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Abstract A scheme for active temporal-to-spatial demultiplexing of single photons generated by a solid-state source is
introduced. The scheme scales quasi-polynomially with photon number, providing a viable technological path for routing
n photons in the one temporal stream from a single emitter
to n different spatial modes. Active demultiplexing is demonstrated using a state-of-the-art photon source—a quantumdot deterministically coupled to a micropillar cavity—and a
custom-built demultiplexer—a network of electro-optically reconfigurable waveguides monolithically integrated in a lithium
niobate chip. The measured demultiplexer performance can
enable a six-photon rate three orders of magnitude higher
than the equivalent heralded SPDC source, providing a
platform for intermediate quantum computation protocols.
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A key requirement for large-scale quantum photonic technologies is the availability of reliable sources of multiple indistinguishable single-photons. To date, spontaneous
parametric down-conversion (SPDC) sources have been the
most widely-used technology in the generation of indistinguishable single-photons. However, the presence of unwanted multiple-photon terms in the SPDC state limits the
brightness of high-purity single-photon sources to values
lower than 1% [1]. To circumvent this limitation different approaches have been introduced, including active spatial [2, 3], temporal [4, 5], and spatio-temporal [6, 7] multiplexing schemes that combine the outputs of many SPDC
sources to create one bright source without deteriorating
single-photon purity or indistinguishability [5]–although
typically at the cost of a large resource overhead in terms
of active optical circuits and single photon detectors since
a n-photon heralded SPDC multiplexed source requires n
nonlinear crystals and n single-photon detectors.
In comparison, single emitters have the advantage
of producing nearly-pure single-photon Fock states. Very
recent advances in quantum dot (QD) technologies have resulted in single-photon sources with simultaneously nearperfect purity, near-unity indistinguishability, and high ef-

ficiencies [8, 9]—over an order of magnitude brighter than
SPDC sources with equivalent levels of purity and indistinguishability. Thus, quantum dots have now become
an attractive platform to develop multi-fold single-photon
(multi-photon) sources.
Achieving high indistinguishability and brightness with
multiple independent QDs is still a challenge. However, it
has been shown that a single QD coupled to a micropillar
cavity can emit photons with excellent indistinguishability over long emission timescales [10, 11], meaning that
temporal-to-spatial demultiplexing can be used to obtain
multi-photon sources. In this work, we implement two important advances towards the realisation of a scalable multifold single-photon source. We first demonstrate the active
temporal-to-spatial demultiplexing of a stream of photons
to create multi-photon sources with small resource overhead. Secondly, we introduce an integrated zero-buffer active spatial and temporal photonic demultiplexing device,
suitable for use with high brightness solid-state sources
operating at 932 nm.
Figure 1 schematically depicts our proposed demultiplexing protocol. A temporal stream of single-photons
emitted from a quantum dot-micropillar system is actively
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proach. In contrast, in an active demultiplexing scheme the
scaling is

 

1 − ηDM n
1 n
, (2)
η
+ (n − 1)
SDM (n) =
n DM
n−1

Figure 1 Scheme for an ideal active spatial-temporal demultiplexing. A stream of single-photons emitted at successive time
intervals from a quantum dot coupled to a micropillar cavity are
actively routed into different spatial channels by an optical demultiplexer. A set of delay lines at the output can be used to
match the arrival times of the single photons. The optical demultiplexer consists of a network of reconfigurable directional couplers
with electro-optically tunable splitting ratio. The inset shows the
configuration of the electrodes in each directional coupler. The
colormap (a.u.) represents the waveguides intensity mode profiles at 932 nm and the black arrows show the direction of the
applied electric field.

routed into different spatial channels by an optical demultiplexer. The demultiplexer is an integrated waveguide device with one input and four output channels made of a
network of electro-optically reconfigurable directional couplers fabricated on an X-cut lithium niobate substrate by the
annealed proton exchange technique [12]. Electrodes are
patterned on top of the waveguides as shown in the inset
of Fig. 1, and can be used to tune the splitting ratio in the
full 0 − 100% range by changing the phase mismatch β
between interacting modes [13]. Monolithic integration of
the directional coupler network on a single chip is necessary for reduced insertion losses, and with our technology
it allows up to 10 output channels in a 5 cm long device.
The n-photon count rate cDM (n) measured at the output
of an n-channel demultiplexer can be expressed as

n
cDM (n) = R ηSD ηdet SDM (n),

(1)

where ηSD = ηQD T is the product of the source brightness ηQD , defined as the probability of emitting one photon at the input of the demultiplexer for each excitation
pulse, times the total transmission of the device T . R is
the pump rate of the source and ηdet is the detectors efficiency. SDM (n) is a parameter which accounts for how
the efficiency of the demultiplexing scheme scales with increasing number of photons and it represents the limit of
what can be achieved by the demultiplexer with a lossless
and deterministic source. Note that the term [ηSD ηdet ]n is
intrinsically probabilistic, and will unavoidably result in an
exponential decay with photon number. In a probabilistic
scheme [14] –made of a network of passive beam splitters–
the demultiplexing parameter scales as SDM (n)=(1/n)n ,
super-exponentially decreasing with n—a non-scalable ap
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where ηDM is the “switching efficiency”, defined as the
average probability of routing a single photon in the desired channel in each time bin. In the limit of deterministic
demultiplexing, i.e. ηDM →1, the scaling becomes polynomial in n—thus constituting a scalable approach.
The waveguides were fabricated with a 6 μm channel
width and a proton exchange depth of 0.47 μm followed
by annealing in air at 328 ◦ C for 15 h. These parameters
are chosen in order to ensure good overlap with singlemode fiber and single-mode operation at ∼930 nm, the
emission wavelength of our InGaAs QD. Each directional
coupler has a distance between waveguide centres of 8.8 μm
and a 4.5 mm length (equal to three coupling lengths),
resulting in complete transmission of light into the coupled
waveguide when no voltage to the corresponding switching
electrodes is applied. Difference from this ideal behaviour
is from non-uniform waveguide channel widths, caused by
the resolution of the photolithography.
The performance of the demultiplexer is tested in conjunction with a single-photon source based on a QD deterministically coupled to a micropillar cavity [10, 15]. The
experimental setup is schematically shown in Fig. 2a: the
QD is quasi-resonantly pumped via p-shell excitation with
a 905 nm, 80 MHz, 5 ps pulsed Ti:Sapphire laser. The
single-photons have a 932 nm emission wavelength and are
separated from the pump beam via a dichroic mirror and
a 0.85 nm FWHM bandpass filter. Quarter- and half-wave
plates are used at the input for polarisation alignment as
the waveguides within the demultiplexer guide one (horizontal) polarisation. In our case, this reduces the available
photon flux at the input of the demultiplexer by ∼50% since
the source is only weakly polarised [15], an issue absent if
operated with sources engineered to exhibit a large degree
of polarization. Photons are injected at the input of the
device with a lens of NA = 0.55 and all four outputs are
collected with a fibre V-Groove array. Photon-coincidences
between the output channels are measured using avalanche
photodiodes with 30% average quantum efficiency, and a
time-tagging module (TTM). The electrodes of the demultiplexer are driven with a custom-made pulse generator
based on a field programmable gate array (FPGA) [16].
The FPGA produces a preset sequence of pulses with varying amplitude voltages that are used to tune the splitting
ratio of the directional couplers between on and off values.
The driving pulses are synchronized with the clock signal
of the Ti:Sapphire laser using internal phase-locked loops
(PLL) of the FPGA which provide an adjustable time delay with a low time jitter (300 ps) [16]. The demultiplexer
can be actively driven into any configuration by changing the programming of the pulse generator, however as
the clocking is derived from the pump laser and not the
single photon emission it is not an event-ready reconfiguration. Driving voltages were optimized by maximizing the
www.lpr-journal.org
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Figure 2 (a): Setup for the experimental implementation of the demultiplexing scheme (detailed description is given in the main text).
(b): Time histograms for the two-photon coincidences between the first output and all other channels for a pump power P = 660 μW
and a 2 minute acquisition time (waveguide numbering is from top to bottom).
Table 1 Splitting ratios of the directional couplers calculated
from the data in Fig. 2b., with uncertainty from the fit confidence.
Non-zero off values are caused by incorrect voltages from the
pulse generator. Non-unity on values are caused by incorrect
driving voltages and deviations from the desired coupling rate
due to waveguide imperfections

switch
on
of f

1

2

3

0.87 ± 0.06
0.06 ± 0.02

0.94 ± 0.05
0.13 ± 0.03

0.90 ± 0.06
0.13 ± 0.05

coincidence counts between the different channels. A nonzero switching voltage is necessary to compensate for fabrication imperfections.
To verify the correct operation of the switches, as well
as their synchronization with the master laser, we first reconstruct the time histograms of two-photon coincidences
counts between the first output of the demultiplexer and all
other channels. The device is cyclically operated such that
the first photon is sent to output one, the second to output
two, and so on, and coincidences are measured between
all four outputs simultaneously. Figure 2b shows the three
time histograms (from a total of six pairwise combinations)
of the coincidences measured by all four detectors. We
observe enhanced peaks in coincidences at the corresponding delays of our demultiplexer, together with suppressed
counts at different delays—showing the correct functioning of our device. The non-vanishing coincidence counts
(smaller peaks) in the histograms arise from imperfect operation of the modulated couplers. From the data in Fig. 2b
we calculated the splitting ratios of the three switches for
both settings using a least-squares fitting procedure (see Table 1). The presence of non-zero off values and non-unity
on values reveals the non-ideal operation of the device. The
absence of counts at zero time delay (at the same level
of accidental counts) is due to the low g 2 (0) value of the
www.lpr-journal.org

Figure 3 Comparison between the estimated photon rates at
the output of the demultiplexer of an active (◦) and probabilistic
() demultiplexing schemes for a state-of-the-art QD pumped
under resonant excitation [8]. () shows the rate of n heralded
single photon sources with brightness of 0.75%. Inset shows the
measured two-photon coincidence rates cp (2) as a function of
the pump power P. Red line is the fit made with the saturation
function given in the main text. Error bars are smaller than data
points.

source, measured as g 2 (0) = 0.029 ± 0.001 at P = 3P0 in
[10].
The Inset of Fig. 3 shows the measured powerdependent rate of two-photon coincidences cDM (2) at
outputs 1 and 2 of our demultiplexer. As expected for a
QD pumped under quasi-resonant excitation it follows a
saturation function cDM (2) = cmax (2)[1−exp(−P/P0 )]2
quadratic in the P-dependance of the single-photon brightness. A fit to the data results in cmax (2) = 70.9 ± 3.0 Hz,
the maximum detected 2-photon rate, and P0 = 348 ± 16
μW the saturation power. We measured two-fold and
three-fold photon coincidence rates of 65 ± 10 s−1
and 0.11 ± 0.02 s−1 at the output for a pump power
P = 660 μW. The switching efficiency ηDM is finally
estimated by fitting all ten combinations of two and three
photon coincidence rates with Eq. 1, with R = 80 MHz,
ηdet = 30%, and ηSD = 0.76% is calculated from the total
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number of counts measured with the four detectors. We
find an average switching efficiency ηDM = 0.78 ± 0.06,
in good agreement with the value ηDM = 0.80 ± 0.09
predicted from the measured splitting ratios.
Four-fold coincidences were predicted to be 0.18±
0.06 mHz due to the low value of T in the current system, producing insufficient statistics in the acquisition time
of 87 min. Dark counts of our detectors were ∼300 Hz per
detector, giving no significant contribution to coincidence
mesurements.
To investigate the potential of our technology for the
realisation of a multi-photon source with larger numbers
we calculate the expected photon rates at the output of the
demultiplexer for a state-of-the-art QD with 15% polarised
brightness pumped under resonant-excitation [8]. The total transmission of our demultiplexer is tested by coupling
the waveguide with a gaussian mode from an single-mode
optical fibre and is found to be T = 30%. This value is compatible with an overlap with the waveguide mode  85%,
as measured from mode imaging at the output of the waveguide, 14% Fresnel losses at the input and output facet and
propagation losses  0.65 dB/cm and is the same value
measured from a straight waveguide fabricated on the same
chip, meaning that the couplers and electrodes did not introduce extra losses. In Fig. 3 we report the expected photon rates for increasing photon numbers calculated for a
pump rate R = 80 MHz, ηDM = 78%, and a transmission
T = 0.3/(0.86 × 0.86) corrected for Fresnel losses, that
can be eliminated with an anti-reflection coating at the input and output facets. The QD brightness is corrected by
an additional loss factor 65% that takes into account the
coupling efficiency of the QD emission mode to a singlemode fibre [10]. The proposed system with these parameters
is expected to outperform a probabilistic demultiplexing
scheme—made of a network of passive beam splitters with
zero propagation losses– for a number of photons n>4 and
would enable a 6-photon rate  0.01 Hz, which is three
orders of magnitude larger than what could be obtained
with six heralded SPDC sources with equivalent quality
and brightness of 0.075 [8] (see Fig. 3). The same calculation for a resonantly-excited QD with 14% brightness
measured at the ouptut of a single-mode fibre [9], would
enable, instead, a 6-photon rate  0.1 Hz. This technology
offers great potential for further improvement, in particular
by the use of the Reverse Proton exchange technique [12]
for an improved coupling with optical fibres and reduced
surface-scattering losses we estimate that we can achieve
insertion losses lower than 3 dB. Furthermore the switching efficiency of the couplers can be increased with an
optimized driving voltage and waveguide fabrication process. Such upgrades will enable the scaling of this platform
to a larger number of photons.
In conclusion, we have proposed and experimentally
implemented an example of active demultiplexing with a
single integrated device of single-photons from a solid-state
source. The performance of the demultiplexer has been
analysed in conjunction with a QD pumped under quasiresonant excitation and we have discussed the potential of
our technology for state-of-the-art quantum dots. The pro
C 2017 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

posed demultiplexing device is of general interest for any
bright temporally distributed single-photon source and provides a scalable approach for the realisation of multi-photon
sources of larger photon numbers. Our platform thus constitutes a very promising approach for scalable quantum
photonics, in particular for protocols of intermediate—i.e.,
non universal—quantum computation, such as Boson Sampling [17–19], where, arguably, as few as seven photons
from an actively demultiplexed quantum dot-based source
could finally demonstrate the quantum advantage over classical systems [20].
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