in the system, which are calibrated by monitoring
the light intensity on a 125 MHz (In, Ga)As photodiode,
connected to an oscilloscope.

The EOM is initialized by turning the rf sources off and
the laser on and adjusting the dc voltage until it showed
a maximum extinction of the carrier. Additionally, the

FIG. 7. Pulsing schematic for the pulsed bias current measure-
ments. During the 100-µs long optical pulse, the superconduct-
ing single-photon detector (SSPD) current is reduced from the
switching current (Isw) to 0 A. Afterwards, the bias current is
increased to Isw for 900 µs so the SSPD is able to detect the
single photons for 900 µs after the end of the optical pulse. This
pulse sequence is repeated 1000 times at a fixed optical frequency
before the laser frequency is changed to the next frequency. The
minimum time required for the SSPD to detect the single pho-
tons after the end of the optical pulse is 1.5 µs. This reset time
corresponded to the RC time of the SSPD biasing circuit.

polarization is adjusted to extinguish the carrier further.
The rf signal is turned on to create the sidebands, and the
polarization fine tuned until the ratio of the optical power
when the rf source is on and off is maximized. The extinc-
tion of the carrier when the rf source is on, is confirmed
by sweeping both sidebands over an inhomogeneous peak.
The extinction ratio is over 15 dB in our spectral hole
burning measurements.

APPENDIX C: SPECTRAL DIFFUSION

To inspect the time scale of diffusion processes, the
spectral hole burning is performed with a 0-µs and 90-µs
delay between the two pulses. The result is presented in

 λ  = 1532.254 nm
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FIG. 8. Overlapping plots of spectral hole burning with two
different delays at 0 µs and 90 µs. The linewidth of the two
holes are approximately equal regardless of the delay between
the pulses.
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Fig. 8 for a pump and probe pulse of 10 µs each. The pump
and probe pulse are shortened compared to the measure-
ment in Fig. 3 in the main text to ensure the duration of the
pulses is short compared to the 90-µs delay. The linewidth
of the two spectral holes are equal and it can therefore be
concluded that spectral diffusion is caused by fast diffu-
sion processes during optical excitation, pointing towards
instantaneous spectral diffusion as a dominant spectral hole
broadening mechanism.

APPENDIX D: DETECTED Er3+ RESONANCES

We observe 70 Er3+ resonances in the PLE spectrum.
Of these resonances, the center wavelength, inhomoge-
neous linewidth, lifetime and amplitude are collected and
summarized in Table I.

TABLE I. Overview table of the measured wavelength in vac-
uum, the Lorentzian FWHM of the inhomogeneous broadening,
the optical lifetime, and the peak amplitude corresponding to the
integrated number of counts from 10 µs to 900 µs after the pulse.

Wavelength Linewidth Lifetime Amplitude
(nm) (GHz) (ms) (counts/pulse)

1539.949 2.82 1.05 0.59
1538.685a 1.02 0.764 4.06
1538.242 1.81 0.810 1.73
1537.851 3.5 1.1 0.26
1537.652 1.95 0.70 0.57
1537.220 2.5 1.26 0.31
1536.762 0.40 0.72 1.29
1536.708 0.94 1.11 0.84
1536.687 1.5 0.97 1.13
1536.518 0.5 1.52 0.25
1536.489 1.30 1.10 0.95
1536.215ba 1.64 0.708 2.39
1536.137 1.7 0.97 0.61
1535.899 0.83 1.19 1.40
1535.199 0.34 0.94 0.45
1534.924 4.8 0.81 0.25
1534.796 0.42 1.19 0.27
1534.672 4.7 0.88 0.57
1534.506 1.3 0.84 0.36
1534.469 3.2 0.86 0.31
1534.371a 2.17 0.575 1.00
1534.195ba 1.76 0.788 15.96
1534.080 1.26 1.20 1.41
1533.985 2.3 1.04 0.30
1533.885 2.08 1.48 0.80
1533.087 3.2 0.90 0.30
1532.792a 1.6 0.49 0.41
1532.254ba 1.208 0.682 10.63
1531.886 0.47 0.670 1.83
1530.062 1.69 1.15 0.77
1530.034 4.5 1.04 0.78
1529.955 3.5 1.32 0.95
1529.916ba 0.97 0.557 1.61

Continued.

TABLE I. Continued.

Wavelength Linewidth Lifetime Amplitude
(nm) (GHz) (ms) (counts/pulse)

1529.657 1.68 0.793 3.31
1528.380 3.9 1.14 1.53
1527.963 3.9 0.86 0.69
1527.851 6.9 0.97 0.41
1527.735 3.11 1.31 1.06
1527.565 1.43 0.807 25.0
1526.776 4.9 1.20 0.52
1526.572b 1.70 0.712 3.84
1526.171 1.74 0.93 0.69
1526.088 1.86 1.07 1.75
1525.885 1.8 1.03 0.24
1525.848 3.5 0.6 0.15
1525.751 2.9 0.98 0.29
1525.677 1.4 1.1 0.28
1525.513 2.8 1.56 0.32
1524.577 2.32 1.17 3.18
1524.360b 1.09 0.578 2.41
1523.753 3.2 1.3 0.39
1523.535 3.8 1.11 0.85
1523.126b 2.07 0.689 7.45
1523.050 2.9 0.9 0.27
1522.917 2.6 0.79 0.81
1522.835 1.1 0.76 0.49
1522.797b 0.74 0.531 2.61
1522.399 1.0 0.82 0.24
1522.291a 3.6 0.57 0.39
1522.114 1.0 0.8 0.19
1522.085 1.18 0.53 0.63
1522.025 1.13 0.97 0.48
1521.994 1.2 0.83 0.26
1521.816 2.7 0.54 0.45
1521.409 0.65 1.03 1.25
1520.926 3.6 1.03 0.24
1520.412 2.5 0.83 0.35
1520.094 9.1 0.72 0.86
1519.793 2.2 0.99 0.56
1518.042 5.3 1.15 0.61

aObserved in Ref. [14] or [57].
bBiexponential decay.

[1] C. W. Thiel, T. Böttger, and R. L. Cone, Rare-earth-doped
materials for applications in quantum information storage
and signal processing, J. Lumin. 131, 353 (2011).

[2] T. Böttger, C. W. Thiel, R. L. Cone, and Y. Sun, Effects of
magnetic field orientation on optical decoherence in Er3+ in
Y2SiO5, Phys. Rev. B 79, 115104 (2009).

[3] M. J. Zhong, M. P. Hedges, R. L. Ahlefeldt, J. G.
Bartholomew, S. E. Beavan, S. M. Wittig, J. J. Longdell,
and M. J. Sellars, Optically addressable nuclear spins in
a solid with a six-hour coherence time, Nature 517, 177
(2015).

014037-9

https://doi.org/10.1016/j.jlumin.2010.12.015
https://doi.org/10.1103/PhysRevB.79.115104
https://doi.org/10.1038/nature14025


IAN R. BERKMAN et al. PHYS. REV. APPLIED 19, 014037 (2023)

[4] M. Rančić, M. P. Hedges, R. L. Ahlefeldt, and M. J.
Sellars, Coherence time of over a second in a telecom-
compatible quantum memory storage material, Nat. Phys.
14, 50 (2017).

[5] R. Kolesov, K. Xia, R. Reuter, R. Stohr, A. Zappe, J. Mei-
jer, P. R. Hemmer, and J. Wrachtrup, Optical detection of
a single rare-earth ion in a crystal, Nat. Commun. 3, 1029
(2012).

[6] P. Siyushev, K. Xia, R. Reuter, M. Jamali, N. Zhao, N.
Yang, C. Duan, N. Kukharchyk, A. D. Wieck, R. Kolesov,
and J. Wrachtrup, Coherent properties of single rare-earth
spin qubits, Nat. Commun. 5, 3895 (2014).

[7] J. M. Kindem, A. Ruskuc, J. G. Bartholomew, J. Rochman,
Y. Q. Huan, and A. Faraon, Control and single-shot readout
of an ion embedded in a nanophotonic cavity, Nature 580,
201 (2020).

[8] M. Raha, S. Chen, C. M. Phenicie, S. Ourari, A. M. Dibos,
and J. D. Thompson, Optical quantum nondemolition mea-
surement of a single rare earth ion qubit, Nat. Commun. 11,
1605 (2020).

[9] S. Chen, M. Raha, C. M. Phenicie, S. Ourari, and J. D.
Thompson, Parallel single-shot measurement and coher-
ent control of solid-state spins below the diffraction limit,
Science 370, 592 (2020).

[10] T. Utikal, E. Eichhammer, L. Petersen, A. Renn, S. Goet-
zinger, and V. Sandoghdar, Spectroscopic detection and
state preparation of a single praseodymium ion in a crystal,
Nat. Commun. 5, 3627 (2014).
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