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Modifying light fields at single-photon level is a key challenge for upcoming quantum technologies
and can be realized in a scalable manner through integrated quantum photonics. Laser-written
diamond photonics offers three-dimensional fabrication capabilities and large mode-field diameters
matched to fiber optic technology, though limiting the cooperativity at the single-emitter level. To
realize large cooperativities, we combine excitation of single shallow-implanted silicon vacancy cen-
ters via large numerical aperture optics with detection assisted by laser-written type-II waveguides.
We demonstrate single-emitter extinction measurements with a cooperativity of 0.153 and a beta
factor of 13% yielding 15.3% as lower bound for the quantum efficiency of a single emitter. The
transmission of resonant photons reveals single-photon subtraction from a quasi-coherent field re-
sulting in super-Poissonian light statistics. Our architecture enables single quantum level light field
engineering in an integrated design which can be fabricated in three dimensions and with a natural

connectivity to optical fiber arrays.

INTRODUCTION

Color centers in diamond are fast becoming an estab-
lished platform for solid-state based quantum communi-
cation and quantum sensing [I]. These color centers offer
optically addressable electronic spin qubits [2], access to
nuclear spins [3, 4], which can serve as quantum mem-
ory [5,[6], and can be created in deterministic approaches
[7H9]. Their potential for the realization of quantum net-
works is highlighted by the recent realization of a three-
node quantum network with nitrogen vacancy (NV7)
centers [I0] and a quantum memory node with a silicon
vacancy (SiV™) center [II]. Integration into photonic
platforms with efficient coupling and access to a quan-
tum optical non-linearity is a key challenge to facilitate
scalability and robust operation for beyond-demonstrator
implementation [I2]. Diamond-based nanophotonics has
reached the highest level of complexity [I3HI5], includ-
ing new design paths such as inverse engineering [16].
Its performance is ultimately limited by the demands of
complexity and, in particular, on the required purity of
the fabrication process. Working with photonics with
larger mode-field diameters and therefore larger distance
of the color center to the diamond surface would help
to reduce the requirements on the fabrication process
but inevitably leads to a reduced light-matter interac-
tion strength prohibiting applications in the quantum
regime. Another approach is hybrid quantum photon-
ics, which offers the advantage of separate optimization
of the photonics and the quantum emitter. However, the
hybrid approach relies on elaborate manual functional-

ization [I7HI9)].

Laser-written photonic structures in diamond, based
on type-II waveguides, offer a scalable pathway [18], rapid
fabrication, and enables incorporation of color centers
[20]. The laser-written waveguides can be adapted to a
broad wavelength range and extended to more complex
photonic structures such as beamsplitters [2I], Bragg-
mirrors [22] and 3D structures [21, 23]. To functionalize
the platform, NV~ centers have been created on demand
by laser iradiation [24] or by shallow ion implantation
into the front facet [25]. However, the intrinsic coopera-
tivity of laser-written photonics is still low owing to the
relatively large mode-field diameter, therefore prohibit-
ing non-linear effects on the single photon single emitter
level.

Here, we overcome this limitation by exciting individ-
ual emitters with a high numerical aperture (NA) while
the detection is realized with laser-written waveguides in
diamond. This combination facilitates a high cooperativ-
ity and, at the same time, efficient light field engineering
on chip and in three-dimensional waveguide arrays. We
begin by functionalizing the waveguides with SiV~ cen-
ters, one of the group-IV color centers in diamond, with
a high coherent photon flux due to its high Debye-Waller
factor [26] 27], an exceptional spectral stability due to
its inversion symmetry [28], [29] and coherent optical con-
trollability [30H32]. Due to the strong interaction with
light, single SiV™ centers can significantly modify weak
light fields. We first perform extinction measurements to
quantify the light-matter interaction on the single emit-
ter level. We then use the coupled system to subtract



individual photons from a quasi-coherent light field in
order to create a light field with super-Poissonian light
statistics. Our results open the door for scalable, on-chip
light field engineering on the single photon level.

EXPERIMENTAL SETUP

We use laser-written type-II waveguides in an elec-
tronic grade diamond slab of dimensions 2mm x 2mm X
0.3mm. Each waveguide consists of two walls, indicated
by the black lines in the sketch of the experimental setup
in fig. [1| (a) and (b). These walls are created by fem-
tosecond laser-writing [20, 33| [34] and are optimized for
a transmission wavelength of 738nm, corresponding to
the zero phonon line (ZPL) wavelength of the SiV~ cen-
ter. Similar to previous experiments with NV~ centers
[25], the defect centers are created by shallow ion im-
plantation into the front facet of the waveguides (see fig.
(a)) [35]. In order to obtain spectrally stable emit-
ters we anneal the sample at 1000°C after implantation.
For more information on the implantation and annealing
procedure, see supplementary information.

The presence of the waveguide walls induces strain on
the SiV™ centers, which not only shifts the wavelength
of the ZPL but also increases its ground state and ex-
cited state splitting [36]. The energy level scheme of
the SiV™ center with its characteristic four-line structure
(transition A to D) is shown in fig. [1| (¢). The strain-
induced shifts that we observe are also shown in this level
scheme. We observe a ground and excited state splitting
of 126GHz and 348GHz, respectively.

The experimental setup, illustrated in fig. [1| (b), can
be divided into two parts, the reflection and transmis-
sion path. A 0.25 NA objective aligned with one of the
waveguides is used in the transmission path to collect
the SiV™ emission coupled into the waveguide. We have
confocal access via the reflection channel (0.9 NA), where
the facet of the sample can be scanned using off resonant
532nm laser excitation or on-resonance with a tunable
laser excitation source. Both transmission and reflec-
tion paths can be used in Hanbury Brown-Twiss (HBT)
configuration to perform correlation measurements. All
measurements are conducted at 5K in a flow cryostat.

DEVICE CHARACTERIZATION

First, we map the waveguide mode by scanning the
high-NA objective for excitation in the reflection path
with a 738nm laser and collect the coupled laser light via
the transmission channel. The mode profile is depicted
in fig. |2] (a), where the black vertical bars correspond
to the walls of the waveguide. Next we excite a sin-
gle defect center resonantly using 739.338nm laser light.
The position of the defect center is indicated within the
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Figure 1.  Experimental outline. (a) Schematic depiction

of single photon coupling in the diamond waveguide. Here,
the guidance of the excitation laser and the photon emission
of a single shallow implanted SiV~™ center is depicted. (b)
Setup sketch, where the emitter is excited in the reflection
path. Each detection path, in reflection and transmission, is
equipped with two single photon detectors in HBT configu-
ration. (c) Energy level structure of the utilized SiV™ defect
center. Here, the ground and excited state splitting is shown
for the zero strain case and the strain induced splittings that
we observe.

waveguide mode, together with a high resolution confocal
scan performed in reflection. The polarization pattern of
the waveguide (see fig. [2| (b)), measured at the waveg-
uide mode maximum, is aligned at (170.5+2.4)°. To
test the polarization selectivity of the waveguide, we res-
onantly excite two different SiV~ defect centers (Line 1
and 2) near the transmission maximum of the waveguide
and detect their respective phonon side bands (PSBs) in
both detection channels. The detection in the reflection
channel gives us the fluorescence signal independent of
the waveguide transmission properties and allows us to
compare it to the signal guided through the waveguide
(transmission channel), which is polarization selected ac-
cording to the waveguide properties. Accordingly, the
polarization supported by the waveguide transmission is



more pronounced in the transmission signal. Two dis-
tinct features are the broad and the local mode with en-
ergy differences of 41meV and 64meV from the ZPL, re-
spectively [37]. The measured PSBs of both Line 1 and
2, are shown in fig. [2[ (¢). In reflection, the PSB appears
almost identical for both lines. In transmission, the lo-
cal mode of Line 1 is much less visible compared to the
41meV mode and the reflection signal. The local mode
of Line 2, on the other hand, is transmitted much better,
which means that Line 1 is polarized differently than Line
2. The PL spectrum of the SiV™ center is shown in fig.
(a). The labels A to D denote the transitions illustrated
in fig. [1] (¢). For resonant excitation we use transition
D. The polarization pattern for the emission dipole of
transition D and the local mode is plotted in the inset
of fig. |3 (a). Note that the polarization pattern of the
local mode matches the waveguide polarization almost
perfectly, while due to strain the polarization of transi-
tion D is tilted by 45°. For comparison and later analysis
of the emitter coupling to the waveguide, we perform a
PLE scan of transition D in reflection and transmission
with a long scan time of 100s, shown in fig. 3| (b).

EXTINCTION MEASUREMENT

In a next step, we perform an extinction measurement
on transition D where the waveguided excitation laser
as well as the fluorescence is detected in transmission
(see figure [1| (a)). The principle of this measurement is
based on interference in the far field between the coher-
ent excitation field (resonant laser) and coherent photons
originating from resonant fluorescence (SiV~ center) [3§].
We use a 13nm bandpass filter centered around 740nm
to select the coherent single photons from the ZPL tran-
sition, as well as the coherent laser photons. We sweep
the laser frequency across transition D. The resulting in-
terference effect is presented in the top panel of fig. [3]
(c). Here, each data point in fig. (¢) contains the
averaged count rate of a 30 second count trace per fre-
quency step. We neglect higher order modes that couple
weakly to the waveguide and use the Ansatz of single
mode interference between the driving field Eppr and the
resonance fluorescence Frp of the SiV™ center. In this
picture the resonance fluorescence field can be described
as Epp = aS(A)Eprexp (i), where o and ¢ are the
relative weights between both fields and their relative
phase [39]. The Lorentzian response of the fluorescence
spectrum is given by

S(A) = gy 1)

1— 247
¥
where A describes the frequency detuning from the res-
onance and v is the FWHM of the fluorescence line shape.
Therefore, the detected intensity Iqe¢ is proportional to

Lger (A) o |1+ S (A) exp (i), (2)

which we use to fit the data as illustrated in fig. |3 (c).
Due to the long measurement time, the resulting dis-
persive line shape contains the inhomogeneous linewidth
of the emission line as seen in the inset of fig. (c).
The measurement time for the displayed PLE scans is
3.5s and 100s for the narrow and the broad line respec-
tively, according to a linewidth of (154 +7)MHz and
(354 = 9) MHz. The FWHM of the extinction curve is
(360 + 60) MHz.

We use excitation powers of 0.4pW, well below the
saturation powers reported for SiV centers in bulk di-
amond [40, 41]. Therefore, the condition for low power
Q. /T = 0.00249 < 1 is satisfied, where Q. is the Rabi fre-
quency and I' the total spontaneous emission rate. The
relation between the relative transmitted intensity T at
resonance and the cooperativity C' in this limit can be
described as T ~ (C +1)"% [42]. To simulate the ex-
pected behavior of our system for different phase shifts
o, we extrapolate the relative phase in eq. from 7
to 27, see lower panel of fig. [3| (¢). By considering the
relative phase of 7, which represents the absorptive case,
we can extract the value of the transmission intensity at
resonance to T' = 0.752 + 0.017. This results in a coop-
erativity of C' = 0.153 4 0.013, which describes a lower
bound for the quantum efficiency (QE) of the investi-
gated emitter [39], since the line broadening and the ZPL
branching ratio [39] 42] have an effect on the cooperativ-
ity, but not on the quantum efficiency. The lower limit
for the QE determined in this way is in agreement with
values from previous reports [14, 43, [44]. As depicted in
fig. [3| (c), we observe line broadening beyond the lifetime
limit (154MHz/360MHz = 0.43). The beta-factor

C

B=11c

(3)
effectively describes the coupling efficiency of the SiV™
center’s photon emission to the excitation laser coupled
into the waveguide. Using the same approximation as for
the cooperativity, the beta-factor is given by the fitting
variable a from eq. , £ =0.13+£0.01. The relative in-
tensities found for the PLE measurement in transmission
and reflection, compare to fig. [3| (b), lead to a relative
coupling efficiency of 7, = 0.115 £ 0.007 and are in
agreement with the results of a previous study [25].

SUPER-POISSONIAN LIGHT STATISTICS BY
SINGLE PHOTON ABSORPTION

Now we turn to the quantum non-linear character of
the SiV~-waveguide system. Therefore, we measure the
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Figure 2. Device characterization. (a) Confocal scan (detected in transmission) of the the waveguide, to map the waveguide
mode. The laser wavelength is set to 738nm and the polarization is set to the polarization of the waveguide. The inset shows
a confocal scan of the SiV center in reflection at resonance (A = 739.338nm) and the markings reveal the position of the defect
center within the waveguide. (b) Polarization dependence of the waveguide, measured in the same configuration as in part (a),
but the laser is placed at the waveguide mode maximum. (c¢) Spectrum of the PSB for the PLE measurement for two different
transitions, Line 1 at 738.404nm and Line 2 at 738.327nm, in reflection and transmission for comparison. The grey shaded area

denotes the local mode at 64meV.

autocorrelation of the transmitted signal in a HBT con-
figuration. First, we measure the autocorrelation in re-
flection by exciting the defect center at resonance and
detecting only the PSB (see fig. {4 (a)). Since g (0)
is well below the threshold of 0.5 for a single photon
emitter, we conclude that only a single defect center is
excited. The transmission signal, obtained under identi-
cal conditions as the extinction measurement but for a
quasi-coherent field in fig. [3| (¢), should now be modified
by the non-linearity of the single photon transition of the
SiV™ center. In order to investigate the non-linearity,
we work with sufficiently low laser powers, so that the
driving field is a quasi-coherent state with non-negligible
single- and two-photon contribution. Within the fluores-
cence lifetime of the emitter, the quasi-coherent field has
a mean photon number of 0.00223, which is determined
with a power meter. Hence, the quasi-coherent state,
normalized to the emitter’s lifetime, is described by

_lol® o a®
% >y n)
a)=c¢e n
n:O\/a

= 0.9989 |0) + 0.0472[1) + 0.0016 |2) + ...

In the case of large photon-atom interaction a low photon
flux of the excitation field can saturate the defect center’s
transition and a single SiV™ center can modify the out-
put field. Consequently, single photons are removed from
the quasi-coherent state resulting in a super-Poissonian
light statistic of the transmitted light. In this case a
bunching behavior at zero time delay is expected in the
HBT correlation measurement, as confirmed by the au-
tocorrelation measurement presented in fig. [4] (b). We

use

T

g (1) =1 — ae 347 cos Qp |7 + S sinQr|7] ],
40

(4)

to fit the antibunching curve, since we excite the transi-
tion with a strong driving field [45], where T is the emit-
ters fluorescence decay rate, Qp = (Q2 — (I/4))95 is the
damped Rabi frequency and 2. is the Rabi frequency.
To evaluate the bunching behavior in the transmission
measurement, we use the fit function

g P (1) =1+ae T, (5)

At zero time delay we get g(® (0) = 1.17 + 0.02. The
bunching behavior is confirmed by two other measure-
ments as illustrated in the supplementary information.
As control we measure the correlation function for the
laser (far detuned from resonance) which results in a
flat line, with ¢(® (1) = 1 as expected for a coher-
ent state (see supplementary information). With that
we can confirm that the observed super-Poissonian light
statistic of the investigated defect center is the result
of single photon interference in the far field (detector
location)[39] [42] [46].

DISCUSSION AND OUTLOOK

In summary, by combining high-NA excitation with
waveguide-assisted detection we achieve a high coopera-
tivty for laser-written diamond photonics despite its large
mode-field diameter. We present evidence for a single
photon non-linearity in a laser-written SiV~-waveguide
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Figure 3. Resonant transmission (a) PL spectrum of the emitter (excited with 532nm). The spectrum is background corrected
and normalized to the maximum value of the corresponding fit function. The first peak in the spectrum, indicated by the dashed
line, belongs to a second emitter within the confocal spot of the excitation laser. The inset polar plot shows the emission dipole
of transition D (blue curve, off-resonantly excited) and the local mode (red curve, resonantly excited at 739.338nm). (b) PLE
scan of the emitter with a center wavelength of 739.338nm detected in both, the reflection and transmission channel. (c)
Resonant transmission spectrum. The upper panel shows the measured transmission spectrum of the defect center waveguide
system, where for each data point a 30 second count trace was recorded. Here the dashed line is the resulting fit function
fitted with eq. and the blue area represents the corresponding error margins. In the inset, two PLE scans of the emitter
are presented to show the effect of spectral diffusion, where one is quickly scanned over the resonance (narrow line) and the
other scan took several minutes. In the lower panel we show the expected behavior for the extinction measurement, when the
relative phase of the local oscillator and the emitter is tuned from 7 to 27, with our measurement (dashed line) as reference.

system, where the non-linearity arises from the interac-
tion between the quasi-coherent excitation field and the
resonant fluorescence of the defect center. We perform an
extinction measurement on the SiV~-waveguide system
in order to extract the cooperativity of 15.3% yielding
the lower bound of a single emitter’s QE. Furthermore,
we probe the polarization-selectivity of the system. Ulti-
mately, we demonstrate super-Poissonian light statistics
originating from single photon subtraction of a quasi-
coherent light field. This opens a new path to the long-
standing goal to engineer light at the single photon level.

In the future, controlling the phase between excita-
tion and emission path will further enable switching be-
tween single photon subtraction and addition leading to
the engineering of arbitrary, nonclassical light fields [47].
The non-classical light field engineering could build on
the ability to laser-write advanced photonic components

such as Y-beamsplitter and Bragg-gratings [21], 22] and
benefits from the three-dimensional writing capabilities.
Functionalization of multiple waveguides by wide-field
implantation of the front facet enables scalable quantum
technology and good optical access via standard opti-
cal fibers. Extending Y-beamsplitters to X-beamsplitter
facilitates, together with the high degree of indistin-
guishability of single photons emitted from SiV~ centers,
on-chip Hong-Ou-Mandel interference [29] and the con-
struction of path-entangled light fields for applications in
quantum metrology, such as super-resolution phase esti-
mation beyond the standard quantum limit [48].
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Figure 4. Second order correlation measurements in reflec-
tion and transmission. (a) Results of a second order corre-
lation measurement in reflection at resonance (739.338nm)
with a SiV™ center ZPL transition, where only PSB pho-
tons are detected. Here, a fitted value of g (0) < 0.5 cor-
responds to single photon emission by the defect center. (b)
Correlation measurement at resonance with the same tran-
sition, detected in transmission (740/13nm BP). Here, the
quasi-coherent laser light is correlated with the emitters fluo-
rescence, which is guided through the waveguide (compare to
fig. [1{ (b)). At zero time delay bunching is clearly visible. The
determined error margins are indicated by the highlighted red
and green areas respectively.
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