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We show that quantum frequency conversion (QFC) can overcome the spectral distinguishabil-
ity common to inhomogeneously broadened solid-state quantum emitters. QFC is implemented by
combining single photons from an InAs quantum dot (QD) at 980 nm with a 1550 nm pump laser
in a periodically-poled lithium niobate (PPLN) waveguide to generate photons at 600 nm with a
signal-to-background ratio exceeding 100:1. Photon correlation and two-photon interference mea-
surements confirm that both the single photon character and wavepacket interference of individual
QD states are preserved during frequency conversion. Finally, we convert two spectrally separate
QD transitions to the same wavelength in a single PPLN waveguide and show that the resulting
field exhibits non-classical two-photon interference.

Quantum frequency conversion (QFC) [1] is a poten-
tially crucial resource in interfacing photonic quantum
systems operating at disparate frequencies. Such a hy-
brid quantum system could, for example, combine robust
and stable quantum light sources based on solid-state
emitters [2] with broadband quantum memories based on
dense atomic ensembles [3] to enable entanglement dis-
tribution in a long-distance quantum network [4]. QFC
has been enabled by the development of high-efficiency
frequency conversion techniques [5, 6], and been demon-
strated in experiments showing that the quantum char-
acter of a light field was preserved during the process [7–
13]. In particular, recent experiments have focused on
QFC of single photon states, with both frequency up-
conversion [10, 11] and downconversion [12, 13] of trig-
gered [10, 13] and heralded [11, 12] sources shown. QFC
can be particularly valuable for solid-state quantum emit-
ters, as prominent systems like semiconductor quantum
dots [2] and nitrogen vacancy centers in diamond [14]
exhibit significant inhomogeneous broadening. Thus, al-
though these systems are in principle scalable, appli-
cations which require identical quantum light sources
need a mechanism to bring spectrally disparate sources
into resonance [15–19]. Unlike previous demonstrations,
in which techniques such as strain/optical/electric fields
were applied, QFC can fulfill this role [20] without re-
quiring direct modification of the sources themselves.

Here, we demonstrate nearly background-free QFC,
which we use to enable experiments examining photon
statistics and two-photon interference of single photons
from a semiconductor quantum dot. Compared to pre-
vious telecommunications (1300nm) to visible (710 nm)
conversion [10], we work with quantum dots (QDs) emit-
ting in the well-studied 900 nm to 1000nm wavelength
range [2], and convert their single photon emission to
600 nm, a wavelength region in which Si single photon

avalanche diodes (SPADs) offer a combination of quan-
tum efficiency and timing resolution that is currently un-
available in the 980 nm band [21]. Using a much wider
wavelength separation between signal and pump photons
improves the signal-to-background level by about two or-
ders of magnitude with respect to Ref. 10. Measurements
of photon statistics and two-photon interference before
and after conversion indicate no degradation in purity or
wavepacket overlap of the single photon stream due to the
frequency conversion process. Finally, we show that two
spectrally separate transitions of a QD can be converted
to the same wavelength in a single PPLN waveguide, and
present initial measurements demonstrating two-photon
interference of these frequency-converted photons. This
represents a first step towards a resource-efficient ap-
proach in which a single nonlinear crystal acts as a QFC
interface that generates indistinguishable photons from
different solid-state sources [22].

The basic experimental system is depicted in Fig. 1(a)
and described in detail in the Supplemental Informa-
tion [23]. Our single photon source is an InAs QD
in a fiber-coupled, GaAs microdisk optical cavity [24]
excited by a continuous wave (cw) or pulsed (50MHz
repetition rate, 50 ps pulse width) 780nm laser diode.
Spectrally isolated emission from the QD can be stud-
ied in the 980 nm band through photon correlation and
two-photon interference (Hong-Ou-Mandel [25]) mea-
surements, or else sent to the frequency conversion setup.
Frequency conversion is done by combining a strong, tun-
able 1550 nm pump laser with the 980 nm QD signal and
coupling them into a PPLN waveguide. The 600 nm
converted signal is spectrally isolated from frequency-
doubled pump light through prisms and short-pass filters,
and sent into either a second photon correlation or Hong-
Ou-Mandel apparatus, to study the photon statistics and
two-photon interference after frequency conversion.
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FIG. 1. (a) Experimental setup used within this work [23].
HBT = Hanbury-Brown and Twiss setup; HOM = Hong-Ou-
Mandel interferometer. (b) Converted 600 nm band wave-
length vs. PPLN waveguide temperature. The inset shows
the quasi-phase-matching response of the PPLN waveguide.
(c) Signal-to-background ratio (left y-axis, blue points) and
external conversion efficiency (right y-axis, red points) as a
function of 1550 nm pump power. The external conversion
efficiency includes all losses in the system.

We characterize the frequency conversion setup [23] us-
ing an attenuated (≈ 30 fW) 980 nm band laser. First,
we measure the quasi-phase-matching bandwidth of the
PPLN waveguide, and find that it follows the expected
sinc2 response [5] with an inferred bandwidth in the
980 nm band of ≈ 0.20 nm (inset of Fig. 1(b)). Next, we
study how the frequency converted wavelength changes
with PPLN waveguide temperature, which influences
phase-matching through thermo-optic and thermal ex-
pansion contributions. The resulting plot in Fig. 1(b)
indicates that the output wavelength can be tuned by
≈ 2 nm. We have also found that signals between 970nm
and > 995 nm can be converted (> 35 % external conver-
sion efficiency) by appropriately adjusting the 1550 nm
wavelength and PPLN waveguide temperature. This cov-
ers the s-shell emission range of the QD ensemble, and
means that QDs emitting at different wavelengths (un-
avoidable due to size/shape/composition dispersion dur-
ing growth) can be converted to the same wavelength.

Ideally, QFC should avoid generating noise photons
that are spectrally unresolvable from the frequency-
converted quantum state. Sum- and difference-frequency
generation in χ(2) materials are background-free in prin-
ciple [1], meaning that signal photons are directly con-
verted to idler photons without amplifying vacuum fluc-
tuations. However, other processes, such as frequency
conversion of broadband Raman-scattered pump pho-
tons, may still be a source of noise, as observed in exper-
iments using PPLN waveguides [26]. To quantify this,
the signal-to-background ratio of the converted signal is
measured, and reveals the fraction of converted photons
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FIG. 2. (a) Low-temperature µ-PL spectrum of device M1.
Bright QD emission and cavity mode emission are visible
around 977 nm. (b) Spectrum of QD emission filtered by a
volume Bragg grating. (c)-(d) Second-order autocorrelation
function measurements performed on the QD emission line
before and after frequency conversion.

originating from the signal rather than noise processes.
In previous work [10], the signal-to-background was lim-
ited to 7:1, and though use of a pulsed pump removed
temporally distinguishable background noise [27], it did
not improve the signal-to-background level. While better
spectral filtering provides improvement (> 10:1 signal-
to-background was reported recently [13]), it is perhaps
more desirable to suppress the noise source, for exam-
ple, by increasing the separation between the signal and
red-detuned pump [26, 28, 29]. Here, our pump-signal
separation is nearly 600nm, suggesting potentially sig-
nificant improvement.

To test this, we measure (Fig. 1(c)) the signal-to-
background level by spectrally isolating the 600 nm con-
version band [23] and comparing the detected counts on
the SPAD with and without the presence of the 980 nm
band signal (the SPAD dark count rate of ≈ 50 s−1 is sub-
tracted to give a detector-independent metric). We also
plot the external conversion efficiency, which includes all
PPLN input/output coupling, free-space transmission,
and spectral filtering losses (detector quantum efficiency
is not included). The signal-to-background level remains
above 100 for all but the highest 1550nm pump pow-
ers, where the conversion efficiency has begun to roll off.
For the experiments that follow, we operate with a 35 %
to 40 % external conversion efficiency and a signal-to-
background level >100. As the PPLN incoupling effi-
ciency is ≈ 60 %, and the transmission through all optics
after the PPLN waveguide is ≈ 80 %, the internal con-
version efficiency in the PPLN waveguide is > 70 %.

We now present measurements combining frequency
conversion with QD-based single photon sources. We
study three devices, M1, M2, and M3, under pulsed
and cw excitation conditions. Pulsed measurements are
a convenient way to judge the temporal distribution of
noise photons produced in the conversion process. Fig-
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FIG. 3. (a) Auto-correlation of the X1 emission line from
device M2 under cw excitation (µ-PL spectrum inset). (b)
and (c) Two-photon interference of the X1 line under parallel
and orthogonal polarization configurations of the interferom-
eter arms, respectively. (d) Auto-correlation of the X1 line
after frequency conversion (frequency converted spectrum in-
set). (e) and (f) Two-photon interference of the frequency
converted X1 line under parallel and orthogonal polarization
configurations of the interferometer arms, respectively. The
dashed lines are fits to the experimental data [23], and the

solid line marks g(2)(0) = 0.5 level.

ure 2(a) shows a low temperature (T=10K) micro-
photoluminescence (µ-PL) spectrum of device M1 un-
der 780 nm pulsed excitation. A bright single QD ex-
citon line at 977.04nm is visible next to a cavity mode at
976.65nm. The QD emission line was spectrally filtered
by a volume Bragg grating whose output was coupled
to a single mode fiber (Fig. 2(b) shows the filtered QD
emission). Before performing frequency conversion, this
filtered emission was directed to an HBT setup for pho-
ton correlation measurements, the results of which are
shown in Fig. 2(c). A strong suppression of the peak at
zero time delay to a value of g(2)(0) = 0.23 ± 0.04 < 0.5
is observed. Next, the filtered PL was sent to the fre-
quency conversion setup, and an auto-correlation mea-
surement was performed on the QD emission after it
was converted to 600 nm. As shown in Fig. 2(d), the
single-photon nature of the QD emission was preserved
during the conversion process, proven by the value of
g(2)(0) = 0.17 ± 0.03, and no excess noise from the
frequency conversion process was observed. In fact, the
additional spectral filtering provided by the quasi-phase-
matching process is the likely cause of the reduction in
g(2)(0) after frequency conversion, as seen elsewhere [13].

Similar measurements were performed under cw exci-
tation on device M2, whose PL spectrum is shown in the
inset to Fig. 3(a). Two bright excitonic lines X1 and
X2 are observed on top of a broad cavity mode around
969.5 nm. Figures 3(a) and (d) show auto-correlation
measurements performed on the filtered X1 line before
and after frequency conversion to 600nm, respectively
(See inset of Fig. 3 (d) for the PL spectrum of converted

signal). Antibunching dips in both figures (g
(2)
before(0) =

0.19± 0.01 and g
(2)
after(0) = 0.16± 0.02) again show that

the single photon nature of QD emission is conserved
through the frequency conversion process.

In many cases, both single photon purity and sin-
gle photon indistinguishability [30] are important. At
the heart of indistinguishability measurements is two-
photon interference [25], which we now show is preserved
in our frequency conversion process. Two-photon in-
terference under cw excitation was performed using a
fiber-based Mach-Zehnder interferometer [23] similar to
Refs. [31, 32], where one interferometer arm contains a
12.5 ns delay and a polarization rotator. Rotating the po-
larization of photons from this arm that are incident on
the second beamsplitter of the Mach-Zehnder reveals the
effect of interference on the photon correlations. In the
orthogonal polarization configuration, the interferometer

arms are distinguishable and g
(2)
⊥ (0) = 0.5 for a pure

single photon source. On the other hand, in the parallel
polarization configuration, one expects interference be-
tween the photons within their coherence time, leading

to g
(2)
‖ (0) = 0. Figures 3(b) and (c) show the results of

experiments on the X1 emission before frequency conver-

sion. The antibunching values are g
(2)
‖ (0) = 0.35± 0.03

and g
(2)
⊥ (0) = 0.52± 0.04, yielding the visibility of two-

photon interference as V = (g
(2)
⊥ (0) − g

(2)
‖ (0))/g

(2)
⊥ (0) =

0.33± 0.08. The deviation from the ideal value of V=1
stems from the non-zero value of g(2)(0) (Fig.3(a)) and
the time resolution of the photon correlation setup that
is on the order of the coherence time (≈ 100 ps) of
the QD emission [32]. The same experiments were per-
formed on the X1 emission line after frequency conver-
sion, and Figs. 3(e) and (f) show the results for parallel
and orthogonal polarization configurations, respectively

(g
(2)
‖ (0) = 0.36 ± 0.02, g

(2)
⊥ (0) = 0.53 ± 0.04). Due to

the conservation of the QD coherence time during the
frequency conversion process, we observed a similar two-
photon interference visibility V = 0.32± 0.06 at 600 nm.

As discussed earlier, a wide wavelength range of QD
emission within the 980nm band can be efficiently con-
verted to 600nm by controlling the temperature of the
PPLN waveguide and the wavelength of the 1550nm
pump laser. This enables the conversion of well-separated
emission lines to the same wavelength at 600 nm. To
demonstrate this, both bright emission lines X1 and X2
from device M2 (µ-PL spectrum repeated in Fig. 4(a))
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FIG. 4. (a) µ-PL spectrum of device M2 under above-band
excitation. (b) Cross-correlation measurement performed on
X1 and X2 emission lines. (c) PL spectrum after both lines
are converted to the same wavelength at 600 nm. (d) Auto-
correlation measurement of the combined frequency converted
signal of X1 and X2.

are directed to the frequency conversion setup [23], to-
gether with two 1550nm cw pump lasers whose wave-
lengths are optimized for efficient conversion of the two
980 nm band signals (which are separated by ≈ 0.5 nm).
Figure 4(c) shows the PL spectrum of the total converted
signal at 600 nm, where the converted signals of the indi-
vidual X1 and X2 lines are spectrally overlapped (within
the spectrometer’s resolution ≈ 40µeV).

To better understand the nature of the measured
emission lines, a cross-correlation measurement was per-
formed before frequency conversion, where the spectrally
filtered X1 and X2 lines were sent to the stop and start
channels of the HBT setup, respectively. As shown in
Fig. 4(b), a strong asymmetric antibunching dip is ob-
served with g(2)(0) = 0.26 ± 0.02. The antibunching
shows that both emission lines originate from the same
QD, while the asymmetry is related to the radiative
dynamics within the QD. The faster recovery time for
τ > 0 can be explained if X1 and X2 arise from neutral
and charged excitonic emission, respectively [33]. This
effect arises because emission of the charged exciton X2
leaves the QD with a single charge, so that subsequent
emission in the neutral exciton state X1 requires cap-
ture of only a single (opposite) charge. This yields a
much faster recovery time than that needed to obtain
three charges in the QD, which sets the recovery time for
τ < 0.

Next, autocorrelation was performed on the total con-
verted signal at 600 nm, the result of which is shown in
Fig. 4(d). As expected, a strong antibunching dip with
g(2)(0) = 0.24 ± 0.02 is observed. In contrast to the
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FIG. 5. (a) µ-PL spectrum of device M3 under above-band ex-
citation. Two bright excitonic emission lines (named X1 and
X2) are observed with nearly equal intensity. (b) Two-photon
interference of the combined X1 and X2 signal after both lines
are frequency converted to the same wavelength at 600 nm
and measured in the parallel polarization configuration. (c)
Zoom-in near the central dip of part (b). The solid red line is
a fit to the data, while the black dashed line corresponds to

the orthogonal polarization configuration. g
(2)

‖
(0) < g

(2)
⊥ (0) is

due to the two-photon interference effect.

cross-correlation measurement before conversion, the an-
tibunching dip now has a symmetric shape. This arises
from the fact that both QD states were converted within
a single PPLN waveguide, so that in the subsequent HBT
measurement, the start and stop channels are fed by the
same signal at 600nm, which was composed of both X1
and X2 emission lines. This mixing of the signals going
into the start and stop channels removes the asymme-
try observed in the cross-correlation measurement before
frequency conversion (Fig. 4(b)).

Finally, we consider two-photon interference from two
spectrally distinct QD transitions, as a preliminary step
towards using QFC to generate indistinguishable pho-
tons from different QDs, which has recently been shown
through direct tuning of one of the QD transitions [15,
16]. We work with device M3, whose spectrum is shown
in Fig. 5(a), and which was chosen because the two exci-
tonic states X1 and X2 have relatively similar intensities.
Cross-correlation measurements [23] similar to those de-
scribed above were performed to confirm that both states
come from the same QD. After this, the two states were
converted to the same 600 nm wavelength as above, and
the combined frequency converted signal was sent into
a Mach-Zehnder interferometer similar to that used ear-
lier. Data from the parallel polarization configuration is
shown in Fig. 5(b)-(c), where the effect of interference on
the photon correlations is seen in the narrow dip at zero

time delay, which reaches a value of g
(2)
‖ (0) = 0.13±0.04.

In comparison, the minimum calculated value (assum-
ing a pure single photon source and infinite timing reso-
lution) for the orthogonal (non-interfering) polarization

configuration in our setup [23] is g
(2)
⊥ (0) = 0.36. This is

smaller than the typical value of 0.5 [32] due to the de-
lay ∆τ=2.2 ns between the interferometer arms, which
is comparable to the average radiative lifetime T1=1.7 ns
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of the two states. Taking into account the non-zero value
g(2)(0) = 0.10 and the finite timing resolution of the

setup, g
(2)
⊥ (0) = 0.45 ± 0.04 is estimated [23], far ex-

ceeding the measured value g
(2)
‖ (0) = 0.13 ± 0.04, and

indicating the significant effect of two-photon interference
from the two frequency-converted QD states.
In summary, we have demonstrated background-free

quantum frequency conversion of single photons emitted
from a quantum dot. Photons at 980nm are converted
to 600 nm with a signal-to-background larger than 100
and external conversion efficiency of 40%. We confirm
that single photon purity and wavepacket interference are
preserved during frequency conversion, and demonstrate
that spectrally distinct QD emission lines can be con-
verted to the same wavelength in the PPLN waveguide.
The ability to use a single frequency conversion unit to
erase spectral distinguishability in solid-state quantum
emitters can be valuable in the development of scalable,
chip-based photonic quantum information devices.
We thank Edward Flagg for information on volume

Bragg gratings and Lijun Ma and Xiao Tang for discus-
sions about PPLN waveguides. S.A. and I.A. acknowl-
edge support under the Cooperative Research Agreement
between the University of Maryland and NIST-CNST,
Award 70NANB10H193.
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