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Single quantum emitters embedded in solid-state hosts are an ideal platform for realizing quantum
information processors and quantum network nodes. Among the currently investigated candidates, Er3þ

ions are particularly appealing due to their 1.5 μm optical transition in the telecom band as well as their
long spin coherence times. However, the long lifetimes of the excited state—generally in excess of 1 ms—
along with the inhomogeneous broadening of the optical transition result in significant challenges. Photon
emission rates are prohibitively small, and different emitters generally create photons with distinct spectra,
thereby preventing multiphoton interference—a requirement for building large-scale, multinode quantum
networks. Here we solve this challenge by demonstrating for the first time linear Stark tuning of the
emission frequency of a single Er3þ ion. Our ions are embedded in a lithium niobate crystal and couple
evanescently to a silicon nanophotonic crystal cavity that provides a strong increase of the measured decay
rate. By applying an electric field along the crystal c axis, we achieve a Stark tuning greater than the ion’s
linewidth without changing the single-photon emission statistics of the ion. These results are a key step
towards rare earth ion-based quantum networks.

DOI: 10.1103/PhysRevLett.131.170801

Quantum emitters play a vital role in future quantum
networks [1,2]. They serve as the crucial light-matter
interface, bridging static qubits that handle local quantum
information processing with flying qubits, which are
responsible for remote information transfer. Compared
with quantum emitter platforms such as trapped neutral
atoms [3,4], ions [5], and quantum dots [6], single defects
in the solid state [7] have proven to be among the most
successful, owing to their ease of use and potential for
large-scale integration. Notably, defects such as nitrogen-
vacancy and silicon-vacancy centers in diamond [8] have
recently been used for seminal demonstrations of multi-
node quantum networks [9,10] and memory-enhanced
quantum communication [11], respectively. One major
downside for these defects is that they operate at visible
or close-to-visible optical wavelengths and are therefore
subject to significant transmission loss that exceeds
2 dB=km of fiber, which hampers their integration into
large-scale quantum networks [12]. In addition, their
optical coherence time is typically limited to a few tens
of nanoseconds, restricting their suitability for ensemble-
based quantum memory for light [13].
Trivalent rare-earth ions (REIs) represent another type of

solid-state defect [14]. Their 4f electrons are effectively

shielded by filled outer electronic shells, resulting in
narrow linewidths—or long coherence times—for 4f −
4f transitions in the optical band and spin-state transitions
in the microwave regime. This makes them ideally suited as
ensemble-based optical quantum memories [15] with high
efficiency [16–18], long storage times [13,19,20], large
bandwidth [21], high fidelity [22], and large multimode
capacity [23]. Using individual REIs (instead of ensembles)
furthermore allows the creation of true single photons
[24–32] and promises quantum information processing
with qubits encoded into spin states [33] that can feature
coherence times up to a few hours [34]. This large
versatility sets rare-earth-doped crystals apart from any
other solid-state impurity.
However, using individual REIs—either for sources or

for qubits—is challenging because of their long excited-
state lifetimes and hence low photon emission rate. The
most practical way to overcome this problem is to Purcell
enhance [4] a spectrally isolated ion within the inhomoge-
neously broadened transition. By fabricating a nanoscale
photonic-crystal (PhC) cavity out of the rare-earth-doped
crystal [26,29,30] or by bringing a separately fabricated
PhC cavity in close proximity to the REI-doped material
[25], ion emission within the cavity mode is strongly
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enhanced. Using this approach, single-photon sources and
nondemolition measurements have been demonstrated
[27–31]. The enhanced interaction with light also enables
coupling between a single REI and neighboring nuclear
spins [35,36], and, in future, between neighboring REIs
[33] as well as photon-mediated entangling of distant
REIs [37].
Unfortunately, the spectral properties of the emitted

photons are largely determined by their local environment,
leading to distinguishable spectral lines and spectral dif-
fusion [14]. While a quantum eraser technique [38] allows

entangling photons with a frequency difference of
∼80 MHz (and potentially up to a few Gigahertz using
high-bandwidth detectors), it is generally preferable to use
indistinguishable photons for this operation, which is
crucial in quantum networks. As a consequence, two-
photon interference of the Hong-Ou-Mandel type has so
far merely been demonstrated between two consecutive
photons from the same REI emitter [31], embedded inside a
specific host crystal that limits spectral diffusion but, at the
same time, also prevents external spectral control.
In this Letter, we demonstrate for the first time spectral

engineering of a single cavity-enhanced REI emitter. We
choose erbium ion (Er3þ), which is particularly attractive as
its telecom C-band optical transition provides an oppor-
tunity to directly access fiber-based networks with minimal
loss. More precisely, we use evanescently coupled silicon
nanophotonic cavities to Purcell-enhance and collect the
emission from Er3þ doped into a lithium niobate crystal.
We observe an up to 143-fold increase in the decay rate of
the excited state (i.e., a reduction of the lifetime T1 from
1.8 ms to 12.5 μs) and, for ions with Purcell factors up to
13, we measure autocorrelation coefficients of the emitted
light around 0.2, indicating single ions [39]. We then
control the ion frequency by applying an electric field
along the z axis of the LiNbO3 (LN) crystal. This allows us
to demonstrate a frequency tunability greater than the
emitter linewidth (measured during around 1 min) without
compromising the single-quantum character of the emitter.
This promises making different emitters spectrally indis-
tinguishable and countering spectral diffusion through
feedback [40]. Our findings complement those in
Ref. [29], in which an electric field was used to tune the
cavity resonance but not that of the Er3þ ions.
The experimental device utilized in this study is com-

prised of a z-cut LN crystal doped with 50 ppm of erbium
ions and a photonic integrated chip (PIC) containing two
nanofabricated silicon PhC cavities and a common coupler
waveguide, nearly critically coupled to both PhC cavities
[see Figs. 1(a) and 1(b)]. We fabricate the PICs separately
from a silicon-on-insulator wafer with a 250 nm device
layer and transfer it to the surface of the LN crystal using a
pick-and-place technique [41]. LN is chosen because of its
inversionless site symmetry, which allows linear Stark
tuning of the Er3þ ions’ transition frequency [42,43].
The symmetry furthermore determines the transition
dipoles to be oriented along the x-y plane of the crystal.
Ions near the LN surface therefore couple evanescently to
the transverse electric (TE) field of the cavity. The PhC
cavities on the LN substrate have a typical quality factor of
Q ¼ 50 000, and finite-element simulations reveal mode
volumes of 0.09 μm3 and an evanescent field strength at the
Si-LN interface around 45% of its maximal value.
Additionally considering the branching ration of 0.22
[44], this leads to a maximal enhancement of the Y1 to
Z1 emission rate of 220. The device under test (DUT) is

Er:LN

5um

Coupler
PhC cavity

Top electrode

Bottom
electrode

Er3+:LN

Lensed fiber

z

x y

AOM³

Laser 1%

99%

BS

ChopperSNSPD

DUT

20mK

700mK

(b)

(c)

(d)

Block

(a)

Z1

Z8

Y1

Y7

4I13/2

4I15/2

~1532 nm
...

...

FIG. 1. Experimental setup. (a) A scanning electron micro-
scopic image of the PIC, consisting of two PhC cavities and a
tapered waveguide in the middle as a common coupler. (b) Sche-
matic of the device. The silicon PIC is placed on an Er:LN crystal
and is optically accessed via a lensed fiber. A pair of electrodes
above and below the LN crystal allows applying an electric field.
The top right inset shows a simplified energy level scheme of
Er:LN at no magnetic field. The crystal field splits the 2Sþ1LJ

states of the free Er3þ ion (green lines) into J þ 1=2 Kramers
doublets (black lines). The Z1 − Y1 transition is at around
1532 nm. (c) Optical setup for measuring PL. Three concatenated
acoustic optical modulators (AOMs) are used to create excitation
pulses from a continuous wave laser. A 99∶1 beam splitter (BS)
routes the excitation pulse to the DUT and guides the light
emitted from the sample to the detection setup. After an optical
chopper, which blocks the reflected excitation pulses, a SNSPD
detects the PL signal. (d) Time sequence of the experiment. The
exponentially decaying PL (blue) is collected after a short
excitation pulse (red) is sent.
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furthermore equipped with two parallel copper electrodes
positioned above and below the 2 mm thick sample, which
allows the creation of an electric field along the crystal
z direction. The coupler waveguide end is inverse tapered
and sticks out of the LN sample. Light is coupled from and
to a lensed fiber with typical fiber coupling efficiencies of
around 60%. The whole device is cooled inside a dilution
refrigerator to around 20 mK [45].
In a first step we characterize ensemble properties of

Er:LN, starting with its inhomogeneously broadened
absorption line. Towards this end we employ photolumi-
nescence (PL) excitation spectroscopy with the setup and
the time sequence shown in Figs. 1(c) and 1(d), respec-
tively. We excite ions near the Si-LN interface with a
short optical pulse (∼1 μs) and record their emission
using a superconducting nanowire single photon detector
(SNSPD). We choose a cavity with a resonance far away
from the Er3þ transition such that ions solely couple to the
coupler waveguide. By scanning the excitation laser
frequency around the Z1 − Y1 transition of Er3þ at around
1532 nm, we obtain the spectrum shown in Fig. 2(a).
Neglecting the bulge arising from a phonon sideband
transition [45], we extract a Gaussian inhomogeneous line
centered at 1531.8 nm with 145.3 GHz width, in good
agreement with the literature value [46]. Combining the
knowledge of the Er3þ frequency distribution with the ion
density and cavity mode distribution, we calculate the
average ion number N within the PhC cavity linewidth as a
function of the cavity resonance frequency [45]. In order to

spectrally resolve single ions within the cavity, one needs
an average ion number per mode volume and resonance
width between 1 and 100. The total frequency range for this
is ∼80 GHz, as indicated in Fig. 2(c).
Next, we pick a PhC cavity with resonance centered on

the inhomogeneous line, which allows us to observe cavity-
based enhancement of the ensemble decay rate [Fig. 2(b)].
The PL signal shows a 250 times larger intensity and a
significantly decreased decay time. The nonexponential
decay profile is caused by contributions from different ions
that experience different magnitudes of enhancement [54].
As the second step, we look for spectrally isolated ions

coupled to a PhC cavity. Towards this end, we choose a
cavity with resonance within the tail of the inhomoge-
neously broadened Er3þ line to reduce the average number
of ions within the cavity linewidth. Specifically, we pick a
wavelength of 1533.8952 nm [linewidth of 3.8 GHz,
marked using a star in Fig. 2(c)]. Figure 3(a) depicts five
individual PL peaks within the cavity linewidth, which we
interpret as spectrally isolated single ions. Some of the less
prominent peaks in the spectrum may be a result of ions

(a)

(c)

(b)

FIG. 2. Characterization of ensemble Er3þ ions. (a) PL spec-
trum of the Er3þ ions under the coupler waveguide. The gray
curve shows a Gaussian fit. (b) Time-resolved PL of ions with
PhC cavity enhancement (blue, cavity resonance at 1532.5 nm)
and without enhancement (red). (c) Simulated average cavity-
addressable ion number N within a frequency interval of 4 GHz
as a function of the cavity resonance frequency. The star marks
the frequency used in the single-ion measurements. The gray
shaded area indicates the frequency region where spectrally
resolved single ions are expected, with two blue dashed lines
identifying N ¼ 1 and 100.

(a)

(b) (c)

FIG. 3. Characterization of Er3þ ions in the few- or single-ion
regime. (a) PL spectrum of ions coupled to a PhC cavity. The
spectrum is measured with 1 MHz precision and each data point
is accumulated for 6 s. The inset shows an enlarged spectrum of
the PL peak labeled ion 2 (blue dots) and a Gaussian fit (gray line)
with 11.1 MHz FWHM. The units of the axes are as in the main
figure. (b) Time-resolved photon emission from the cavity-
enhanced PL line “ion 1” (blue). The PL decay of the Er3þ
ensemble that couples only to the waveguide is shown for
comparison (red). The inset shows the decay using another
PhC cavity with a decay constant of 12.5� 3.9 μs [gð2ÞðτÞ not
measured for noisy data [45] ]. (c) Second-order auto-correlation
function gð2ÞðτÞ measured during 30 min with photons from PL
line “ion” 1 using a Hanbury Brown–Twiss setup. We group all
photon detections during 90 μs after each excitation pulse into a
single time bin, and the horizontal axis shows the autocorrelation
coefficient as a function of the difference between excitation
pulses. The error bars represent one standard deviation. The gray
shaded area indicates the single emitter regime and the black
dashed line shows the dark count contribution.
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with reduced Purcell enhancement. We focus on the peak
labeled Ion 1 in Fig. 3(a) for its brightness, and measure its
time-resolved PL as shown in Fig. 3(b). We extract an
exponential decay lifetime of 133.8 μs, 13-fold shorter than
the waveguide measurement result. Measurements of addi-
tional PL peaks using another—except for the resonance
frequency identical—PhC cavity [45] resulted in lifetimes
as short as 12.5 μs [see inset of Fig. 3(b) and [45] ],
corresponding to rate enhancements up to a factor of 143.
This is smaller than the expected value of 220, which we
attribute to the nonideal positioning of the ions in the cavity
field. Better-positioned ions may have been found by gas
tuning the cavity [25].
To confirm that the individual PL lines arise from single

emmiters, we measure the second-order auto-correlation
coefficient gð2Þð0Þ of the PL signal labeled ion 1. Its value
of 0.19� 0.02, extracted from Fig. 3(c), is significantly
lower than the threshold of 0.5 for two emitters [39],
indicating that the majority of the detected photons stem
from a single ion. We obtain similar results for other isolated
PL lines, including the one labeled ion 2 in Fig. 3(a). Our
analysis suggests that accidental coincidences between
detected photons and dark counts fully account for the
imperfect gð2Þð0Þ [45]. To further improve the single-photon
purity towards gð2Þð0Þ ¼ 0, a higher signal-to-noise ratio is
therefore required. This can be achieved by increasing the
Purcell factor, which will improve the photon emission rate,
and by optimizing the system efficiency.
We now tune the frequency of the Er3þ ions by applying

an external dc electric field to the electrodes. This shifts the
energy levels of emitters with a permanent dipole moment,
known as the linear dc Stark effect [42]. When the dipole
moments of the ground and of the excited states experience
different shifts, the external electric field leads to a shift of
the associated optical transition frequency. We focus on ion
2 (for its reduced spectral width compared to ion 1) and
observe its frequency shift while cycling the voltage from
0 to 640 V multiple times in a linear fashion. The results
are depicted in Fig. 4. We extract a Stark coefficient of
182.9 kHz=Vmm−1, not far from the literature value of
250 kHz=Vmm−1 [43]. We attribute the small discrepancy
to imperfect modeling of the electric field.
To confirm that the single-ion nature is not affected

by the electric field, we furthermore measure the auto-
correlation function under different electric field ampli-
tudes. As shown in Fig. 4(b), gð2Þð0Þ remains constant,
close to the noise-limited threshold. This establishes Stark
tuning as a useful tool for controlling the frequency of
single rare-earth ions in quantum applications.
Finally, we give a brief outlook on the possibility of

creating emitters in different crystals that emit indistin-
guishable photons. This implies (i) lifetime-limited, and
(ii) identical spectra. Figure 3(a) shows that the measured
linewidths of the observed PL peaks can be as small as
11 MHz, largely exceeding, e.g., the Fourier limit ΔνF of

around 25 kHz imposed by the (reduced) lifetime of
12.5 μs (ΔνF ¼ 1=πT1). We attribute this excess broad-
ening to measurement imperfections, including laser insta-
bility and power broadening that can be eliminated using an
improved experimental setup [45], and spectral diffusion
induced by spin flips and flip flops [46]. Polarizing the spin
reservoir using a strong magnetic field or by lowering the
temperature will provide a quieter local environment, thus
reducing spectral diffusion [46].
For more insight, we “burn” spectral holes into the

inhomogeneously broadened absorption line of an identical
Er:LNbulk crystal, i.e., we reduce absorptionwithin a narrow
spectral interval through frequency-selective optical pumping
with a coherent laser [47,48]. At a temperature of 1.1 K we
observe the spectral hole width Γhole—which is directly
related to the width of a PL peak—at different magnetic
fields [45].We find thatΓhole (measured 380 μs after burning)
decreases from ∼3 MHz at a magnetic field of B ¼ 0 T to
130 kHz at 1 T (Fig. 5). Significant additional narrowing is
expected at a higher magnetic field and at a temperature of a
few tens of mK [46], where coherence times up to 180 μs
(equivalent to Γhole ≈ 3.5 kHz) have been measured using
two-pulse photon echoes (2PPE) [49]. (But note that 2PPE
measurements happen on a shorter timescale than hole
burning and are less affected by spectral diffusion.) We
furthermore stress that the lifetime of the single emitter can
be further decreased (and hence the related spectral width
increased) by choosing an ion at an optimized location where
the electric field ismaximum, by decreasing themodevolume
of the cavity, or by increasing its quality factor Q. We are
therefore confident that, under readily achievable experimen-
tal conditions, the linewidth of an isolated PL peak becomes
lifetime limited [45]. Additional spectral diffusion can be
compensated using Stark-shift-based feedback, similar to
what has been demonstrated with quantum dots using electric
fields [40].

(a) (b)

FIG. 4. Linear Stark tuning of a single Er3þ ion. (a) The spectral
line of a single Er3þ ion shifts back and forth when a triangular
voltage ramp is applied across the Er:LN crystal. (b) Frequency
shift and autocorrelation coefficient gð2Þð0Þ of emitted photons as
a function of the electric field amplitude. The red dashed line is a
linear fit to the frequency shift of the ion; error bars are calculated
from data taken during different ramps. The error of the
correlation coefficient is calculated from Poissonian photon
counting statistics.
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Such Stark tuning also allows matching the spectra of
two ions that are located in different crystals, thereby
creating indistinguishable photons and enabling multipho-
ton interference. Because of the simple design of the
electrodes in our proof-of-principle demonstration, the
observed Stark shift is only slightly larger than the width
of the ion’s spectral line. However, much larger Stark
tuning, up to gigahertz using only 20 V, can be expected by
introducing nanoscale on-chip electrodes, for which the
fabrication process is well developed and directly compat-
ible with our fabrication process [29].
In summary, we have detected single photons from

individual erbium ions using Purcell enhancement through
a photonic crystal cavity. Additionally, we have demon-
strated linear Stark tuning of the ion frequency without
altering its single-photon emission statistics. By exploiting
the piezo-optic effect of lithium niobate, it is furthermore
possible to tune the cavity resonance, making Er:LN a
versatile quantum emitter platform. However, to achieve
lifetime-limited linewidth, a quieter spin bath and a more
stable charge environment are required. The former can be
created through low-dose ion implantation and by polar-
izing the spin bath using a large magnetic field or reducing
the temperature, while the latter can be achieved by
implementing Stark tuning-based feedback. This will allow
dynamical compensation of spectral diffusion as well as
spectral tunability, and thereby open the door to rare-earth-
ion-based quantum networks.

Note added.—Recently, we became aware of the work by
J.-Y. Huang et al. [55], demonstrating Stark tuning of single
Er3þ in YSO using similar techniques.
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