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ABSTRACT: On-chip photonic quantum circuits with integrated quantum memories have the potential to radically advance
hardware for quantum information processing. In particular, negatively charged group-IV color centers in diamond are promising
candidates for quantum memories as they combine long storage times with excellent optical emission properties and an optically
addressable spin state. However, as a material, diamond lacks the many functionalities needed to realize scalable quantum systems.
Thin-film lithium niobate (TFLN), in contrast, offers a number of useful photonic nonlinearities, including the electro-optic effect,
piezoelectricity, and capabilities for periodically poled quasi-phase matching. Here, we present the highly efficient heterogeneous
integration of diamond nanobeams containing negatively charged silicon-vacancy (SiV) centers with TFLN waveguides. We observe
greater than 90% transmission efficiency between the diamond nanobeam and the TFLN waveguide on average across multiple
measurements. By comparing saturation signal levels between confocal and integrated collection, we estimate a more than 10-fold
increase in photon emission channeled into TFLN waveguides versus that channeled into out-of-plane collection channels. Our
results constitute a key step for creating scalable integrated quantum photonic circuits that leverage the advantages of both diamond
and TFLN materials.
KEYWORDS: heterogeneous integration, thin-film lithium niobate, diamond, quantum photonics, silicon-vacancy center, color centers

■ INTRODUCTION
Optically addressable solid-state spin qubits are promising
building blocks for scalable quantum networking applica-
tions.1,2 Among these, diamond color center defects are leading
candidates for advancing quantum networks. Long-lived 13C
nuclear spins in diamond can be harnessed as quantum
memories,3,4 while nitrogen-vacancy centers have been used to
demonstrate a multinode quantum network5 and quantum
teleportation between non-neighboring nodes.6 Further
progress hinges on the efficient integration of color centers
into photonic structures to enhance the spin-photon interface
without introducing excessive noise.7−9

Negatively charged group-IV color centers benefit from
structural inversion symmetry, which, to the first order, shields
the local spin structure from nearby electric field noise

introduced during nanofabrication.10,11 In addition, this family
of color centers consistently exhibits high Debye−Waller
factors, leading to strong emission into the zero phonon line
(ZPL).12 These features, in combination with the efficient
coupling to nanophotonic cavities, have enabled the demon-
stration of memory-enhanced quantum communication13 and
the generation of streams of indistinguishable photons,14
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rendering silicon-vacancy (SiV) centers a prime candidate for
quantum networking applications.

However, scalable monolithic fabrication of diamond
photonic integrated circuits (PICs) has not been implemented,
and complex diamond PICs are precluded by the absence of
second-order nonlinearities. To overcome these challenges,
heterogeneous integration with mature nanophotonic material
platforms is a promising approach.15−26 Thin-film lithium
niobate (TFLN) offers many advantages over alternative
photonic materials via large χ(2) nonlinearity. This enables
many applications, including strong electro-optic modulation
and frequency conversion,27−30 piezoelectric transduction,31,32

and periodic poling for quasi-phase matching and nonlinear
frequency conversion.33,34

Here, we demonstrate efficient heterogeneous integration of
a diamond nanobeam featuring incorporated SiV color centers
with a TFLN platform using a mechanical pick-and-place
approach.15,35−37 By precisely placing double-tapered diamond
nanobeams, we demonstrate the bridging of a gapped TFLN
waveguide with a diamond-to-LN transmission efficiency of 92
± 11% per facet at 737 nm, corresponding to the SiV ZPL
wavelength, averaged across multiple measurements. We find
an approximately 2-fold improvement in ZPL photon
extraction via integrated TFLN collection channels compared
with that via out-of-plane collection from the same device. By
taking into consideration measured grating coupler efficiencies,
we can infer a more than 10-fold improvement in photon
channeling into the TFLN waveguide compared with that into
confocal collection channels. Our results demonstrate a crucial

step toward the incorporation of high-quality diamond spin
qubits into a scalable nonlinear photonics platform.

■ RESULTS
Device Fabrication and Transfer. Our device consists of

a diamond double-tapered nanobeam with incorporated SiV
centers bridging a gapped, undercut TFLN waveguide, as
imaged in Figure 1a. The SiV color centers are generated
during a chemical vapor deposition overgrowth process on an
electronic grade bulk single-crystalline diamond. We fabricate
the diamond nanobeams using the well-established quasi-
isotropic etching technique following the procedures outlined
in refs 11, 35, and 38−40 (see the Supporting Information).
Our diamond devices consist of a 10 μm long rectangular
nanobeam with 10 μm tapers at each end, for a total length of
30 μm. The nanobeam has a target thickness of ∼200 nm, and
its width is tapered from ∼350 to ∼50 nm at the taper end.
The device is anchored to the bulk substrate via a thin tether,
around which the nanobeam is widened slightly to reduce
scattering effects of the tether on optical transmission.

The TFLN waveguides are fabricated following the
techniques demonstrated in ref 29. We first pattern a negative
resist mask atop a lithium niobate-on-insulator (LNOI)
substrate using electron beam lithography. We then employ
Ar ion milling to etch the waveguides. A second photo-
lithography mask and ion mill step are used for additional
removal of the TFLN slab to expose the buried oxide layer of
the LNOI. An additional acid cleaning procedure partially
etches this oxide, thereby undercutting the waveguide sockets.
The completed TFLN waveguides are approximately 190 nm

Figure 1. Structure for adiabatic transfer of light from diamond to TFLN: (a) False-colored scanning electron microscopy image of the fully
integrated nanobeam device, with a few nanometers of Au sputtered atop for charge dissipation. Green corresponds to the TFLN, while blue
represents the diamond nanobeam. As evident from the image, the TFLN slab around the device has been etched, revealing the buried oxide layer,
which is partially undercut, leaving a partially suspended TFLN platform. (b) Schematics and simulations of the device. (Left) Side profile. (Mid)
Simulated cross-section of the inverse taper region. A diamond nanobeam rests on TFLN on an insulator, with a buried oxide layer. The four
images depict COMSOL simulations of the fundamental TE mode of the hybridized waveguide, demonstrating adiabatic mode transfer between
the diamond and TFLN. The width of the diamond waveguide is given in each inset, with the TFLN waveguide top width fixed at 200 nm. Each
plotted region is 1.2 μm wide and 1 μm tall and depicts the electric field norm, normalized to its maximum. (Right) Length-wise cross-section
schematic of the adiabatic taper simulation. The taper is simulated with a 10 μm overlap between the diamond nanobeam taper and the TFLN
taper. The lower image depicts a Lumerical simulation of the normalized electric field intensity with outlines indicating the approximate locations of
the diamond and TFLN waveguides. All x- and y-axis dimensions are in microns. (c) Lumerical FDTD simulations of transmitted power between
the diamond and TFLN with swept taper lengths. The maximum simulated taper transmission efficiency is ∼98%, indicated by the dashed black
line.
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thick atop an approximately 60 nm thick slab and ∼1 μm wide,
which assists in the placement of the diamond nanobeam by
allowing for a larger margin of alignment error (Figure 1b).
The waveguides adiabatically taper to ∼100 nm over a length
of 5 μm. A 15 μm gap is left between the two waveguides to
serve as a “socket” for a diamond nanobeam. Each waveguide
ends in a grating optimized to couple 737 nm light to and from
the device (Supporting Information).

Following fabrication, the diamond nanobeam is transferred
via pick-and-place to the TFLN socket. The mechanical
transfer process is carried out using a home-built micro-
manipulation setup equipped with confocal imaging capa-
bilities and dual tungsten “cat-whisker” needles, each with a ∼
70 nm tip radius. To assist with the mechanical breakoff
process, the holding tethers are partially cut via focused ion
beam (FIB) etching. During transfer, the precise orientation of
the nanobeam can be controlled with the dual needles, while
the TFLN chip is mounted on a combination of translation
and rotation stages. After careful positioning, strong adhesion
between the diamond nanobeam and the TFLN via van der
Waals forces allow us to remove the attached needle by pulling
it down into the etched trench between the TFLN waveguides.
Ultimately, the diamond nanobeam tapers are positioned
inversely to the LN “socket” tapers, enabling high-efficiency
adiabatic transfer of light between the TFLN waveguide and
the diamond nanobeam, as shown in Figure 1b,c. From the
simulations presented in Figure 1c, we expect a theoretical
upper bound on the single-taper transmission efficiency of
approximately 98%.

Optical Characterization of Devices. We characterize
our device in a closed-cycle Montana cryostat at a temperature
of ∼5 K utilizing a home-built confocal microscopy setup
consisting of two distinct access arms. We refer to these
collection arms as the confocal and transmission paths. The
transmission path can be removed from the apparatus by
withdrawing the dichroic beamsplitter just before the cryostat.
The full measurement apparatus is schematically depicted in
Figure 2.

Transmission. As a first step, we measure transmission
through our device, using the TFLN grating couplers to
characterize the single-taper transmission efficiency between

the diamond and TFLN. Using the transmission measurement
path, we send a narrow-band laser source through one grating
coupler and measure the output power through the other. The
input laser power is calibrated via a fiber beamsplitter and a
photodiode at the input. The output transmitted light is
coupled into a single mode fiber and routed to a second
photodiode. We sweep the Ti/sapphire laser excitation from
700 to 780 nm in intervals of 5 nm, with a separate
measurement performed at 737 nm specifically, as demon-
strated in Figure 3b. Direct transmission through the device at

737 nm is determined to be 2.8 ± 0.4% from single-mode fiber
to single-mode fiber, averaged over four distinct measurements.
We then shift the stage to a “control” device, consisting of a
fully connected (i.e., no taper or gap) TFLN waveguide with
nominally identical grating couplers, while keeping the
excitation and collection alignment fixed. Transmission
through the control device (similarly averaged across four
distinct measurements) is 3.3 ± 0.5%. We optimize the
transmission through this control device solely by translating
the device around beneath the excitation/collection paths.
These transmission values are not corrected for any additional
losses such as the finite transmission efficiency of various
optical elements (objective and silver mirrors) and nonperfect

Figure 2. Schematic of the measurement setup for optical
characterizations. “PC” (polarization controller), “PD” (photodiode),
“99:1” (99%: 1% beamsplitter), “4f” (4-f imaging path, lengths not to
scale), “HWP” (half-wave plate), “FC” (fiber-to-free space coupler),
and “5 K” (cryostat at 5 Kelvin). The dashed box indicates the
removable dichroic beamsplitter and transmission path. We achieve
spatial separation of the two transmission collection spots via a D-
shaped mirror.

Figure 3. Transmission characterization through the integrated
device. (a) (top) Camera image of efficient transmission of
narrowband laser light through the integrated device, indicating
high taper efficiency at the diamond/TFLN interface. Minimal
scattering (indicated by arrows) at the contact points and along the
device further demonstrates the efficient adiabatic transfer of light.
The diamond nanobeam and grating coupler locations are indicated
by the blue and green dashed boxes, respectively. (bottom) Camera
image for comparison of the fully connected TFLN control device.
Images were taken at 20 ms camera exposure. (b) Average
transmission through the integrated diamond−TFLN device (red)
and a fully connected TFLN “control” device (black). Error bars
depict the standard deviation by averaging four measurements over
two separate cooldowns of the devices. The dashed black and red
lines indicate the transmission at 737 nm for the control and
integrated devices, respectively.
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alignment. Measuring the control device yields a lower bound
for the single-mode grating coupler efficiency of 17.3 ± 1.2%,
in agreement with grating coupler simulations (Supporting
Information). Comparing the transmission values of our device
with the control device allows the diamond−LN transfer
efficiency to be inferred. Importantly, the control device is
measured during the same cooldown using the exact same
external optical alignment of the excitation and collection
arms; only the sample is displaced between measurements.
Attributing all additional losses in the device to the adiabatic
taper facets, we conclude that each diamond−LN taper has a
transmission efficiency of 92 ± 11% at 737 nm assuming equal
taper and grating efficiencies (Figure 3b; see the Supporting
Information for additional details on the calibration
procedure). This high efficiency is visualized by the lack of
significant scattering both at taper contact points to the TFLN
and along the diamond nanobeam in Figure 3a. Importantly,
grating couplers are very sensitive to the angle and focal plane
of the incident light. Therefore, crosstalk and hysteresis in our
stage motion can introduce an error into this efficiency
calibration. However, additional repeated measurements across
multiple thermal cycles yield similarly consistent values for
taper efficiency. Furthermore, while this is the highest-
efficiency device we measure, a second device exhibits an
estimated single-taper transmission efficiency of greater than
80% (Supporting Information).

Optical Addressing of SiV Centers. We next perform
photoluminescence (PL) measurements on SiV color centers
embedded in the diamond nanobeam. There are two
measurement configurations: one with the excitation and
collection colocalized via the confocal path (C/C) and one
with confocal excitation but collection through the grating
couplers and transmission path (C/CP). Using a home-built
confocal scanning microscope, we excite color centers off-

resonantly at 710 nm and collect the ZPL emission at 737 nm.
The resulting PL maps and spectra are presented in Figure
4a,b. After locating isolated bright spots in the PL, we sweep
the optical excitation power and record the PL spectra,
comparing the efficiency of SiV emission collected confocally
to that collected through the integrated nanobeam channel.
We toggle between confocal and grating coupler collection
paths by removing the transmission path dichroic beamsplitter
and adjusting only the half-wave plate just before the cryostat.
We are careful to make minimal extraneous optical adjust-
ments in order to maintain the validity of any comparisons of
the collected signal.

From the PL spectra, we observe a small ensemble of
emitters arising from the homogeneous distribution of SiVs
throughout the diamond nanobeam. Therefore, for our specific
device, we are unable to isolate a single emitter through off-
resonant confocal excitation. To quantify photon extraction
efficiencies, we measure PL spectra for different powers and
integrate the signal within 6× the full width at half maximum
(FWHM) of a representative transition for a SiV center,
demarcated by gray in Figure 4b. We note that we select a
transition that couples favorably to the diamond nanobeam.
Figure 4c displays a fit to the saturation model I(P) = I∞/(1 +
Psat/P). Errors for photon counts are given by assuming
Poissonian photon statistics. From the best fit, we determine
saturation powers Psat of 6.9 ± 0.2 mW (9.8 ± 0.7 mW and 9.3
± 0.7 mW) and saturation count rates I∞ of 116 ± 2 kcps (68
± 2 kcps and 219 ± 8 kcps) for the C/C configuration (C/CP1
and C/CP2). The difference in the signal between the two CP
configurations can be attributed to preferential emission of the
SiV in one direction of the nanobeam due to either angular
dipole orientation or positioning in the nanobeam (see the
Supporting Information). The discrepancy between C/C and
C/CP saturation powers can in part be ascribed to polarization

Figure 4. Color center: PL characterizations. (a) Confocal laser scans with confocal collection (top) and stationary coupler collection (bottom).
The coupler collection PL scan presented is obtained by counting photon arrivals from the couplers in parallel, with each avalanche photodiode
collecting emission from one grating coupler. Over an integration period, these simultaneous counts are summed to yield the total photons
collected from both grating couplers. Excitation for both were provided confocally, and scanning is performed utilizing a galvanometer mirror and
4f setup. The white circle in each scan indicates the location of confocal excitation for panels (b) and (c). (b) Normalized PL spectrum, overlaid
with confocal and both coupler collected spectra. The gray region indicates the postprocessed “filtered” wavelength range, determined by fitting the
spectra to multiple Lorentzian peaks and identifying the FWHM of the selected emission peak for a single emitter. (c) Saturation curves for each
collection configuration. CPS for each power and configuration is determined by integrating the number of counts collected in a spectrum within
the FWHM ranges identified by the Lorentzian fit. PL spectra were each integrated for 2.5 s. The black trend lines represent a standard power
saturation fit. Error bars for each data point were calculated using Poissonian photon statistics but are smaller than data markers.
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adjustments made between the configurations to optimize the
power delivery to the color center with the removal of the
second dichroic beamsplitter41 (see the Supporting Informa-
tion). This effect is expected to be pronounced due to the
extreme polarization sensitivity of the dichroic beamsplitters at
710 nm. Additionally, the excitation and collection efficiencies
of different color centers at the interrogated location depend
strongly on the focus of the free space optics, as shown in the
Supporting Information. Therefore, any misalignment in the
focal plane for each configuration may contribute further to
discrepancies in determined saturation powers. Given that
there are inevitable adjustments made to alignment when
switching between C/C and C/CP configurations, this may
contribute further to discrepancies in power delivery efficiency.

Since we cannot collect data for powers P ≫ Psat, we are
unable to evaluate the impact of adding an additional
background term to our saturation model fit. Hence, we
estimate the enhancement factor for photon channeling into
the TFLN waveguides by determining the signal ratio between
the C/C and combined C/CP rates for the different measured
powers and find an average enhancement factor of 2.05 ± 0.15.

As further evidence of emitter colocalization, we measure
g(2)(τ) autocorrelation of its emission in the C/C configuration
using a 50:50 fiber beamsplitter. We isolate a single emission
line with a series of filters (achieving roughly a 13 nm
bandwidth at 740 nm; for more details, see the Supporting
Information), and observe antibunching with g(2)(0) = 0.629 ±
0.005 for an excitation power of 4.74 mW, as shown in Figure
5a.

We then repeat autocorrelation measurements in the C/CP
configuration for an excitation power of 4.43 mW, utilizing our
device as an integrated beamsplitter to correlate the emission
between the two grating couplers. We measure a similar g(2)(0)
= 0.690 ± 0.004 with this approach, as depicted in Figure 5b.
The determined autocorrelation values at zero delay indicate
emission from a small ensemble of emitters within our filtered
wavelength region. This is consistent with the existence of
additional peak and broadband background features shown in
Figure 4b. We note that the bandwidth of our filter for the
autocorrelation measurement is significantly larger than that
imposed by postmeasurement data filtering in the saturation
measurement. Therefore, the depth of the autocorrelation dip
may be straightforwardly improved by increased spectral
filtering.

Bunching in an autocorrelation measurement, observed for
both C/C and C/CP configurations, is generally caused by
telegraph noise due to either blinking or shelving into a long-
lived metastable state. Since the degree of bunching depends
on the excitation power,42 the different degrees of bunching
present for the two measurements are an additional indication
of discrepancy in the power delivery efficiency for the two
configurations, caused by the factors discussed above.

Lastly, we consider the robustness of the integration to
environmental factors. It should be noted that this particular
device survived multiple partial and complete thermal cycles.
Furthermore, during one such event, the nanobeam fully
detached from the TFLN waveguide socket and the pick-and-
place apparatus is used to reposition the nanobeam. In all
cases, we observed a similarly high transmission efficiency.
Additional controlled thermal cycling and targeted testing will
be necessary to formally characterize this robustness, but
repeated transmission measurements suggest a lack of
deterioration in the device performance.

■ DISCUSSION
Overall, we demonstrate the photonic integration of diamond
color centers with TFLN. Our integration yields a high
coupling efficiency of 92 ± 11% per facet between the
diamond and the TFLN. We determine an enhancement factor
between confocal collection and the combined rates of
collecting through the TFLN grating couplers of 2.05 ±
0.15. Correcting for the determined grating coupler efficiency
of 17.3 ± 1.2%, we estimate that channeling of SiV photons
into the TFLN waveguide is improved by more than 10-fold
when compared with that for out-of-plane confocal collection
through a high-NA objective. A significant boost could be
achieved by enhancing and channeling the color center
emission through resonant photonic structures,43,44 enabling
an overall waveguide coupling efficiency of >60%.14

Furthermore, for realistic applications, bidirectional emission
from the color center can be channeled into a singular
direction by adding a retroreflector or purposefully weakening
the mirror strength on one side of a photonic resonator.

The emission count rate in our experiment is potentially
limited by random placement and nonideal angular orientation
of the SiV inside the nanobeam. The homogeneous
distribution of color centers within the nanobeam also
complicates the probing of single emitter properties in our
device. These challenges can be overcome by delta doping and
targeted implantation techniques, such as masked or focused
ion beam implantation.45−48

A major advantage of selective integration is the possibility
for large-scale precharacterization of diamond nanobeams and
emitters, enabling a more deterministic device yield.49 The
transfer process could potentially be fully automated by using a
combination of machine vision and in situ transmission
measurements.

Our device paves the way for high-efficiency emitter
collection on TFLN, enabling single-photon experiments that
leverage TFLN’s unique properties. We aim to utilize optical
nonlinearities in LN for modulating color center emission,
thereby demonstrating multiemitter interference and multi-
plexing on the chip.50 We further aspire to add additional on-
chip capabilities, such as on-chip filters51 and detectors.52,53

On-chip photon routing would enable both entanglement
between several integrated quantum memories and coupling to
the same external fiber channel. In combination with the

Figure 5. Photon autocorrelation measurements using confocal
excitation and collected (a) confocally for an excitation power of
4.74 mW with g2(0) = 0.629 ± 0.005 and (b) through the grating
coupler for an excitation power of 4.43 mW with g2(0) = 0.690 ±
0.004. The data are fitted using a bunched g2(τ) function form, with
counts far from the delay dip normalized to 1. The dashed line
indicates the 0.5 threshold for single photon emitter characteristics.
Error bars are calculated assuming Poissonian photon statistics.

ACS Photonics pubs.acs.org/journal/apchd5 Article

https://doi.org/10.1021/acsphotonics.3c00992
ACS Photonics XXXX, XXX, XXX−XXX

E

https://pubs.acs.org/doi/suppl/10.1021/acsphotonics.3c00992/suppl_file/ph3c00992_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsphotonics.3c00992/suppl_file/ph3c00992_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsphotonics.3c00992/suppl_file/ph3c00992_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsphotonics.3c00992/suppl_file/ph3c00992_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsphotonics.3c00992/suppl_file/ph3c00992_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.3c00992?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.3c00992?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.3c00992?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.3c00992?fig=fig5&ref=pdf
pubs.acs.org/journal/apchd5?ref=pdf
https://doi.org/10.1021/acsphotonics.3c00992?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


recently demonstrated high fiber packaging efficiencies,54 this
would enable integrating a large number of quantum memories
on the same chip. We also aim to leverage periodic poling in
LN to achieve quantum frequency conversion of emitters to
the infrared band for integration with telecommunication
technologies. These future directions would pave the way
toward on-chip heterogeneous platforms linking the excellent
optical and coherence properties of solid-state spin qubits with
the potential of a mature nonlinear photonics platform.
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