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Abstract: Electro-optical control of on-chip photonic devices is an essential tool for efficient integrated
photonics. Lithium niobate on insulator (LNOI) is an emerging platform for on-chip photonics due to its
large electro-optic coefficient and high nonlinearity. Integrating quantum emitters into LNOI would
extend their versatility in classic photonics to quantum computing and communication. Here, we
incorporate rare-earth ions (REI) quantum emitters in electro-optical tunable lithium niobite (LN) thin
films and demonstrate control of LN microcavities coupled to REIs over a frequency range of 160 GHz
with 5 ps switching speed. Dynamical control of the cavities enables the modulation of the Purcell
enhancement of the REIs with short time constants. Using the Purcell enhancement, we show evidence
of detecting single Yb®* ions in LN cavities. Coupling quantum emitters in fast tunable photonic devices
is an efficient method to shape the waveform of the emitter. It also offers a platform to encode quantum
information in the integration of a spectral-temporal-spatial domain to achieve high levels of channel
multiplexing, as well as an approach to generate deterministic single-photon sources.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement
1. INTRODUCTION

Solid-state spin qubits, such as quantum dots and defects in solids, are promising candidates
for realizing quantum networks with applications ranging from quantum computation and
communications to quantum sensing due to their long spin coherence and the ability of optical
interfacing [1-3]. Among different types of optically addressable spin qubits, rare-earth ions
(REI) in solids have recently emerged as promising systems. They offer advantages in both
optical and spin aspects: various emission wavelengths including telecom band compatible with
fibre quantum networks and spin transitions with long coherence time enabling long-lasting
quantum memory [4-9]. However, the 4f-4f dipole forbidden optical transitions of REIs make
optical readout at the single-ion level challenging [10, 11]. Incorporation of REIs into photonic
cavities is an efficient approach to enhance the quantum light-matter interface, where the
lifetime of REIs reduces due to the Purcell effect [12-16]. This leads to the enhancement of
emission at single-ion levels [17, 18]. Coupling of REIs to cavities results in the recent
demonstrations of nondemolition measurement of single REI qubits and multi-qubit readout
within a single diffraction-limited volume [19-21].

Quantum hardware based on single REIs allows for fully scalable architecture [22]. To achieve
the scalability, one has to equip each REI with its own resonator. There are two key ingredients
in this approach: 1) individual tunability of the RE emitters in order to bring them to the same
optical frequency so that the photons emitted by them can interfere and 2) individual tunability
of their Purcell enhancement to control their interaction with the environment, i.e. tunability of
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the cavity the emitter is in. Furthermore, the Purcell enhancement control should be fast, much
faster than the lifetime of the excited state of REIs. With these ingredients, one gains full control
over ion-cavity qubits. If realized, this approach would result in practically unlimitedly scalable
hardware for linear quantum computing. The tunability of the emitters can be achieved by the
Zeeman effect or Stark shift [23]. In this work, we address the second ingredient, namely,
dynamic control of Purcell enhancement.

Directly modifying the refractive index of the electro-optical materials via an external electric
field is a straightforward method to individually tune the frequencies of the cavities. It results
in a large frequency tuning range, fast controlling speed and more importantly the ability of
independent control of the integrated cavities. Lithium niobate (LN) is a key optical material
[24] due to its large electro-optic coefficients [25], broad transmission window, and
nonlinearity [26], with various applications, such as electro-optical modulators [27] coherent
photon conversion and quantum memories [28, 29]. The recent commercialization of lithium
niobate on insulator (LNOI) offers an attractive platform to highly integrate photonic devices
on-chip [30, 31]. The low operation voltage and fast electro-optical modulation speed results
in a variety of attractive applications, ranging from broadband frequency comb generation [32]
and fast electro-optic modulators [27] [33] to high-quality factor cavities [34], micro-lasers [35]
and more [36]. However, LNOI has not shown similar functionality in integrated quantum
technology. A direct quantum functionalization with quantum emitters has not yet been
achieved. Here, we directly doped REIs in LN thin films by means of ion implantation [37].
We perform hole-burning spectroscopy of Yb-implanted LNOI and show that post-annealing
at 650 °C is sufficient to achieve spectrally narrow excitation of Yb®* ions, as well as excellent
charge stability. This procedure is also compatible with fabricating photonic elements, such as
electro-optically tunable high-Q microcavities. With these elements, we are able to modulate
the Purcell effect of Yb3+ ions dynamically. By coupling the REIs to the cavity and hence
increasing their emission rate, we provide evidence of detecting single Yb3* ions.

2. DEVICE DESIGN AND CHARACTERIZATION

In experiments, we implant Yb ions with an energy of 1.5 MeV and a fluence of 102 ions/cm?
into LN films. According to the stopping and range of ions in matter (SRIM) simulation, the
implanted ions are located at 261 nm depth with 71 nm spatial distribution in the z-axis (see
Fig. S4 in Supplementl). After ion implantation, we further post-anneal the Yb-implanted LN
thin film at 650 °C in the air without observing any damage to the film. The annealing
temperature is still 500 °C lower than required for Yb doping of LN during crystal growth.
Thus, before using the REI-implanted thin film, further characterization is needed to evaluate
their optical properties. We perform hole burning spectroscopy (HBS) [38] to assess the quality
of the implanted Yb ions in the LN waveguide and Yb-doped bulk LN crystal at cryogenic
temperatures (3.5 K) (the experimental details are described in SM Note 4). The Yb doped bulk
crystal is a congruent crystal with 6% Mg doping and it was grown by the Czochralski method
with a concentration of 0.01% of Yb [39]. Yb-doped LN bulk crystal shows spectral hole widths
of 21t x 58 MHz, while the Yb-implanted LN long waveguide shows 2x x82 MHz. The results
suggest that post-annealing at 650 °C is sufficient to activate and stabilize the implanted Yb
ions in LN thin films, showing a similar optical performance to the one in a bulk crystal. This
gives us a simple approach to directly incorporate REIls in pre-fabricated photonic devices,
based on commercially available LN thin film. The broad spectral hole width of Yb:LN is
mainly due to the nuclear spin bath. The exploitation of isotopes having clock transitions will
be an invulnerable method to suppress fluctuations of the spin bath of LN [40, 41].
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Fig.1 | Optical and electro-optical characterization of LN microdisks. (a) Schematics of our device. On a layer of amorphous SiO2
a microdisk with a waveguide is fabricated by e-beam lithography and etching. Photonic structures are capped with a layer of SU-8 on
which we deposited a 30 nm layer of ITO. The right graph is an explored view of the device design. (b) Optical images of the fabricated
microdisks on a LN thin film with top ITO electrodes. The right graph is an SEM image of the microdisk. Incarnadine represents the ITO
electrodes and the green pattern shows the LN microdisk with coupling waveguide. (c) Linewidth of one of the monolithic LN microdisk
fabricated on-chip with a Q-factor of 244, where the doublet is formed by the presence of nanoparticles and defect along sidewalls and
surface of the microdisk. Insert shows the energy level of Yb:LN. (d) Electro-optic tuning of cavity mode depending on the bias voltage
applied to the device with a coefficient of 270 MHz/V.

We further shape the Yb-implanted LN thin film to microcavities (the fabrication protocol is
described in SM Note 3). A scanning electron microscope (SEM) image of one of the cavities
is shown in Fig. 1(b). The microdisk resonator has a size of 7 um radius. A waveguide
positioned next to the microdisk evanescently couples light into and out of the cavity. To
enhance its output efficiency, a 45° undercut is milled at the ends of the waveguide. The typical
Q-factor of the fabricated cavities is in the range of 50,000-150,000 with a mode volume

3
Vinode = 50 (%) . The highest Q-factor of the cavity is 244,730, as shown in Fig. 1(c). The

spectrum shows a doublet mode (split mode). The whispering gallery mode resonator has two
degenerate modes with the same resonant frequency and field distributions and opposite
propagation directions, which is, clockwise and counter-clockwise modes. This degeneracy is
lifted and split the resonance into a doublet if the resonator deviates from its perfect azimuthal
symmetry due to any perturbation in the mode volume, such as, surface roughness, material
inhomogeneity or a scattering point [42]. According to simulations, the Q-factor of the
microdisk can exceed 10° when only radiative loss is considered. The Q-factor of the current



cavities is mainly limited by scattering losses that can be further improved by optimizing the
fabrication protocol.

To achieve electro-optic tunability, an additional layer of indium tin oxide (ITO) is deposited
on the LN cavity serving as the top electrode, with a negative 1 um photoresist (SU-8) serving
as a spacer. The Si substrate acts as the bottom electrode. By applying a bias voltage between
the electrodes, the reflective index of the LN cavity is modulated, resulting in the tuning of the
cavity resonance frequency, as shown in Fig. 1(d). We further estimate the device’s electro-
optic coupling by applying £60 V external voltage with a step width of 15 V. The response of
the cavity turns out to be linear, indicating the absence of hysteresis from our device, with a
coefficient of 270 MHz/V. In the experiment, a maximum voltage of +300 V is applied,
corresponding to the tuning range of +81 GHz.
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Fig.2 | Yb% in the LN microcavity. (a) Lifetime of implanted Yb ions on- and out of resonance with the cavity. The blue
curve shows a long decay time of 430 ps for off-resonance ions and the red curve shows a shorted on-resonance decay lifetime.
(b) Schematics of the fast tuning protocol, showing how the cavity stores energy, when not on-resonance with Yb ions. (c) High
resolution measurements to show the time constant of our device for frequency tuning. Switching is shown to occur on the order
of 5 us, mainly limitated by electronics.

3. YB:LNOI TUNABLE MICROCAVITIES

With electro-optical tuning, the cavity frequency can be brought in and out of resonance with
Yb3*:LN. For cavity QED experiments, a microdisk with a Q-factor of 79,833 and high
coupling between the cavity and the waveguide is further investigated. To achieve high
detection efficiency, resonant excitation and resonant detection of Yb:LN is applied by placing
a chopper in front of the detector. The scheme of the experimental setup is drawn and
introduced in the Supplementl (Fig. S3 and Note 1.3). The chopper blocks and opens the
detector while the excitation laser is on and off. This resulting in the pulsed-like lifetime
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measurement data. The rising slope of the chopper is ~2 us much longer than the laser energy
dissipation time in the cavity (~100 ps).

Experimentally, when the frequency of the cavity is tuned on resonance with the ZPL of
Yh:LN, we observe a shortening of the Yb®" lifetime in the cavity, as shown in Fig. 2(a). The
experiment is performed at cryogenic temperature (8K). A cumulative distribution function is
applied to fit the decay curve, resulting in 38 s lifetime. The different shortening of the lifetime
suggests that Yb®* ions couple to the cavity with different strengths because of their different
positions in the cavity. The lifetime in bulk Yb:LN is 430+2 ps. Hence, Yb®* coupling to the
cavity results in a Purcell factor of 10.24. The lifetime shortening is three times lower than the
theoretical estimation based on Q/V ratio. This is presumably caused by implanted Yb ions,
which are spatially not located at the maximum of the cavity mode electric field.

In the following, fast electro-optic dynamic control of the microcavity coupled to REIs is
demonstrated: (1) The frequency of the cavity is tuned in resonance with the Yb ions. (2) A
laser pulse is generated to resonantly pump the Yb ions to the excited states. (3) The excited
Yb ions start to decay back to their ground state with 50 ps lifetime due to the cavity QED. (4)
Before the Yb ions completely decay to the ground state, the cavity resonance frequency is

150

Yb:LN inhomogeneous line
g oo

Fluorescence (a.u.)

(b

g

Count Rate (Photons/s)

100

50

» Laser frequency

> Cavity frequency

[ 1]

160"'"— 1?0

——-43.2 GHz
-45.9 GHz
-48.6 GHz

—-51.3 GHz

-54 GHz

48

Frequency detuning (G

4
Hz)

Fig.3 | Evidence of detecting single Yb ions in LN. (a) Inhomogeneous line of implanted Yb% in LN with a
linewidth of 21x64+0.6 GHz. The red and blue peaks indicate the frequency range the cavity can be tuned. The green
rectangle marks the position where the PLE spectra of (b) are taken. The inserted graph is a schematic of the experimental
protocol. The frequency of the cavity is fixed to a certain position. The laser frequency is swept around the resonance
frequency of the cavity. (b) PLE spectrum recorded at the tail of the inhomogeneous line profile of Yb implanted in LN
marked. A cavity with a Q-factor of 64,065 is optically tuned from the center of the spectrum to the tail with a step-width
of 2.7 GHz and a total tuning range of 10 GHz. The discrete peaks have an average linewidth of 21x247+10 MHz.
Overlappina of peaks shows that the cavity can be electro-optically tuned back and forth across the spectrum.

tuned off-resonance (54 GHz frequency detuning) from the excited Yb ions, thus prolonging



their lifetime from 38 us to 430 us. Since this emission from Yb ions coupled to the cavity is
now off-resonance, the excitation is stored in the cavity and is not coupled to the waveguide
(5). After a certain waiting time, the cavity is tuned back on resonance with the excited Yb ions,
resulting in the restoration of fast decay of the Yb ions. The experiment has been carried out
with different waiting times, as shown in Fig. 2(b).

To determine the electro-optical switching time of the microcavity, measurements with fast
time resolution are performed (see Fig. 2(c)). According to the rising and falling slopes of the
fluorescence signals, the switching time of the microcavity is ~ 5 ps, limited by the bandwidth
of the high-voltage operational amplifier in use.

We further investigated the detection of a single ion, based on the increased fluorescence
signal due to Purcell enhancement. In the experiment, a cavity with a Q factor of 64,065 is used.
Instead of at the center of the inhomogeneous line of Yb3*, the cavity resonance frequency is
tuned along the tail of the inhomogeneous line of 980 nm Yb3* optical transition (more than
140 GHz away from the center of the inhomogeneous line, as shown in Fig. 3(a)). A laser power
of 22 nW is applied to excite single Yb ions. The respective photoluminescence excitation
spectrum (PLE) is shown in Fig. 3(b), where discrete lines are observed. In total, 24 discrete
lines are fitted with an average linewidth of 27x247+9 MHz (SM Note 5). We further plot one
of the peaks, as shown in Fig. 4, with a fitted linewidth of 2rnx215+ 22 MHz. The linewidth is
twice as large as the spectral hole width that we obtained by hole-burning spectroscopy of Yb3*
implanted in a LN waveguide (see Fig. 4(a)). We suspect that the broadening is caused by
spectral diffusion.

Another important feature of emitters coupled to cavities is their spectral stability. Often,
the fabrication of optical cavities results in spectrally unstable emitters. We investigate the
spectral stability by observing consecutive PLE measurements over an extended period of time
(Fig. 4(d)). However, owing to low count rate and 1:1 signal-to-background ratio of the Yb
ions, it is challenging to further analyze the spectral stability. In the future, with the
improvement of the cavity Q factor or smaller mode volume, the fluorescence signal will be
enhanced, resulting in the qualitative assessment of the spectral stability.

Due to the flexible electro-optical tunability, we can detune the cavity resonance frequency in
steps of 2.7 GHz and obtain the PLE spectra in different ranges, as shown in Fig.3(b). The total
sweeping range is ~10 GHz, which is two times broader than the intrinsic linewidth of the
cavity.

According to the Purcell enhanced lifetime we measured, the count rate of single Yb3%* in
LN cavity is calculated to be 9,000 photon/s. The total amount of the detected photons is
estimated to be:

9000 x Ne (30%) X 1o (30%) X 1e (50%) X Nm (70%) X Nchopper (50%) X MNa (60%)

= 40 counts/s,



where 1. is the coupling efficiency between the microcavity to the waveguide; 7, represents
the output efficiency at the end of the waveguide; 7, indicates the signal collected from only
one end of the waveguide; n,,;s the collection and transmission efficiency of the optical
MICroscopy; Nenopper 1S the duty cycle of the chopper; and n,is the efficiency of the
superconducting single photon detector.

For the cavity studied in Fig. 2 (and Fig 3), the linewidth is 3.83 GHz (and 4.9 GHz); the Q
factor is 79,833 (and 64,065); the REI lifetime reduction is measured to be 50.0 us (and 62.7
us). The Purcell factor is C=I,/I-1=7.6 (and 5.9), where I_, I, represent the decay rates of
Yh:LNOI coupled to the cavity and the natural lifetime of the bulk Yb:LN respectively. These
measurements further allow us to estimate the QED parameters for our cavities as (g,x, I ) =
2w X (1.9 MHz,3.83 GHz,370 Hz) and (2m X (1.62 MHz,4.9 GHz,370 Hz)), where gx
are related to the single photon Rabi frequency and cavity decay rate. We further estimated that
for two cavities, 91,1% (85.6%) of the Yb:LNOI fluorescence is emitted into the cavity mode
and the branching ratio of emission into 980 nm transition is improved from 25% to 93.3%
(89.1%).

Our PLE measurements show a count rate of the discrete peaks of 20-30 counts/s, which is
consistent with our estimation. According to the single-molecule-spectroscopy [43] the discrete
peaks [44, 45] are corresponding to single Yb ions in the LNOI microcavity. Due to the low
count rate and low signal-to-background ratio, we are not able to perform second-order
correlation measurements to unambiguously support our assumption. Further improving the
quality of the cavity will increase the Purcell factor and signal-to-background ratio. It will help
to further measure the second-order correlation function, and investigate the photostability of

single Yb ions.
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Fig.4 | Spectroscopy of single Yb ions in LN. (a) Hole burning spectroscopy of Yb implanted LN waveguide with a
spectral hole width of 2nx97+ 2.3 MHz. The experiment is performed at 8K. (b) Plot of an individual PLE peak marked as a
rectangle with green solid lines in Fig.3b. The linewidth is 2nx215+ 22 MHz. (c) Single PLE spectrum of a sweep marked as a
rectangle with black dash lines in Fig. 3a. The sweep is from lower frequency to higher frequency (upper curve) and reverse
(lower curve). Both spectra show identical features, demonstrating that discrete peaks are not experimental artefacts but
reproducible spectral features. (d) Acquisition of PLE spectra for more than 800 s over the same range as (c)



4. CONCLUSION

In conclusion, we incorporate REI quantum emitters into LN thin film with optical properties
similar to native REIs. The electro-optic control of the LN microcavities enables couplings of
REIs to be controlled at 5 ps switching speed and over a 160 GHz frequency range. Facilitated
by the Purcell enhancement, we further observe single Yb® ions in the cavities. The
demonstration of dynamic control of the on-chip photonic devices enables the shaping of a
single photon waveform. The spectral, temporal and spatial selection of the single ions coupled
to the cavities will be a flexible and scalable approach to encode quantum information by
employing high levels of channel multiplexing. Controlling the cavities in and out of the
resonance of single ions is a highly desirable method to generate deterministic single photon
sources. Incorporate the other REI species such as Er* ions, in LNOI will result in kHz optical
linewidth and wavelength in the telecom band. It will be a promising candidate for long distance
quantum network[46]. Furthermore, LN thin films and an additional spin-free material, such as
a YSO thin film, can form a hybrid quantum system. The long-lived quantum memory can be
dynamically controlled by the electro-optical tuning of the LN photonic devices, which enables
spectral multiplexing of quantum memories.
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