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Color centers integrated with nanophotonic devices have emerged as a compelling platform for quantum
science and technology. Here, we integrate tin-vacancy centers in a diamond waveguide and investigate
the interaction with light at the single-photon level in both reflection and transmission. We observe single-
emitter-induced extinction of the transmitted light up to 25% and measure the nonlinear effect on the
photon statistics. Furthermore, we demonstrate fully tunable interference between the reflected single-
photon field and laser light backscattered at the fiber end and show the corresponding controlled change
between bunched and antibunched photon statistics in the reflected field.

DOI: 10.1103/PhysRevLett.133.023603

Nonlinear interactions between single photons and solid-
state color centers are at the heart of many applications
in quantum science [1,2] such as the realization of a
quantum internet [3,4]. In particular, color centers in
diamond have enabled advanced demonstrations in this
direction showing multinode quantum network operation
[5,6], memory-enhanced communication [7], and scalable
on-chip hybrid integration [8]. Among the diamond color
centers, the tin-vacancy center (SnV) has recently emerged
as a promising qubit platform, as it combines the inversion
symmetry of group-IV color centers [9,10], allowing for
integration in nanophotonic structures, with good optical
properties [11–14] and above-millisecond spin coherence
at temperatures above 1 K [15,16]. Devices combining
photonic integration with spin and optical control could
serve as a future scalable building block for realizing
spin-photon gates [17]. On the path toward such scalable
on-chip integration, incorporation of emitters into nano-
photonic waveguides [12,18] enables exploration of the
coherent emitter-photon interaction typical of waveguide-
coupled systems [19,20]. Compared to nanophotonic
cavities [21], waveguides have the advantages of being
broadband, eliminating the challenge of cavity tuning, and
of having significantly higher error tolerance in fabrication.
In this Letter, we present a device consisting of a SnV

center coupled to a nanophotonic diamond waveguide
with tapered-fiber access, depicted in Fig. 1(a). Thanks
to efficient coupling, double-sided access, and real-time

charge-resonance checks, we are able to perform a com-
prehensive investigation of the nonlinear interaction of the
color center with the waveguide mode in both transmission
and reflection. We observe the extinction of transmitted
light which arises from interference between the photons
interacting with the emitter and the single optical mode
of the waveguide [22,23], from which we quantify the
coupling strength of the SnV to the waveguide. In the
reflected signal, we observe interference between single
photons scattered by the emitter and a classical reflection of
the probe laser. The tunability of our device enables us to
map out the various regimes of interference and their
corresponding photon statistics.
Our device is fabricated in two main phases. First, SnV

centers are generated by implantation on an electronic-
grade diamond of 120Sn ions at a target depth of ∼88 nm,
followed by an annealing step to create SnV centers. On the
sample, we then fabricate suspended waveguides that
support a single TE mode for SnV emission. The fabrica-
tion is based on the crystal-dependent quasi-isotropic-etch
undercut method [8,13,24–27]. We first pattern a hard mask
material Si3N4, followed by the transfer pattern into the
diamond substrate and vertical coverage with Al2O3 of the
structures sidewalls. Next, the quasi-isotropic etch under-
cuts the devices, followed by an upward etch to thin the
devices down to a thickness of ≈250 nm. The fabrication
concludes with an inorganic removal of the hard mask
materials. The details of the fabrication can be found in
Supplemental Material [28].
Our fabrication differs from earlier work [8,13,24–26] in

one main aspect: We demonstrate successful quasi-iso-
tropic undercut of the waveguides at a considerably lower
temperature of the reactor wafer table of only 65 °C. We
show that the quasi-isotropic crystal-dependent reactive-ion
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etch in this temperature regime is successfully undercutting
the waveguide structures without the need of an optional O2

anisotropic etch step following the vertical sidewalls cover-
age with Al2O3. This has the key benefit of preserving the
hard mask aspect ratio, without further edge mask rounding
stemming from the O2 etch.
The fabricated devices consist of arrays of double-sided

tapered waveguides, anchored to the surrounding bulk
substrate by a square support structure, as seen in Fig. 1(b).
To couple light in and out of the waveguide, we use optical
fibers that are etched into conical tapers in hydrofluoric
acid [37]. We position the fibers in front of the waveguide
and exploit the lensing effect of the taper, as illustrated in
Fig. 1(a). We choose this method as it allows easy variation
of the distance between fiber and waveguide. This will later
be used to tune the phase of the reflected signal. All
experiments are performed at 5 K in a closed-cycle cryostat,
with no external magnetic field. Within the SnV level
structure [Fig. 1(c)], we focus on the optical zero-phonon
line (ZPL) transition between the lower branches of the
ground and excited states, of wavelength around 619 nm.
Spontaneous emission from the excited state can also

happen with a phonon-assisted process, giving rise to a
phonon sideband (PSB).
We investigate the optical stability of one emitter [red

arrow in Fig. 1(d)] by performing consecutive photo-
luminescence excitation (PLE) scans. The scans are pre-
conditioned on a successful charge-resonance check [14]:
Before each scan, we turn on the probe laser at a set
frequency and count how many PSB photons are detected.
A threshold number of counts is chosen to make sure that
the SnV is in the desired charge state and on resonance with
the emitter (see Supplemental Material [28]). This herald-
ing technique mitigates the effects of emitter ionization and
of spectral diffusion [14].
Summing data from 1.8 h of continuous measurement

[Fig. 1(e)], we observe an integrated linewidth of
ð38.0� 0.3Þ MHz, very close to the average linewidth
of the single scans of ð32.1� 0.1Þ MHz, indicating that
there is very little effective spectral diffusion in our
measurements. This can, in principle, be further improved
by increasing the conditioning threshold at the expense
of experiment speed. All the measurements reported below
are conditioned on a charge-resonant check with similar
threshold. By measuring second-order photon correlations
using different resonant laser powers (see Supplemental
Material [28]), we extract the excited state lifetime of the
emitter to be ð5.91� 0.08Þ ns, corresponding to a trans-
form-limited transition linewidth of ð26.7� 0.3Þ MHz.
This value is close to the average single scan linewidth,
indicating that there is little residual broadening of the
transition.
To probe the coupling of the SnV center to the waveguide,

we scan the probe laser across the transition frequency while
simultaneously collecting both the transmitted and reflected
signals. We spectrally filter the signals and record both ZPL
and PSB (separately) in the reflected output port and the ZPL
in the transmission output port (see Supplemental Material
for details). This simultaneous measurement allows us to
monitor the SnV behavior through the PSB emission while
observing its coherent interaction with the input probe
through the ZPL signal [Fig. 2(a)].
We observe a significant extinction of the transmission

signal on resonance, indicating a coherent light-matter
interaction in our waveguide-QED system [23]: Destructive
interference between scattered photons and the transmitted
field causes the emitter-induced reflection of single pho-
tons. The magnitude of the transmission dip contrast on
resonance is determined by the emitter-waveguide coupling
factor β ¼ γwg=γtot, where γwg ðγtotÞ is the decay rate into
the waveguide (the total decay rate of the excited state). In
particular, in the absence of dephasing of the optical
transition, the transmission behavior is described by [19]

TðωÞ ¼
�
�
�
�
�
�

1 −
β

�

1þ hni
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��
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�
�
�
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FIG. 1. Device and optical transition properties. (a) Schematic
of the device and the fiber coupling. (b) SEM image of one entire
diamond device chip. (c) Energy level scheme of the SnV. At 5 K,
the SnV spectrum shows two ZPL transitions between the lower
branch (LB) of the excited state (ES) to the lower (upper)
branches (LB) [(UB)] of the ground state (GS). Here, we focus
on the ZPL transition between LB of ES and LB of GS at 619 nm,
and we filter the other ZPL out. Phonon-assisted decay from the
excited state gives rise to a phonon sideband (PSB) with a broad
optical spectrum above 630 nm. (d) Consecutive photolumines-
cence excitation (PLE) scans conditioned on the SnV being in the
right charge and frequency state. The scanning speed of each PLE
is ∼300 MHz=s.
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where ω is the detuning of the probe laser from the emitter,
hni is the average photon number per lifetime in the input
state, and nc ¼ ð1=4β2Þ is the critical photon number,
which indicates saturation of the photon-emitter interac-
tion. In the limit of low excitation (hni ≪ nc), the trans-
mission contrast on resonance ΔT ¼ 1 − Tðω ¼ 0Þ is,
thus, related to the coupling factor β as ΔT ¼ βð2 − βÞ.
Note that, in this analysis, we ignore the small additional
broadening of the optical transition due to dephasing,
making our estimates for β a strict lower bound.
Experimentally, the value of the coupling factor β can be

reliably extracted by measuring the transmission contrast as
a function of input laser power, given that hni=nc ¼ P=Pc
with Pc the input power that saturates the interaction.
To ensure that we are optimally coupling the probe field
with the linear dipole of the optical transition, we sweep
the polarization of the input field to find the maximal

transmission contrast [Fig. 2(b)]. Fitting Eq. (1) to the
measured transmission contrast as a function of input
power [Fig. 2(c)], we obtain β ¼ 0.143� 0.005. This value
is in good agreement with numerical simulations for our
waveguide geometry (see Supplemental Material [28])
taking into account the emitter depth resulting from the
implantation, a small lateral offset (≈50 nm) from the
waveguide center, and the total efficiency of the transition
of interest of 0.37 [38], obtained by combining quantum
efficiency (0.8) [39], Debye-Waller factor (0.57) [40], and
branching ratio between the two ZPL transitions (0.8) [13].
The critical laser power at the fiber input, Pc, corre-

sponds to the critical photon number nc at the SnV center:
Pc ¼ η−1hνncγ, where η is the fiber-waveguide coupling
efficiency, ν is the probe laser frequency, and γ is the decay
rate related to the excited state lifetime. From the fit value
Pc ¼ ð0.32� 0.02Þ nW and knowing nc ∼ 12 photons
from the value of β, we determine the fiber-waveguide
coupling efficiency to be η ¼ 0.33� 0.02.
The reflection signal contains the single photons coher-

ently reflected by the SnV center, interfering with classical
reflection of the probe laser at the tapered fiber end. In a
simplified picture, considering a Lorentzian response of the
SnV, the reflection signal can be modeled as [18,41]

RðωÞ ¼
�
�
�
�
�
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1

1 − 2iω=γtot
eiϕ

�
�
�
�
�

2

; ð2Þ

where ξ is the ratio between the reflected single photons
and the coherent state amplitude, which gives the average
number of photons per lifetime in the input field, and ϕ
is the phase difference between the coherent and single-
photon components.
The emitter-induced single-photon nonlinear reflection

alters the photon statistics of the transmitted and reflected
fields, as we expose below by measuring the second-order
correlation for different combination of signals.
We start by correlating the transmitted signal with itself.

The emitter can reflect only one photon per its optical
lifetime. When two indistinguishable photons coherently
scatter on the emitter within the timescale of its optical
lifetime, the nonlinear interaction results in a strongly
correlated two-photon bound state that is perfectly trans-
mitted [42]. In the case of β → 1, the wave function of the
scattered light is dominated by this bound-state component,
resulting in strong bunching of the transmitted light [22].
In our case, however, the bound-state contribution is
suppressed compared to the uncorrelated scattering of
the two photons involving other channels. In other words,
the probability that one of the two photons is incoherently
scattered is higher than the probability of emitting the two-
photon bound state in the waveguide. In this regime, upon
detection of a photon in the transmission signal, the
conditional probability of a second ZPL photon detection
within the lifetime is suppressed compared to the steady

FIG. 2. Spectroscopy of the waveguide-SnV system. (a) Simul-
taneous measurement of transmitted ZPL light through the
system (top), reflected ZPL light (center), and PSB emission
(bottom) while scanning the probe laser. The inset shows a
schematic of the system; the colors represent the different
channels measured. We highlight the transmission contrast ΔT
and the peak height of the PSB emission scan hPSB. (b) Contrast
of the transmission extinction when varying the input fiber
polarization using a half wave plate (HWP). (c) Transmission
contrast and PSB peak height as a function of the power in the
input fiber showing saturation of the SnV response when the
average photon number increases. In the low-power range, we
observe a maximum transmission extinction of 0.25� 0.01.
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state value. In full agreement with the predictions in
Ref. [22], we find that this results in antibunching in the

photon statistics for the transmission gð2ÞTT [Fig. 3(a)].
Since we have access to one of the incoherent decay

channels, namely, the photons emitted in the PSB, we
can verify that the effect on the photon statistics is induced
by the coherent interaction of light with the emitter.
We measure the probability of detecting a transmitted
[Fig. 3(b)] or reflected photon [Fig. 3(c)] conditioned on
the emission of a PSB photon. Detecting a PSB photon
heralds an incoherent interaction which results in a higher
probability of detecting a ZPL photon in the transmission
port and a lower probability of detecting a ZPL photon in
the reflected port, leading to the observed bunching and
antibunching, respectively.
We compare the results in Fig. 3 with numerical

simulations (the red lines in the figures), where the system
is modeled as a lossy cavity coupled to an emitter (see
Supplemental Material for details [28]). Using values for
the model parameters extracted from fits to the correspond-
ing transmission and reflection spectra (similar to Fig. 2),
we find that the simulations accurately reproduce the
behavior of the gð2Þ measurements.
Finally, we investigate the interference between the

coherently scattered single photons and the reflected laser
light in more detail. By adjusting the fiber position relative
to the waveguide, we can change the difference between the
paths that the classical light and single-photon components
travel and, thereby, controllably tune their relative phase ϕ.
Figure 4(a) shows the variation in the reflection interference

spectrum as we sweep the fiber distance, realized by
applying a voltage on the piezo positioner.
The photon statistics of the reflected signal depend

on the relative phase ϕ [Fig. 4(b)]. We consider the three
limit cases of constructive (ϕ ¼ 6.28 ∼ 2π), dispersive
(ϕ ¼ 1.57 ∼ π=2), and destructive (ϕ ¼ 3.41 ∼ π) interfer-
ence. In the constructive interference case, single photons
are added to the coherent state, resulting in sub-Poissonian
photon statistics as evidenced by the measured antibunch-

ing in gð2ÞRR in Fig. 4(c) (top). In the dispersive and
destructive interference cases, the presence of a nonzero
phase makes the behavior of the photon statistics nontrivial,
as the relative phase is different for the one- and multi-
photon components of the coherent state. Depending on the
exact phase and the relative amplitudes of the single
photons and the reflected coherent state, the relative weight
of the one- and two-photon components varies, resulting in
either bunching or antibunching. In our regime, we observe
bunching for the dispersive interference [Fig. 4(c) (middle)]
and weak antibunching for destructive interference
[Fig. 4(c) (bottom)]. Numerical simulations (red lines)

FIG. 3. Second-order correlation between (a) two transmitted
photons, (b) a PSB and a transmitted photon, and (c) a PSB and a
reflected photon in the constructive interference regime (see the
main text and Fig. 4 for details). The blue dots are experimental
data, and the red line is the theoretical model, where the relevant
parameters are extracted by fitting corresponding reflection and
transmission spectra.

(a) (b)

(c)

ZPL Refl.

FIG. 4. Reflection measurements. (a) Reflection spectra at
different fiber distance d, corresponding to different relative phase
between the single photon and coherent state components. The
solid line is a fit with the simplified model of Eq. (2); from this, we
extract the phase ϕ which is indicated by the color bar. (b) Sche-
matic of the measurement setting. (c) Second-order correlation of
reflected photons in the constructive (top), dispersive (center), and
destructive (bottom) interference regimes. The inset shows the
reflection spectrum. We fit the reflection spectrum using Eq. (2) to
extract ϕ and ξ, which we use as an input to the theoretical model.
The red lines, in both the inset and the main figure, are the results
of the theoretical model with the supplied parameters. The x axis in
the inset is frequency, ranging from −80 to 80 MHz.
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using our theoretical model show excellent agreement
with the data.
In summary, we have presented a detailed investigation of

a diamond SnV center coupled to a waveguide, showing
significant transmission extinction and tunable interference
between single photons and the reflected laser field as well as
providing insights into the nature of the emitter-induced
changes in transmitted and reflected fields through photon
correlation measurements. These results highlight diamond
SnV centers integrated in waveguides as a promising plat-
form for realizing efficient integrated spin-photon interfaces.
Whereas nanophotonic cavities can provide overall

much stronger interaction, the use of waveguides can
alleviate significant fabrication overhead and by their
broadband nature provide a more flexible platform, since
they do not need to be tuned to the emitter frequency and
readily allow for more centers to be used in the same
device. We investigated four waveguides in this device, and
all contained suitably coupled SnV centers, with measured
ΔT ranging between 15% and 34%.
While our Letter shows couplings that are in line with

the state of the art for color center-waveguide systems
[8,18,43], further improvement can be obtained by opti-
mizing the emitter overlap with the optical mode: The
waveguide thickness and the implantation depth can be
matched to get the SnV closer to the center, while localized
ion implantation could improve the lateral position.
Already at the established coupling, these devices, when
combined with coherent spin control [15,16], may allow for
remote entanglement significantly surpassing the genera-
tion rates obtained the diamond NV center [44,45], opening
up new avenues for scaling quantum networks.

The datasets that support this manuscript are available at
4TU.ResearchData [46].
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