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We demonstrate efficient (>30%) quantum frequency conversion of visible single photons (711 nm)
emitted by a quantum dot to a telecom wavelength (1313 nm). Analysis of the first- and second-order
coherence before and after wavelength conversion clearly proves that pivotal properties, such as the
coherence time and photon antibunching, are fully conserved during the frequency translation process.
Our findings underline the great potential of single photon sources on demand in combination with
quantum frequency conversion as a promising technique that may pave the way for a number of new

applications in quantum technology.
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Quantum frequency conversion (QFC), a nonlinear
optical process in which the frequency of a quantum
light field is altered while conserving its nonclassical cor-
relations, was first demonstrated 20 years ago [1]. The
majority of QFC experiments [2-7] that have been per-
formed so far focused on quantum frequency up-
conversion to efficiently translate telecom light to visible
wavelengths. Here it was experimentally proven that pho-
ton entanglement [4] and antibunching of light from a
single quantum emitter [5,8] are not destroyed by this
nonlinear process. Very recently, also Hong-Ou-Mandel-
type two-photon interference was demonstrated before and
after frequency up-conversion [8]. In contrast to up-
conversion, interest in the reverse process, quantum fre-
quency down-conversion (QFDC), began to grow only in
recent years [9-16]. Two seminal experiments recently
demonstrated QFDC of heralded single photons and en-
tangled photons either retrieved from a quantum memory
[14] or produced via spontaneous parametric down-
conversion [16].

QFC is an enabling technology for many applications in
the field of quantum communication: for the realization of
quantum repeaters [17-19], different system components
such as quantum memories and quantum processors have
to be linked by long-haul quantum networks requiring
telecom photons as low-loss flying qubits [9,11,13,20].
Although there has been impressive progress in the real-
ization of telecom-wavelength quantum memories [21,22],
most of the current implementations of efficient quantum
memories work in the visible spectral range [23]. Thus,
bridging the gap between the wavelengths of system com-
ponents and flying qubits requires efficient and faithful
QFC of single photons. Furthermore, QFDC allows for
the realization of a wavelength tunable on-demand single
photon source at telecom wavelengths by combining a
quantum emitter in the near-infrared with QFDC and the
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implementation of single-photon wavelength division mul-
tiplexing for quantum key distribution [24].

In this Letter we present, as a proof-of-principle experi-
ment, QFDC of visible single photons using difference
frequency generation (DFG) in a Zn-doped periodically
poled lithium niobate (Zn:PPLN) waveguide (WG) [25].
The visible photons in our experiment are emitted by a
single quantum emitter, namely, an InP/GalnP quantum
dot (QD), and no heralding is used. The process is de-
scribed by 1/Ay, — 1/4, = 1/Agy, where Ay, = 711 nmis
the wavelength of the input light field from the QD, A, =
1313 nm is the wavelength of the down-converted output
field, and A, = 1550 nm is the wavelength of a strong
classical pump field. InP/GalnP QDs offer the opportunity
of direct electrical excitation [26] which is advantageous
for operation in optical communication systems. The long-
wavelength pumping scheme is chosen to minimize noise
background around A,,; due to Raman scattering
[6,11,13,15].

Figure 1(a) shows a schematic of our experimental setup
which can be divided into three parts: a confocal micro-
scope for investigation of the QD sample, a frequency
conversion stage including the Zn:PPLN WG chip, and a
spectral filtering stage for narrow spectral filtering of the
down-converted signal. Using single photon input from a
QD at a rate of ~188400 s~!, we measure the efficiency
Morc of our frequency conversion setup as a function of the
pump power P, at 1550 nm that is coupled into the WG
[Fig. 1(b)]. We define norc = @/ Py, Where @, is the
flux of visible photons at the entrance of the conversion
stage and @ is the flux of telecom photons at the output
of the wavelength division multiplexer (WDM?2) after the
spectral filtering unit. For single photon detection at the
input and output sides, we use silicon avalanche photo-
diodes (Si-APDs) in the visible and NbN superconducting
single photon detectors (SSPDs) at telecom wavelengths,
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FIG. 1 (color online). Frequency down-conversion of nonclassical light emitted by a single QD. (a) Experimental setup. The
confocal microscope consists of a liquid helium (LHe) continuous flow cryostat containing the QD sample at a temperature of 12 K. A
bias-voltage of 3.20-3.47 V is applied to the QDs which are additionally optically excited using an average power of 160 nW at 590 nm
from a pulsed fs optical parametric oscillator (OPO) with 80 MHz repetition rate [35]. Optical excitation and collection of
photoluminescence (PL) emitted by a QD are performed using a 100X microscope objective with numerical aperture NA = 0.8.
We collect up to 188400 photons/s into a single-mode fiber (SMF600). A silica etalon can be inserted optionally for narrow-band
filtering of the PL. Two long-pass filters prevent residual excitation light from entering the fiber. For frequency down-conversion, the
visible photons are coupled into the Zn:PPLN ridge waveguide together with a strong pump beam at 1550 nm provided by a
continuous-wave OPO (see the Supplemental Material [27]). The converted photons are spatially separated from the strong pump light
and from residual visible photons by a prism and a pinhole and are coupled into a standard telecom fiber (SMF28). To suppress residual
pump light and noise background around the target wavelength A, we additionally use a spectral filtering setup composed of a fiber-
optic circulator, a fiber Bragg grating (FBG) centered at 1312.714 nm (— 1.0 dB reflection bandwidth: 0.755 nm) and two
1310 nm/1550 nm wavelength division multiplexers (WDMI1 and WDM2). SMF: single mode fiber, PC: polarization control,
HWP: half-wave plate, PBS: polarizing beam splitter, BC: beam combiner, AL: aspheric lens. (b) Total efficiency and SNR of the
frequency conversion setup calculated from measured data using single photon input from a QD. (c) Spectral acceptance bandwidth of

the DFG process measured for 2 mW input power around 710.74 nm from a tunable cw Ti:sapphire laser. For further details, see the
Supplemental Material [27].

respectively (see the Supplemental Material [27]). The data

are fit using norc(P,) = n&f‘c")mnz(mL), where
Npor = 115%/(Wcm?) is a normalized efficiency and
L =4 cm is the length of the WG [3]. The point of
maximum conversion is reached at P, = 150 mW with

178;‘3‘) = (.32, i.e., more than 30% of the fraction of the
QD emission that can be coupled into a single-mode fiber
is frequency down-converted in our setup. This corre-
sponds to an internal efficiency for photons being con-
verted inside the WG of 7;,, = 0.64. At the same time,
the ratio of converted photons to noise photons (signal-to-
noise ratio, SNR) is larger than 20:1 [Fig. 1(b)]. This
unique combination of high conversion efficiency and
high SNR enables faithful conversion of single photons.
The internal efficiency m;, is ultimately limited by the
nonperfect spatial overlap of the red and infrared light

nonlinear process. To illustrate the effect of spectral filter-
ing Fig. 2 shows a comparison of three photoluminescence
(PL) maps along with their corresponding spectra.
Figures 2(a) and 2(b) were recorded without spectral filter-
ing. Several QDs can be identified on the map of Fig. 2(a).
It is evident from the spectrum in Fig. 2(b) that a certain
amount of background is still collected through the single-
mode fiber. In order to select a single emission line from a
single QD we insert a 56 um-thick silica etalon (Finesse
F = 42, free spectral range 1.85 THz) as a narrow band-
pass filter into the beam line of the visible PL light. This
situation is represented in the map in Fig. 2(c) and the
spectrum in Fig. 2(d). The etalon clearly suppresses PL
from other QDs. The map in Fig. 2(e) was recorded by
detecting converted IR-light employing a SSPD. In this
case no etalon filtering of the visible input light was
applied. However, from the IR-map and its related spec-

fields in the WG, whereas the overall efficiency ngpc
additionally depends on coupling and filtering losses
[27]. The acceptance bandwidth of the DFG process,
as seen in Fig. 1(c), is determined to be AA = 0.092 nm
or Av = 54.6 GHz (full width at half maximum) repre-
senting a narrow spectral bandpass filter inherent to the

trum in Fig. 2(f), one recognizes that the acceptance band-
width of the DFG process in combination with the fiber
Bragg grating (FBG) represents a narrow and efficient
bandpass filter with high sideband suppression. No back-
ground or further emission lines are found in the IR spec-
trum. Thus, for the experiments described in the following,
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FIG. 2 (color online). PL maps with corresponding spectra.
(a),(c),(e) Same 6 X 6 um detail of the QD sample. Maps (a)
and (c) were recorded by scanning the xy position of the sample
and directly detecting the visible PL from the QD using a
Si-APD (a) without and (c) with etalon filtering. Map (e) was
obtained by scanning the same sample area but detecting
the down-converted light at 1313 nm with a SSPD. (b),(d),
(f) Spectra that were measured by setting the xy position of
the sample to the point corresponding to the maximum intensity
of the central QD. (b),(d) Visible PL spectrum without and with
etalon filtering, respectively. The two prominent lines in (b),
separated by 1.45 nm (3.54 meV), are attributed to exciton (X)
and biexciton (XX) transitions. (f) Converted spectrum illustrat-
ing the effect of spectral filtering by a combination of DFG
acceptance curve and FBG.

no etalon filtering was used for the telecom photons
whereas the red photons were always filtered.

Many implementations of quantum communication us-
ing single photons exploit their phase coherence [19,28]. In
this context, it is crucial to conserve temporal coherence
during the frequency conversion process. This effect was
previously measured for frequency down-conversion of
weak coherent states [13]. The degree of first-order coher-
ence of a light field is given by gV (7) =(E~()E* (t + 7))/
(E~(t)E* (1)), where E~(r) and E* () are electric-field op-
erators and 7 is a time delay. We measured gV(7) of the
single photons and determined the coherence time 7, em-
ploying a Michelson interferometer (see the Supplemental

Material [27]). The result is plotted in Fig. 3(a) for the
711 nm input photons and the 1313 nm output photons.
The visibility as a function of the time delay follows an
exponential decay exp(—|7|/T,) as expected for a
Lorentzian line shape of the QD emission. From the decay
rate we find a coherence time of Té“s) = 42 * 17 psfor the
visible photons. Interpreting the first-order coherence as an
instantaneous linewidth, i.e., as short-term frequency fluc-
tuations, we can give a worst-case estimate of the coherence
after frequency conversion: Aw; = Aw,; + Av,, where
Av, Av,, and Aw;, are the linewidth of the visible input,
the pump, and the converted field, respectively. On short
time scales, the linewidth of the pump light Av, was
determined to be far below 1 MHz, corresponding to a
long coherence time of Té”) = 1/(wAv,) >0.32 us. As

Tép ) > T\ the influence of the pump light on the coher-
ence of the converted single photons is negligible. From the
coherence measurement of the converted light, we find
TSR) =49 = 13 ps. Within the measurement error, this
value is in very good agreement with the coherence time
of the original input photons proving conservation of the
photon temporal coherence. We also measured the temporal
width of the photons before and after conversion [Fig. 3(b)].
The observed decay has two contributions determined by
the lifetime of the excited state of the QD and a refilling
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FIG. 3 (color online). Single-photon temporal coherence
and lifetime before and after frequency down-conversion.
(a) Visibility of first-order interference fringes vs time delay
for PL from the QD at 711 nm (lower curve: data points and fit)
and for converted light at 1313 nm (upper curve: data points and
fit) deduced from measurements of the g(V() correlation func-
tion. The insets show examples of interference fringes at fixed
delay time (left inset: interference at 711 nm; right inset:
interference at 1313 nm). (b) Lifetime of single photons mea-
sured via time-correlated single photon counting for original
visible light and converted telecom light.
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process [29]. From the data we determine the lifetime of
the QD emission to be 7. = 2.6 = 0.1 ns before and
TR = 2.9 = 0.4 ns after conversion. The results agree
within the error bounds, which is expected because the
instantaneous conversion process should not add any
temporal contribution. The much longer time constant of
the refilling process in these measurements was about
2.5 us.

We next investigate the preservation of the nonclassical
single photon statistics via the degree of second-order
coherence  g@(7) =(E~(DE~(t + E*(t + 1ET(1))/
(E~(1)E* (1))* using Hanbury-Brown—Twiss (HBT) inter-
ferometers [27]. Figure 4(a) shows the g?-function for the
light emitted by the QD. The measured g'2(0) = 0.39 +
0.02 < 0.5 for the PL of the QD clearly proves single
photon emission from a single quantum emitter. A
Monte Carlo simulation of the emission process reprodu-

ces the measured data very well and reveals that gszlg 0)>0
due to the timing jitter of the APDs (250 ps standard
deviation of Gaussian envelope) and uncorrelated photon
emission from background passing the etalon filter
[SNR = 7:1 determined from the spectrum of Fig. 2(d)].

For the down-converted light field, we obtain g2(0) =
0.24 = 0.04 [see Fig. 4(b)]. The Monte Carlo simulation
closely reproduces the measured data for a SNR = 12:1 of
the light field and a smaller timing jitter (<25 ps) of the
SSPD, indicating that the sub-Poissonian statistics of the
input light field have been fully preserved as the SNR of
the QFDC process is much higher than the SNR of the light
source. Even more, the SNR of the converted light is
increased compared to the input light thanks to the strong
spectral filtering effect of the QFDC setup. The g@ cross-
correlation function [Fig. 4(c)] of original and converted

photons exhibits a dip as well: gg: /IR(T’) = 0.44 = 0.02.
The fact that the dip occurs at 7/ = 100 ns perfectly
matches the difference of the path lengths the photons of
different color have to travel to the respective detectors.
The observed anticorrelation again proves the conservation
of the single particle character of the light upon QFDC.

In summary, we have demonstrated efficient QFDC of
visible light emitted by a true single quantum emitter to a
telecom wavelength. Strong spectral filtering enables low-
noise operation of the converter and a high SNR. We have
experimentally proven that the temporal coherence as well
as photon antibunching are conserved under frequency
conversion. The converted single photons at 1313 nm (tele-
com O-band) are fiber coupled and the pump wavelength is
at 1550 nm (telecom C-band) rendering our all-solid-state
scheme fully compatible with existing telecom infrastruc-
ture. Combining a bright single quantum emitter in the
visible spectral range with QFDC proves to be an elegant
and flexible approach to realizing a tunable telecom-band
single photon source. Concerning the implementation of
quantum
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FIG. 4 (color online). Conservation of photon antibunching
under frequency down-conversion: simulation and measurement.
(a) g? correlation function of the single photons at 711 nm
emitted by the QD (integration time #,, = 745 s). (b) 2@ corre-
lation function of the converted light at 1313 nm (#,, = 6085 s).
(c) g@ cross-correlation function measured with a hybrid HBT
setup, i.e., one half of the visible photons is sent directly to a
visible photon detector, the other half undergoes frequency
down-conversion and is then detected with an IR photon detector
(e = 9440 s). Black circles in (a)—(c) represent measured data
while the solid curves are obtained from Monte Carlo simula-
tions (see the Supplemental Material [27]). No background has
been subtracted from the experimental data in all plots.

repeaters, we expect our experiment to work as well for
input wavelengths relevant for alkali-atom-based quantum
memories, e.g., 852 nm (Cs D, line) [30] or 795/780 nm
(Rb D,/D, line) [31,32]: choosing a pump wavelength
between 1.9-2.1 um allows for low-noise down-
conversion to one of the telecom spectral windows. The
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large wavelength separation in this case might require WGs
with adiabatic mode size conversion [33] for high efficiency
QFC. Furthermore, for many applications in long distance
quantum communication QFC has to preserve the photon
polarization state [7,16,34] which for our scheme can be
achieved in a double-pass configuration [34].
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