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Two-Stage, Low Noise Quantum Frequency Conversion of
Single Photons from Silicon-Vacancy Centers in Diamond to

the Telecom C-Band
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and Christoph Becher*

The silicon-vacancy center in diamond holds great promise as a qubit for
quantum communication networks. However, since the optical transitions are
located within the visible red spectral region, quantum frequency conversion
to low-loss telecommunication wavelengths becomes a necessity for its use in
long-range, fiber-linked networks. This work presents a highly efficient,
low-noise quantum frequency conversion device for photons emitted by a
silicon-vacancy (SiV) center in diamond to the telecom C-band. By using a
two-stage difference-frequency mixing scheme, spontaneous parametric
down-conversion (SPDC) noise is circumvented and Raman noise is
minimized, resulting in a very low noise rate of 10.4 + 0.7 photons per second
as well as an overall device efficiency of 35.6%. By converting single photons
from SiV centers, it demonstrates the preservation of photon statistics

wavelength quantum repeater node with
trapped ions,’! entanglement of remote
rubidium atom quantum memories via
telecom photons!*! and two-photon inter-
ference from independent NV centers in
diamond,[®! representing an advanced hard-
ware platform for quantum networks.”!
Among the various hardware platforms
for quantum communication, the silicon-
vacancy (SiV) center in diamond stands out
due to a number of favorable properties.!®]
In particular, the long spin coherence
time,®! Fourier-limited linewidths,['% and
excellent coupling to nanophotonic res-
onators with high cooperativityl!'2] en-

upon conversion.

1. Introduction

The vast majority of systems suitable as a quantum emitter or
memory for quantum communications feature optical transi-
tions in the visible and near infrared spectral region, experi-
encing strong absorption losses in optical fibers. For this rea-
son, quantum frequency conversion (QFC) into low-loss tele-
com bands in combination with advanced concepts of quan-
tum communication such as quantum repeaters!™? is the key
enabling technology for long-range fiber-based quantum net-
works. Using this technology, important primitives of quan-
tum network elements were realized recently, e.g., a telecom-
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abled the demonstration of essential ele-

ments of quantum repeaters.'>*) How-

ever, quantum frequency conversion of

SiV photons into the telecom C-Band is
particularly demanding. Direct conversion schemes using a
1409 nm pump beam to reach the target wavelength of 1550 nm
suffer from strong pump-induced noise caused by Raman scatter-
ing and spontaneous parametric down-conversion (SPDC), pro-
hibitive of reaching the single photon conversion regime.!*] Sim-
ilar constraints hold for the direct conversion of photons from NV
centers in diamond, typically pursued employing pump light at
1064 nm.[17-1°]

We present an efficient and low-noise QFC of single SiV pho-
tons following a two-stage conversion scheme. Periodically poled
lithium niobate (PPLN) waveguides are used to first transduce
the SiV photons to an intermediate wavelength, followed by a
subsequent second conversion to the target telecom wavelength.
For the two-stage difference frequency generation, in contrast to
direct conversion, the chosen pump wavelength at 2812.6 nm is
far above the target wavelength. Thereby, we circumvent SPDC
noise and minimize Raman noise.

This two-stage QFC technique was proposed by Pelc et al.l
and firstimplemented by Esfandyarpour et al.?!l in a QFC device
down-converting 650 nm photons to 1590 nm in two cascaded
waveguides integrated on a chip. There, an overall device effi-
ciency of 36% was achieved, however, the converted signal was
not coupled into a fiber, but measured in free space. A further
implementation of two-stage QFC demonstrated conversion of
photons from a trapped Ba* ion at at 493 nm to the telecom C-
band, albeit with efficiencies of a few percent,[??] and, recently, to
the telecom O-band with low noise and 11% overall efficiency.?]

20]
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Figure 1. Schematic representation of the two-stage quantum frequency conversion set-up. Single photons resonant to SiV centers (737nm, red) are
mixed with a strong pump beam (2813nm, blue) and down-converted in two separated periodically poled lithium niobate (PPLN) waveguides. In the
first waveguide conversion to an intermediate wavelength (999nm, green) takes place, which is then subsequently transduced to the target telecom
wavelength (1549nm, purple). By using 90° off-axis parabolic mirrors (OAPM) signal and pump wavelength are simultaneously coupled to the PPLN
waveguide without chromatic aberration. Waveplates (WP) are used to manipulate the polarization of the pump light in the two waveguides and thus
effectively control the pump power contributing to the DFG process in both waveguides independently. Broadband filtering with a bandpass and nar-
rowband filtering with a Volume Bragg Grating (VBG) of 25GHz bandwidth clears the converted signal of pump-induced noise photons before coupling

it into the output fiber.

Another option for avoiding the strong pump-induced SPDC
and Stokes Raman noise during QFC of SiV center photons is
conversion to the telecom O-band, as was recently demonstrated
by Bersin et al.2* using pump and target wavelengths of 1623 nm
and 1350 nm, respectively, and yielding a noise rate of only 1kHz
in a SOGHZz filter bandwidth.

2. Results

2.1. Two-Stage QFC Device

The quantum frequency conversion set-up transduces photons
from a wavelength of 737.1 nm via 998.9 nm to 1549.0 nm in a
two-stage, cascaded difference frequency generation process us-
ing two separate nonlinear crystals and the same pump wave-
length of 2812.6 nm for both conversion stages.

A Cr?*:ZnSe laser (IPG Photonics) is used to generate a high
intensity, single mode, single frequency pump beam. The laser is
tunable in a range of 2808 to 2820nm, however, due to absorption
bands in airl?! not all pump wavelengths are equally suitable.

The experimental set-up is schematically depicted in Figure 1.
It consists of two separate PPLN waveguides (NTT Electronics),
where the single photons and the high-intensity pump beam are
coupled in simultaneously. The waveguides are temperature con-
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trolled via a Peltier element. The individual beams of different
wavelengths are combined and split by means of dichroic mir-
rors (Layertec). In order to be able to set the pump power for both
stages independently, we exploit the fact that only the fraction in
s-polarization is relevant for the type-0 conversion process em-
ployed here. The ideal pump power for each conversion step is
thus adjusted by rotating the polarization of the pump laser light
in front of the waveguides. In contrast to Esfandyarpour et al.l*!]
we do not use two waveguides integrated on the same chip, but
two spatially separate waveguide chips instead. Thanks to this
approach, the temperatures of the waveguides can be set inde-
pendently, and thus the phase-matching temperatures for both
DFG processes do not have to match. Moreover, we can control
the pump power contributing to the conversion in both stages
independently by manipulating its polarization using quarter-
and half-waveplates.

We use 90° off-axis parabolic mirrors (OAPM) to simulta-
neously couple the beams with different wavelengths into the
waveguides, thereby avoiding chromatic aberration. For the
same reason parabolic mirrors have already been used before
in a set-up for polarization preserving frequency conversion by
Krutyanskiy et al.[2] After the first conversion stage, the trans-
mitted pump light and the single photons are separated again
with dichroic mirrors to allow for spectral filtering of the inter-
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Figure 2. Signal depletion of the (a) first and (b) second conversion stage, the latter being limited by the available power of the pump beam. The data

was fitted (red line) according to #jn: (Ppump) = fimax sin? Knorm PpumpL), Where L = 4cm is the length of the PPLN waveguide and the fit parameter

Nmax denotes the maximum internal efficiency.

mediate wavelength and polarization manipulation of the pump.
As lithium niobate shows birefringence, the pump beam may
be elliptically polarized after passing the first conversion crystal.
For this reason, a quarter-wave plate is needed in addition to a
half-wave-plate in order to to obtain an s-polarized pump beam
for the second conversion stage. Noise photons induced in the
first conversion stage are removed using a bandpass filter (Sem-
rock; bandwidth: 234nm). Subsequently, the two wavelengths are
overlapped again and coupled into the second waveguide, where
conversion to 1549 nm takes place. A final dichroic mirror is used
to separate the photons converted to the telecom C-band from the
pump light. Before coupling into a single-mode fiber, a bandpass
filter (Thorlabs) with a bandwidth of 12 nm as well as a volume
Bragg grating (Optigrate, 25GHz full width at half maximum
(FWHM)) clean the converted signal from noise photons.

2.2. Performance of the QFC Device

The conversion efficiency of the device was measured using a
Ti:Sa laser tuned in resonance with the zero-phonon line of SiV
centers at 737.12nm. Here, we achieve an overall external device
efficency of 35.6% + 0.1%, which is the conversion efficiency in-
cluding all filtering and coupling losses, including coupling from
and to single mode fibers. The influence of the different contribu-
tions to the external efficiency is detailed in the following.Internal
efficiencies are 96.4% + 0.1% and 75.8% + 0.1% % for the first
respectively second conversion stage, resulting in an overall in-
ternal efficiency of 73.1% + 0.1%. Internal efficiencies were de-
termined by measuring signal depletion as a function of pump
power for both stages separately, which is shown in Figure 2. As
can be seen in Figure 2b, the internal efficiency of the second
conversion stage from 999 nm to telecom wavelength is limited
by the amount of available pump power. The strong loss of pump
power in the setup is significantly favored by the different absorp-
tion bands present at wavelengths around 2.8um. To begin with,

Adv. Quantum Technol. 2023, 2300228 2300228 (3 of 7)

strong water absorption bands exist in the spectral region of the
pump wavelength, leading to humidity dependent absorption in
air.?] This being said, the wavelength of 2812.6 nm was chosen
to minimize absorption in air, resulting in a loss of about 10%
up to the second waveguide. A second loss channel is given by
absorption losses in the fused silica substrate of the dichroic mir-
rors. For fused silica it is well known that Hydroxy (OH) groups
lead to a strong absorption band in the spectral region around
2750nm.[2-2] In the fused silica used here, this absorption band
was significantly weakened due to a reduced OH content. Still,
for each dichroic mirror an absorption of about 10% is mea-
sured, which is in agreement with the specifications by the ven-
dor. Finally, the PPLN waveguides are also found to be a signifi-
cant loss channel. For LiNbO, doped with 5 mol % MgO and s-
polarized light, absorption coefficients between 0.08cm~'13% and
0.088cm ™13 for the absoprtion maximum at 2826 nm are found
in the literature. For the pump beam, we measured a transmis-
sion of 63% and 68% for the first and second waveguide, respec-
tively. However, we cannot specify the fraction of these losses due
to absorption, since we cannot distinguish between absorption
and coupling losses.

Further contributions to the external device efficiency, i.e.,
losses at spectral filters, mirrors as well as the coupling efficiency
to the output single mode fiber, were all measured separately. The
results are listed in Table 1. This way, we obtain a calculated ex-
ternal efficiency of 34.5% + 0.8%. The slight deviation from the
external efficiency measured directly can be explained by fluctu-
ations in the internal efficiency due to fluctuations of the power
and spectral and spatial mode profiles of the pump laser.

Conversion noise is measured by by setting the pump power
to the optimal operating point and blocking the signal input
while detecting the photon rate in the output fiber with supercon-
ducting nanowire single-photon detectors (SNSPD, Single Quan-
tum). Integrating over 15 min yielded 17.4 + 0.2 cps, of which
12.1 + 0.2 cps can be assigned to dark counts of the detectors.
Substracting the dark counts and correcting by the detection ef-
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Table 1. The individual contributions to the measured external device effi-
ciency of 35.6% + 0.1%. The transmission of the waveguides also includes
the coupling efficiency. The measurement uncertainty, results from fluctu-
ations in pump power and signal power during measurement.

Contribution to external efficiency %

Transmission waveguide stage 1 822+03
Signal depletion stage 1 96.4+0.1
Bandpass 1000/234 96.5+0.3
Transmission waveguide stage 2 843+0.2
Signal depletion stage 2 75.8+0.1
Bandpass 1550/12 98.0+0.9
Volume Bragg grating 97.6 £0.5
Coupling efficiency in telecom fiber 83.0+0.4
Reflection/Transmission other optical components 88.6+1.7
z 345+0.8

ficiency of the SNSPD (72%) and transmission losses to the de-
tector (89%), we get a noise photon rate induced by the pump
during conversion of only 10.4 + 0.7 photons per second or, cor-
respondingly, 0.4 photons per second per gigahertz filter band-
width. These few remaining noise photons can most probably
be attributed to residual Raman scattering. Although the spectral
gap between pump (2812.6nm) and target (1550nm) wavelengths
islarge (2900cm™1), our assumption is supported by the measure-
ment of a non-Lorentzian pedestal for high frequency shifts in
the Raman spectrum of LiNbO; by Pelc et al.*?l showing the pres-
ence of Raman scattered photons at frequency shifts of 1600 cm™
and above. By comparison, for the two-stage QFC set-up of Es-
fandyarpour et al.l?!l noise was estimated as 1.5 photons/s/GHz
from measured Raman spectra (spectral gap: 1740cm™). The re-
sults are in good agreement as for the converter presented here
a lower Raman noise is expected due the larger spectral gap be-
tween pump and target wavelength.

2.3. Single Photon Conversion

To demonstrate the low-noise performance of the two-stage QFC,
we here prove the preservation of single photon statistics by mea-
suring the second order auto-correlation function g (r) before
and after conversion. It has to be noted that the experiment was
performed with an earlier version of the quantum frequency con-
verter at that time achieving 29% external efficiency and a higher
noise photon rate of about 500 cps. The latter is due to the fact
that the Volume Bragg Grating had not yet been integrated in the
device and only a bandpass with 12 nm bandwith was used as a
filter in front of the output fiber. Despite the higher noise count
rate of the converter preservation of the single photon character
is unambiguously shown.

Single photons were created from a sample consisting of dia-
mond nanopillars containing SiV centers. The sample was cooled
down in a helium flow cryostat to about 10K. Under non-resonant
excitation at 532nm, we obtained a photon rate of about 5.5¢5 cps
collected into a single-mode fiber. The emission spectrum shown
in Figure 3a reveals the characteristic four line fine structure of
the SiV center.
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Photon correlation measurements are performed using
Hanbury-Brown Twiss (HBT) setups with avalanche photodi-
odes (APD, Excelitas Technologies) for photons at 737 nm and
SNSPDs (Single Quantum) for telecom photons. For the un-
converted single photons a nonlinear least squares fit using a
Levenberg-Marquardt algorithm yields a dip of the g?(r) func-
tion to g®(0) = 0.48 +0.03, see Figure 3c. The non-vanishing
value of the gi?-function for = = 0 can be fully accounted for by
the jitter of the detectors and the background fluorescence of the
sample. Using the signal-to-background (SBR) ratio as free fit
parameter and setting the jitter to the 550ps specified for of the
APDs, the fit result indicates a SBR of 7.5dB with the 95% con-
fidence interval ranging from 6.5 to 8.8dB. This is in agreement
with the value of 8.5dB calculated from the measured spectrum
in Figure 3a by fitting the background fluorescence from the sam-
ple with a a super-Gaussian and a sum of Lorentzian peaks.

Due to the QFC device acceptance bandwidth of 77 GHz only
one fine structure line of the SiV spectrum can be converted.
Since of all four fine structure lines most of the intensity is emit-
ted into the C-transition, the acceptance bandwidth of the con-
verter was centered around the C-transition at 737.12 nm by tun-
ing the temperatures of the nonlinear crystals. As expected, the
spectrum of the converted photons in 3b shows a single peak at
1549nm. After conversion to telecom wavelength, the measure-
ment of the g (z)-function (cf. Figure 3d reveals a single photon
purity of g (0) = 0.24 + 0.08 which is better than for the uncon-
verted photons. There are two reasons for this: On the one hand,
the SNSPD’s jitter of 310ps (FWHM) is significantly lower com-
pared to the APDs that were used for the unconverted photons.
Second, and despite the additional noise photons induced by the
pump light, we in total get a higher signal-to-background ratio
due to the spectral filtering of the SiV background by the 77GHz
acceptance bandwidth of the QFC device. Within the 77GHz
acceptance bandwidth the background fluorescence is negligi-
ble compared to the signal. The signal-to-background ratio of
the converted photons is thus determined by the pump-induced
noise during conversion. In this experiment, of the 20keps sin-
gle photon rate detected by the SNSPDs, 500cps was due to
conversion-induced noise, hence, yielding a signal to noise ratio
of 15dB for the converted photons. This estimation is consistent
with the fit result of the gi?-function, yielding a SBR of 11.5dB
with the 95% confidence interval ranging from 8.4 to 18.4dB.

Note that the g®)-measurement of the converted photons looks
much more noisy compared to the unconverted photons, since
only about 20 keps of the 550 keps emitted by the SiV center are
left after conversion. This can be explained as follows: First, the
acceptance bandwidth of the converter implies that only the C-
transition of the fine structure can be converted containing only
about 40% of the total emission by the SiV center. Second, the
conversion of the SiV photons took place in a different laboratory
than the excitation of the emitter and photon collection. Due to
losses at optical fiber patches, the transmission of the intercon-
necting fiber is about 61%. Another loss factor is the 29% device
efficiency of the converter. Eventually, the detection efficiency of
the SNSPDs used in this experiment is 35%, which is lower than
the 60% efficiency of the APDs. Combining all these factors yields
for the converted photon rate: 550keps - 0.4 - 0.61 - 0.29 - % =
23 keps, which corresponds very well to the count rate during the
g¥-measurement.
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Figure 3. a) Spectrum of the SiV center used for conversion in semilogarithmic representation. A bandpass filter with a central wavelength of 735 nm
and a linewidth of 11 nm is used as the detection filter. In orange the background flourescence from the sample is fitted with a super-gaussian and a
sum of lorentz peaks. The signal-to-background ratio (SBR) is obtained by dividing the background subtracted signal and the background. b) Spectrum
of the single SiV photons after conversion. Due to the acceptance bandwith of 77(4) GHz only the C-transition of the SiV center is converted. The
linewidth of the converted spectrum is limited by the spectrometer’s resolution of about 20 GHz. c) g®-measurement of the unconverted photons. d)
g®)-measurement of the converted photons. The signal-to-background ratio is extracted by a fitting routine that uses the jitter of the detection unit as a

fixed parameter.

3. Conclusion and Outlook

In conclusion, we have shown a very low-noise yet highly effi-
cient quantum frequency conversion device for converting pho-
tons resonant to silicon-vacancy centers in diamond to the tele-
com C-band. We used a two-stage conversion scheme, where pho-
tons are first converted to an intermediate wavelength followed
by a subsequent conversion to the target wavelength. In this way,
we succeeded in achieving a very low conversion induced noise
rate of 10.4 + 0.7 photons per second or, taking into account the
25GHz filter bandwidth, 0.4 photons per second per Gigahertz
filter bandwidth. This small noise level should be compared to the
direct, one-stage conversion of attenuated laser pulses at 738 nm
to the telecom C-band, which resulted in a noise rate of about
4007000 photons per second in a 95GHz filter bandwidth.['®] Even
though it was possible to reduce the noise rate by additional tem-
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poral filtering, a minimum noise level of 2000 photons per sec-
ond or, equivalently, 21 photons per second per Gigahertz was
achieved. This in addition required a reduction of the pump
power and thus the internal efficiency to about 60%. The low
noise level demonstrated here also favorably compares to other
QFC schemes at shorter wavelengths.[1719-21-23]

The overall device efficiency of 35.6% is mainly limited by the
pump power being absorbed in the optical components of the de-
vice, since the pump wavelength is in the range of the absorption
bands of air, fused silica, and lithium niobate. As a result, the re-
maining pumping power in the second conversion stage is not
sufficient to achieve maximum conversion efficiency, leading to
an internal efficiency of only 76% in the second stage.

By increasing the pump power in the second conversion stage,
either by using a more powerful pump laser or components with
lower absorption, an internal efficiency of the second stage of
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90% or more is expected. Assuming further that it is possible to
achieve the same coupling efficiencies as have been achieved in
[33] for 780 nm photons, i.e., 87.6% for fiber coupling and 90.0%
for waveguide coupling, an improvement of the overall device ef-
ficiency to about 50% should be feasible for a two-stage SiV con-
verter.

Finally, we successfully converted single photons emitted by a
silicon-vacancy center in diamond and demonstrated the preser-
vation of the single photon statistics upon conversion. Despite
the conversion-induced noise photons, the single photon pu-
rity improved to a value of g?(0) = 0.24 + 0.08 after conversion,
which can be explained by the spectral filtering of the background
fluorescence within the conversion process. The single photon
conversion results presented here for an early version of the con-
verter are potentially further improved by the better noise perfor-
mance of the final device.

A key feature of quantum frequency conversion is the abil-
ity to convert distinguishable photons from different SiV cen-
ters at distinct wavelengths to a common telecom wavelength
making them indistinguishable (see e.g., [34]). For samples in
which SiV centers are created by implantation, the zero phonon
line transitions may show inhomogeneous distributions of more
than 1THz.I**] To compensate for a frequency offset of 1THz, the
pump would have to be detuned by 500GHz or, correspondingly,
by 13nm. Due to the presence of multiple absorption bands in
the spectral range around 2.8ym such a large pump detuning
may potentially result in a very high absorption and low conver-
sion efficiency. However, for high quality samples, in which Siv
centers are created during the diamond growth process, inhomo-
geneous distributions of 500MHz[3*] are obtained, requiring only
about 7pm of pump detuning, which does not affect the device
efficiency at all.

Looking ahead, the two-stage conversion design presented
here can also be used to convert single photons of other single
quantum emitters or qubit systems that suffer from similar high
noise rates after direct, one-stage quantum frequency conversion,
e.g. the nitrogen-vacancy!'’! and the tin-vacancy center!*®! in dia-
mond, emitting at 637 nm and 619 nm, respectively.
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