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171Yb3+ in YVO4 is a promising candidate for building quantum networks with good optical address-
ability, excellent spin properties and a secondary nuclear-spin quantum register. However, the associated
long optical lifetime necessitates coupling to optical resonators for faster emission of single photons and
to facilitate control of single 171Yb ions. Previously, single 171Yb ions were addressed by coupling them to
monolithic photonic crystal cavities fabricated via lengthy focused ion beam milling. Here, we design and
fabricate a hybrid platform based on ions coupled to the evanescently decaying field of a GaAs photonic
crystal cavity. For the most strongly coupled ion close to the GaAs-YVO interface, we find a 64-fold reduc-
tion in lifetime corresponding to a Purcell enhancement of 179. For an ion with a Purcell enhancement
of 21, we experimentally detect and demonstrate coherent optical control. The results show a promising
route toward a quantum network with 171Yb-YVO4 using a highly scalable platform that can readily be
applied to other quantum emitters in the near-infrared.
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I. INTRODUCTION

Transmitting quantum information and distributing
entanglement through quantum networks are essential
components in quantum technology and have applica-
tions in quantum communication and distributed quan-
tum computing [1,2]. Building a scalable optical quantum
network requires nodes with lifetime-limited optical tran-
sitions, efficient optical interfaces, long spin coherence
times, high-fidelity spin and optical control, and multi-
qubit accessibility at each node. Among different plat-
forms, optically addressable solid-state spin qubits are
promising candidates due to the possibility of integration
with nanofabricated devices leading to scalability [3,4].
Possible candidates include nitrogen vacancies [5,6], sil-
icon vacancies [7,8], and tin vacancies [9,10] in diamond,
color centers in SiC [11,12], defects in silicon [13], and
rare-earth ions in crystals [14,15]. Rare-earth ions have
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been shown to possess long spin and optical coherence
times in various hosts and will be the focus of this work
[16,17].

Previously, we demonstrated that 171Yb3+ ions inside
YVO4 have spin coherence times exceeding 10 ms,
over 99.9% single-qubit gate fidelities, 95% post-selected
optical readout and initialization fidelity, and additional
nuclear spin qubit control, which are essential proper-
ties for building a quantum network [14,18]. In rare-
earth ion platforms, coherent 4f -4f optical transitions are
only weakly allowed inside crystals, therefore it is essen-
tial to couple ions to cavities with large quality factors
and small mode volumes to increase the emission rate
through Purcell enhancement. However, the nanofabrica-
tion of monolithic nanophotonic cavities from common
rare-earth host materials is limited due to the unavail-
ability of high-quality thin films and selective etching
chemistries (aside from a few examples [19–21]). Here we
demonstrate a near-infrared hybrid platform comprising a
separately fabricated photonic crystal cavity that is subse-
quently transferred onto the host crystal [Fig. 1(a)] [22,23].
This platform possesses a smaller mode volume compared
to Fabry-Perot microcavities [24,25], and, unlike the pre-
vious approach of focused ion beam milling [14,26], does
not lead to crystal damage.
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Achieving significant enhancement in a hybrid photonic
platform requires using a material with several impor-
tant features. It needs to be transparent at the target
wavelength, the refractive index needs to be significantly
higher than the target crystal, and high-quality thin-film
material should be readily available. The optical transition
of 171Yb3+-YVO4 at 984.5 nm precludes the use of sili-
con. Hence, we choose GaAs as the photonic layer due to
its transparency in the near- infrared, its large refractive
index (nYVO,c = 2.17, nGaAs = 3.52) and the availability of
wafer-scale thin films. High-quality-factor photonic crys-
tal cavities have been fabricated at this wavelength using
electron beam lithography, thus enabling mass production
[27,28]. Recently, it has been demonstrated that the GaAs
platform is amenable to scaling up deterministic solid-state
photon-emitter interfaces [29]. In addition, wafer bonding
techniques enable the creation of large-scale photonic inte-
grated circuits [30]. In the following sections, we present
the design and fabrication of these hybrid devices, and
experimentally demonstrate optical control of single 171Yb
ions.

II. DEVICE DESIGN AND FABRICATION

Yb ions inside an a-cut YVO4 crystal are coupled to a
one-dimensional photonic crystal cavity with fundamental
TE mode [31], where the electric field is mostly aligned
with the c axis of the crystal. The photonic crystal design
is based on unit cells with elliptical holes to engineer a
band gap at 984.5 nm. A localized cavity mode is formed

by quadratically tapering 20 central periods of a 44-period
photonic crystal [Figs. 1(b) and 1(c)]. This is optimized to
reduce radiation loss while maintaining a small mode vol-
ume. We engineer preferential cavity-waveguide coupling
on one side by removing 11 mirror periods. The design
of GaAs photonic crystal is chosen to enable high field
penetration into YVO4 without significantly decreasing the
quality factor. We chose an effective index corresponding
to the geometric mean of YVO and GaAs. Depending on
the loss mechanisms a systematic study might yield bet-
ter performance. Figures 1(b) and 1(c) show the simulated
y-directed electric field (Ey) that will be aligned with the
Yb optical dipole moment along the c axis, along with the
pertinent cavity dimensions. The simulated squared elec-
tric field magnitude (|E|2) at the YVO4-GaAs interface
is 40% of the maximum |E|2 inside the GaAs layer. The
effective mode volume is about 1.7(λ/nYVO4)

3 (normalized
according to the strongest electric field in YVO4 right at
the surface) and the simulated radiatively limited quality
factor is over 1 × 106.

∣
∣Ey

∣
∣
2 evanescently decays with dis-

tance from the interface, and the 1/e depth is 42 nm. To
couple light from the cavity into a fiber, we utilize a fully
etched grating coupler [32]. The grating coupler efficiency
is optimized by modifying the grating dimensions leading
to a simulated efficiency of about 25%.

Devices are fabricated on an epitaxial GaAs wafer using
a standard electron-beam lithography procedure with an
acceleration voltage of 100 kV (Raith EPBG 5000) [27].
A 500 nm positive-tone resist (ZEP) is patterned and sub-
sequently developed using n-amyl acetate (ZED, Zeon

(a) (b) (c)

(d) (e) (f)

FIG. 1. Hybrid device platform for coupling to 171Yb-YVO4. (a) The device schematic. The GaAs photonic crystal cavity and YVO4
crystal are shown in gray and yellow, respectively. Yb ions are shown with orange arrows and are located inside YVO4. The crystal
axes are shown next to the coordinate axes. The grating coupler (blue rectangle) is used for coupling light to a free-space setup. The
photonic crystal cavity is indicated with a white rectangle. (b),(c) Simulated Ey field of the fundamental TE mode in the X -Y and
Y-Z planes, respectively. Note the evanescent decay of electric field inside YVO4. (d) Scanning electron microscope image of the
suspended GaAs photonic crystal cavity before transferring onto YVO4. (e) Optical image of the transferred device. The darker yellow
substrate under the GaAs photonic crystal cavities is YVO4. (f) Cavity reflection spectrum after transferring onto YVO4. Data are
shown in green dots and overlaid with a fitted black line, which gives a quality factor of 5300.
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Corp.). The resist serves as the etch mask for an opti-
mized inductively coupled plasma reactive-ion etcher with
Cl2-Ar chemistry. Devices are undercut by etching an
Al0.8Ga0.2As sacrificial layer in HF and cleaned subse-
quently using H2O2 and KOH to remove any residues [Fig.
1(d)]. Finally, suspended GaAs photonic crystal cavities
are transferred onto the YVO4 surface using a stamping
technique [22]. Devices are aligned with the a axis and are
perpendicular to the c axis. We use a polydimethylsiloxane
stamp covered by a thin film of polycarbonate to pick up
devices and subsequently release them onto YVO4 using
a transfer stage. The success rate of this procedure is over
90%. The YVO4 crystal used in this experiment was pol-
ished from an undoped boule (Gamdan Optics) with an Yb
concentration of 0.14 parts per million. The optical image
after the transfer is shown in Fig. 1(e). The device used in
these measurements has a quality factor of 5300 after trans-
ferring onto YVO4 [Fig. 1(f)]. Typical quality factors of
the devices before and after transfer are 15 000 and 5000,
respectively, and are likely limited by the imperfect device
fabrication and surface absorption [28].

III. DETECTION OF SINGLE YTTERBIUM IONS
IN YVO4

Experiments are performed in a Bluefors 3He fridge
(LD-He250) at 0.5 K and zero magnetic field. The exper-
imental setup is depicted in Fig. 2(a), where acousto-optic
modulated laser pulses are sent through a 99 : 1 beam
splitter and focused onto the grating coupler through an
aspheric lens doublet. The ion emission is sent back
through the same fiber, and 99% of the light is directed
to a superconducting nanowire single-photon detector. The
light coupling is optimized using an x-y-z nanopositioner
(Attocube), and the device resonance is tuned to the ion
emission frequency through nitrogen condensation.

Figure 2(b) shows a resonant pulsed photoluminescence
spectrum, where ion emission has been distinguished from
the excitation in the time domain. The zero frequency offset
corresponds to emission from Yb isotopes with no nuclear
spin. At zero magnetic field, these isotopes contain degen-
erate Kramers doublets in both the ground and excited
states [33]. The arrows indicate the ions used in this work.

To demonstrate single-ion addressability, a single-
detector pulsed g2(t) measurement was performed on the
ion indicated by the blue arrow [Fig. 2(c)]. The result-
ing g2(0) is 0.26 ± 0.09, lower than the two-ion limit of
0.5. The g2(t) measurement demonstrates a weak bunching
feature, likely caused by spectral diffusion of the optical
transition. By modeling spectral diffusion via rate equa-
tions, we derived and fitted the following function to the
g2(t) data [34]:

g(2)(t) = [1 + (τw/τ − 1) exp(−|t|/τ)]

× [1 − exp(−(r + 1/τion)|t|)], (1)

(a)

(b)

(c) (d)

FIG. 2. Experimental setup and detection of single Yb ions. (a)
Experimental setup. Optical pulses from two frequency locked
lasers, labeled A and C according to the driven optical transition
[Fig. 3(a)], are sent to the device located in a 3He fridge at 0.5
K. Emitted photons are routed to a superconducting nanowire
single-photon detector (SNSPD) in the same cryostat. Laser
pulses are shaped using two double-pass acousto-optic modula-
tors, and optical pulses are removed from the detection through
time filtering and an acousto-optic modulator shutter setup. (b)
Resonant photoluminescence spectrum. The large emission peak
at 3 04 505 GHz corresponds to Yb isotopes with no nuclear spin.
Isolated peaks inside the spectrum are mostly single Yb ions,
the arrows indicate ions measured in subsequent experiments.
Data was taken with 10 s integration time and 50 kHz repeti-
tion rate for each point. The fitted linewidth of red and blue ions
are 27.3 MHz and 15.9 MHz, respectively.(c) Pulsed g(2)(t) mea-
surement of the ion indicated with a blue arrow shows g(2)(0) =
0.26 ± 0.09. (d) Lifetime measured through time-resolved pho-
toluminescence of ions indicated by red (4.2 ± 0.1 µs) and
orange (32 ± 2 µs) arrows are shown with corresponding colors.
Experimental data are shown with dots and overlaid with fit-
ted exponential decays. The fit to the orange curve also includes
an additional contribution from background bulk ions due to its
lower intensity. Bulk lifetime is shown with a black line.

where τ is the spectral diffusion rate, τw is the rate of ion
diffusion out of the detection window, r is the pumping
rate, and τion is the lifetime of the emitter [34]. We can
derive a spectral diffusion correlation timescale of about
1 ms. The ion indicated by the red arrow has the short-
est lifetime in this sample, measured to be 4.2 ± 0.1 µs
[Fig. 2(d)]. This corresponds to a lifetime reduction of
64 times, which is consistent with the maximum lifetime
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(c)

FIG. 3. Coherent optical control of a single 171Yb ion. (a) Energy level structure of 171Yb inside YVO4 at zero magnetic field.
Transition A (cavity enhanced) is shown in blue; transition C (non-enhanced) is shown in red. Cavity enhanced decay is shown with a
dashed arrow. |0〉g , |1〉g , |0〉e, |1〉e are magnetic field insensitive forming clock transitions. (b) Pump-probe measurement of the 171Yb
optical transitions. The pump frequency is varied around the C-transition with probe frequency fixed to the A-transition. In subsequent
measurements, the ion is partially initialized by repeatedly pumping on this transition. The difference between the frequency noted
in Fig. 3(a) and the measurement could be due to strain at the site of the ion. (c) Optical Rabi oscillation on the A-transition. (d)
Optical Ramsey measurement on the A-transition gives T∗

2 = 69 ± 15 ns. (e) Optical echo measurement on the A-transition gives
T2 = 330 ± 50 ns.

reduction (βFp = 83) predicted by the Purcell effect [35].
β = 0.35 is the branching ratio of the transition [14] and
Fp ,max = (3/4π2)(λ/n)3(Q/V) = 237. From the predicted
maximum Purcell factor, measured lifetime, and the decay
profile of the electric field strength given in Sec. II, we can
derive maximum depths of the ions shown in Fig. 2(d),
which are 12 nm and 101 nm for the red and orange ion,
respectively.

IV. COHERENT OPTICAL CONTROL OF A
SINGLE YTTERBIUM-171 ION

While Yb isotopes without nuclear spin show bright
emission without initialization, they suffer from poor
coherence times due to first-order susceptibility of transi-
tion frequencies to magnetic fields. Hereafter, we focus on
171Yb ions which have an additional 1/2 nuclear spin giv-
ing a zero-field hyperfine energy-level structure shown in
Fig. 3(a). These ions exhibit optical and spin clock tran-
sitions between the |0〉g , |1〉g , |0〉e, and |1〉e levels, which
are first-order insensitive to magnetic field noise, yielding
enhanced coherence properties [14]. The A-transition has
its dipole moment along the c axis of the crystal; it is copo-
larized with, and enhanced by, the cavity. Furthermore, it
has no overlap with other Yb isotopes, making it suitable
for optical readout. The C-transition has dipole moment

perpendicular to the c axis of the crystal and is used for
optical pumping and initialization.

To verify that the ion indicated by the orange arrow is
171Yb [Fig. 2(b)], we performed a pump-probe measure-
ment, where we varied the pump laser frequency and mea-
sured the photoluminescence on the A-transition. When
the pump laser is resonant with the C-transition, the ion
will be partially initialized into |1〉g and have brighter
emission [Fig. 3(b)]. This initialization is performed prior
to all subsequent measurements.

Resonant photoluminescence with varied excitation
pulse length on the A-transition shows optical Rabi oscil-
lation [Fig. 3(c)]. In this measurement, initialization is
periodically applied after each sequence of 50 readout
pulses. Combined with the limited cyclicity of the readout
transition, this acts to saturate the photon counts and cre-
ate a flat top feature. This ion has a lifetime of 32 ± 2 µs,
leading to an A-transition cyclicity of 13 [14]. Characteri-
zation of the optical coherence properties is first performed
with an optical Ramsey measurement, which includes two
optical π/2 pulses with varied separation. We measured
T∗

2 = 69 ± 15 ns corresponding to an effective linewidth
of 4.6 MHz. The short-timescale optical frequency stabil-
ity is measured using an echo consisting of an additional
intermediate optical π pulse to rephase the coherence,
yielding T2 = 330 ± 50 ns.
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In these experiments, we were unable to perform opti-
cal coherence measurements for some of the ions that have
shorter lifetimes. Ions in these hybrid devices with larger
Purcell factors are closer to the surface and therefore more
susceptible to surface defects. We postulate that the result-
ing charge noise could lead to excess spectral diffusion and
deteriorated coherence properties. By contrast, in previ-
ously studied monolithic devices [14], well-coupled ions
showed 1 µs postselected optical Ramsey and lifetime-
limited optical echo (4 µs) coherence times since they were
centrally located and farther from surfaces. The next step
would be to characterize ion statistics with different Purcell
factors and understand the limiting factor for the optical
coherence in these hybrid devices.

V. CONCLUSION AND OUTLOOK

In this work, we fabricate suspended GaAs photonic
crystal cavities and transfer them onto YVO4 with a suc-
cess rate of about 90%. We use a cavity with a quality
factor of 5300 to address single 171Yb ions, show a lifetime
reduction of 64 times, and measure their optical coherence
properties.

In the future, developing coherent microwave control
of the spin transition will be essential. To improve the
platform and increase count rates, refining fabrication of
the photonic crystal cavity through surface passivation
and further optimization of the lithographic procedure
are crucial [28,36]. Switching to a shallow-etched grat-
ing coupler can also increase the waveguide to free-space
coupling efficiency [37], and the overall photon collection
rate into the waveguide can be improved by optimizing
the cavity-waveguide coupling [38]. If the optical coher-
ence is limited by surface proximity, we could dope Yb
ions at different depths and characterize their properties.
Optimizing the choice of the host crystal can also signifi-
cantly improve the optical coherence [16,39]. Additional
improvements could be attained by removing polishing-
induced strain through plasma etching [40] and controlling
the surface chemistry through systematic study of surface
cleaning and preparation techniques [41]. Given the fab-
rication capability and the flexibility of the hybrid GaAs
platform, combined with the excellent properties of 171Yb-
YVO4, we think this approach is a promising route to build
a quantum network.
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APPENDIX: DEVICE SIMULATION

Here we present more information about the device sim-
ulation. In the device, there are three different channels,
κscatter, κWG, trans, and κWG, refl, that couple light out of the
cavity, where κscatter is the scattering rate, and κWG, trans and
κWG, refl are the rates of light coupling to the waveguide
in the transmitted and reflected direction with respect to
the incoming light. Our measurement configuration relies
on photons that are coupling back to the reflected direc-
tion, therefore it is important that κWG, refl is the dominant
channel. In Fig. 4(a), we show how the designed quality
factor is affected by the additional mirror number on both
sides of the cavity. This shows that κscatter = 1/Qmax only
dominates at large mirror numbers in the simulation. In the
experiment, we choose one side to have 12 mirror periods
outside the tapered region, while the other side only has
one, so that κWG, refl is the dominant channel.

The driving of transitions with dipole moment along
the crystal a axis is essential for initialization. One con-
tribution to this drive comes from the input field that is
perpendicular to the cavity mode (there is no TM band gap
in our design). The other comes from a misalignment of
the cavity mode field with respect to the crystal c axis.
Figure 4(b) shows a histogram of the ratio of x- and y-
directed electric field strengths of our mode [Fig. 1(a)]. The
z direction is not shown because the electric field strength
is negligible. For positions that have |Ey | > 0.5|Ey,max|, the
median |Ex|/|Ey | = 0.02. These show that both the TM
waveguide mode and the TE cavity mode can contribute
to C-transition driving.

(a) (b)

FIG. 4. Simulated device properties. (a) The simulated quality
factor with different mirror numbers on both sides of the cavity.
(b) Histogram of the x- and y-directed electric field strength ratio
at positions with |Ey | > 0.5|Ey,max|.
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