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Abstract: Generating entangled photons from a monolithic chip is
a major milestone towards real-life applications of optical quantum in-
formation processing including quantum key distribution and quantum
computing. Ultrabroadband entangled photons are of particular interest to
various applications such as quantum metrology and multi-party entangle-
ment distribution. In this work, we demonstrate the direct generation of
broadband wavelength-multiplexed polarization entangled photons from
a semiconductor chip for the first time. Without the use of any off-chip
compensation or interferometry, entangled photons with a signal-idler
separation as large as 95 nm in the telecom band were observed. The
highest concurrence of 0.98+0.01 achieved in this work is also the highest,
to the best of our knowledge, comparing to all previously demonstrated
semiconductor waveguide sources. This work paves the way for fully
integrated, ultrabroadband sources of polarization entangled photons.
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1. Introduction

Entangled photons play pivotal roles in quantum information processing (QIP). They are es-
sential sources for optical quantum computing (QC) [1], photon-based quantum metrology
(QM) [2] and quantum key distribution (QKD) [3]. Each application calls for entangled pho-
ton pairs with specific attributes. Interest in broadband entangled photon pairs has increased in
recent years. This has been motivated by various applications in quantum optical technologies
such as quantum optical coherence tomography (QOCT) [4] and quantum optical frequency
comb sources (QOFC) [5,6]. In QOCT, the use of ultrabroadband photon pairs with extremely
short correlation times can enhance the accuracy of protocols for quantum positioning and tim-
ing beyond the classical limits [4]. In the regime of continuous variable (CV) entanglement,
QOFC, generated by placing a broadband spontaneous parametric down-conversion (SPDC)
crystals in an optical parametric oscillator (OPO) cavity, is a crucial resource for multi-mode
entanglement and cluster states [5]. Spectroscopy modalities that are enabled by entangled pho-
ton sources also rely on the availability of such photons within a broad range of energies to
match transitions of various material systems [7].

One emerging application of entangled photons is in the multi-party entanglement distribu-
tion networks [8], which can empower multi-user QKD systems and quantum communication
networks. In this case, broadband entangled photon pairs are required by the service provider
who, by virtue of the relevant multi-user QKD protocols is required to generate multiple pairs of
entangled photons at virtually the same time and subsequently distribute paired photons to mul-
tiple users at different locations. To realize such entanglement distribution networks, one prac-
tical methodology involves utilizing existing fiber communication links and dense wavelength-
division-multiplexing (DWDM) systems to re-route entangled photon pairs that possess slightly
different wavelengths to users at different locations. As such, the service provider for these
systems requires the availability of a vast array of entangled photon sources at different wave-
lengths. Given the form-factor of existing single channel entangled photon sources, the scal-
ablity of these systems can be greatly enhanced if a single source can generate all the required
entangled photon pairs [9]. While such a source can be achieved in poled fibers [10], there are
no existing chip-based approaches or technology, which are able to address this demand.

The generation of wavelength-multiplexed entangled photons requires a combination of tech-
niques for producing both broad bandwidth and polarization entanglement. Typical photon
pairs generated via type-II SPDC processes have a narrow bandwidth of only a few nanome-
ters [11,12], due to the material birefringence, and therefore are not suitable for this application
because of the insufficient use of the fiber communication bandwidth. Broadband photon pairs
generated via type-I or type-0 processes can be used to generate wavelength-multiplexed entan-
gled photons, however, only with complex interferometric setups due to the lack of orthogonal
polarizations from a single process [13—15]. For practical applications, compact, robust sources
of entangled photons capable of integrating with other components in the system should be de-
veloped. Recent developments in integrated quantum photonics have achieved compact genera-
tion of entangled photons in monolithic waveguide devices using SPDC [16—18] or spontaneous
four-wave mixing (SFWM) [19-21]. However, the demonstration of broadband wavelength-
multiplexed entangled photons based on a single waveguide chip has not been reported. In
addition, these existing semiconductor sources all suffer from low degree of entanglement.

In this work, we demonstrate a single-chip broadband wavelength-multiplexed polarization
entangled photon source for the first time. The source is a modal phase matched Bragg re-
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flection waveguide (BRW) [17], consisting of multiple layers of AlGaAs, in which the pump
light is guided by Bragg reflections from two periodic reflectors while the down-converted pho-
tons are guided by conventional total internal reflections. Because AlGaAs is non-birefringent,
cross-polarized photons generated from the type-II process have a much broader spectrum than
those generated from birefringent crystals, allowing for wavelength multiplexing using standard
DWDM. In addition, due to the lack of birefringence, the down-converted photons propagate
at almost the same group velocities, which enables the generation of wavelength-multiplexed
polarization entangled photons directly from the chip without any off-chip compensation or
interferometry. The degree of entanglement is also the highest to date among all semicon-
ductor waveguide sources of polarization entangled photons, to the best of our knowledge.
Based on III-V semiconductors, this source allows monolithic integration of its own pump
laser [22, 23], which can lead to electrically pumped, room-temperature operating sources of
broadband wavelength-multiplexed polarization entangled photons.

2. Theory: broadband entanglement in Bragg reflection waveguides

BRWs have been extensively studied in the past few years for classical wavelength conver-
sions [24, 25] and entangled photon pair generations [17, 18, 26]. The two distinct guiding
mechanisms involved provide a great design flexibility in achieving phase matching near the
bandgap of semiconductors where formidable material dispersion exists, as well as in gen-
erating photon pairs with particulate quantum properties, such as entanglement [26-28] and
spectral separability [29].

Of particular interest to this work, it was proposed that dispersion engineered BRWs with
zero group velocity mismatch (GVM) between photons in a pair can generate ultra-broad
band wavelength-multiplexed polarization entangled photons [30]. However, even without any
waveguide dispersion engineering which sacrifices the generation efficiency, cross-polarized
photon pairs generated via a type-II SPDC process in a BRW showed inherent polarization
entanglement without any off-chip compensation, usually required to remove the walk-off be-
tween photons in a pair, due to the lack of material birefringence [17]. As such, it can be
expected that the photon pairs have a much broader bandwidth than a typical type-II process
in birefringent materials because the bandwidth is largely determined by the GVM between
photons in a pair.

We consider the same BRW demonstrated for polarization entanglement generation in [17],
with the detailed structure described below. For a 1.09 mm long waveguide in this work, the
simulated spectra for the horizontal (H) and vertical (V) polarized down-converted photons
using a CW pump are shown in Fig. 1. The asymmetry of H and V polarizations is due to a
none-zero GVM with significant group velocity dispersions (GVDs) of the associated modes.
The spectrally overlapped region of the two polarizations has a FWHM of ~95 nm, which is
considerably wider than that of a typical type-II process in a birefringence material.

Now consider the experiment that a DWDM filter is used after the waveguide to determinis-
tically separate the down-converted photons into many wavelength channel pairs, as schemati-
cally shown in Fig. 2. The output two-photon state of each channel pair is given by

1 + ¥
v =5 /B dda@py (0, 0)a) (o)) ()
+ Py (o, 0)al, (o) ajy (a)] |vac), ey

where @, @; represent the signal, idler channel frequencies; @y (@, @;), Pry (@5, @;) are the
associated join spectral amplitudes that the signal photon is vertically (V) polarized and idler
photon is horizontally (H) polarized, and vice versa. The integration is performed over the
channel pair transmission bands B,, of the DWDM. The state given by Eq. (1) is maximally
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Fig. 1. The simulated spectra for the H and V polarized SPDC photons from a 1.09 mm
long BRW using a CW pump.
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Fig. 2. The schematic setup of the thought experiment. Broadband polarization entangled
photons are generated via a type-1I SPDC process in the waveguide. They are subsequently
coupled into an optic fiber and sent to a DWDM to be deterministically separated into
many wavelength channel pairs. The electric field intensity profile of a TE polarized mode
at 1550 nm is shown at the lower left part, which has a spatial overlap of ~25% with that
of a single mode fiber. The TM mode at 1550 nm has a similar profile.

entangled in polarization, as long as the spectral-temporal indistinguishability is satisfied in the
two term on the RHS of Eq. (1). According to Fig. 1, the spectral intensities of H and V pho-
tons are almost identical near degeneracy. In addition, the temporal walk-off between the two
polarizations due to modal birefringence is negligible comparing to the photon coherence time.
As a result, high degree of entanglement can be achieved for channel pairs near the degenerate
wavelength.

Assuming a typical 55 GHz (0.44 nm) channel bandwidth and 100 GHz (0.8 nm) channel
separation for the DWDM, the calculated concurrence [31], an entanglement monotone, as a
function of signal and idler wavelengths, is shown in Fig. 3. According to Fig. 3, the concur-
rence is almost 1 near the degenerate wavelength, indicating a maximal degree of entanglement.
A concurrence of at least 1/ V2 ~ 0.71, the minimal value that guarantees Clauser-Horne-
Shimony-Holt (CHSH) inequality violation [32], could be generated within a range of ~118

#249067 Received 31 Aug 2015; revised 25 May 2016; accepted 25 May 2016; published 24 Jun 2016
© 2016 OSA 27 Jun 2016 | Vol. 24, No. 13 | DOI:10.1364/0OE.24.015160 | OPTICS EXPRESS 15164



.
h
¢ %b B
o)
+ [e]
0.8 =~ %
) & o)
o 4
o
o

concurrence

+ o
&

1500 1520 1540 1560 1580 1600
channel center wavelength (nm)
Fig. 3. The calculated concurrence as a function of signal and idler wavelengths, shown in

different colours, for polarization entangled photons generated from the BRW in consider-
ation.

nm of wavelength. This corresponds to over 70 pairs of frequency channels. As a result, this
BRW chip can generate over 70 channel pairs of polarization entangled photons directly, with
a concurrence of at least 0.71 in the ideal case.

The bandwidth is limited by the residual form birefringence of the waveguide. To further
increase the bandwidth, one strategy is to cancel the GVM between the cross-polarized down-
converted photons via dispersion engineering, as suggested in [27,30]. Alternatively, the band-
width can be increased by tapering the waveguide, which creates a gradient of phase mismatch
along the direction of propagation, in a close analogy to chirping in quasi-phase matching
(QPM) [33]. In addition, ultrabroadband polarization entanglement can be achieved in BRWs
via concurrent type-0 and type-I SPDC processes [18,26]. In such a case, co-polarized photons
in a pair naturally exhibit broader spectral bandwidths than in a type-II process.

3. [Experimental details

To demonstrate the theoretical predictions presented above, we tested a 1.09 mm long waveg-
uide sample for the experiment proposed in Fig. 2. The semiconductor wafer in this work was
grown on a GaAs [001] substrate using metalorganic chemical vapor deposition (MOCVD).
The composite core consists of a 500 nm thick Alyg;Gag3g9As sandwiched by a pair of
375 nm Alp20Gag spAs. Each of the two Bragg mirrors consists of 6 pairs of 129/461 nm
Alg25Gag 75As/Alg70Gag 30As. The waveguide used for polarization entanglement measure-
ments has an etch depth of 3.6 um and a ridge width of 4 um. The propagation losses for the
down-converted photons were measured to be ~4 cm ™! (0.9 dB/cm).

The experimental setup is shown in Fig. 4. The sample was mounted on a standard end-fire
setup, with the pump from a cw Ti:sapphire laser set at TE polarization and the degenerate
wavelength of 777.86 nm. A 100x objective lens was used to focus the pump beam into the
Bragg mode of the waveguide. After the sample, the output light was collected by a 40x ob-
jective lens and filtered by a few long pass filters to reject the pump, and then coupled into a
single mode fiber. A fiber based dichroic splitter was then subsequently used to deterministi-
cally separate paired photons into signal and idler paths according to wavelengths. One of the
paths then subsequently passed through a tunable bandpass filter with a bandwidth set to be 55
GHz. This can select out paired photons in a given frequency channel pairs. Note that, ideally,
an additional bandpass filter should be used in the other path to select the other twin photon
in the same pair and suppress the uncorrelated noise photons. This could significantly reduce
the accidental count rate while maintaining a high coincidence. Instead, a commercial DWDM
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could also be used to replace the filter system used here. Nevertheless, our filters emulates a
DWDM in terms of the physics and allows us to explore the maximum bandwidth achievable
for the device itself.

Photons in the two frequency channels were then launched into free-space for polarization
manipulation and analyzing before being detected by a pair of InGaAs single photon detectors.
The photons from the narrow frequency channel were detected by a free-running detector
(1d220, ID Quantique, 20% quantum efficiency, 20 us deadtime), which triggered a gated de-
tector (id210, ID Quantique, 25% quantum efficiency, 20 us deadtime) used to detect photons
from the wide frequency channel. An extra length of fiber was connected before the gated
detector in order to compensate for the electronic delay between the two detectors. The detec-
tion events from both detectors were then sent to a time-to-amplitude converter (TAC) (id800,
ID Quantique) with a timing resolution of ~ 80 ps to record the coincidence histograms. The
improved experimental setup with high quality single photon detectors and cw laser could sig-
nificantly increase the coincidence to accidental ratio (CAR) to 820434, in case fiber based
filters are not used, a factor of 40 comparing to earlier work in Ref. [17].

-0--"---- 40x }.— 100x |- - e

Lens Filters Obj Obj CW Ti:Sapphire

SME Birefringence
compensators

"D’(;\BV;"H"”"O' MMFD_
TAC
R T
QWP
Polarization
analyzers

Fig. 4. The schematic of the experimental setup. Obj: objective; WG: waveguide; SMF:
single-mode fiber; WDM: wavelength division multiplexer filter; FD: fiber delay; FC: fiber
collimator; HWP: half-wave plate; QWP: quarter-wave plate; P: polarizer; MMF: multi-
mode fiber; APD: InGaAs avalanche photo-diode; TAC: time-to-amplitude converter.

To measure the polarization of each photon, a pair of birefringence compensators consisting
of a half-wave plate (HWP) and a quarter-wave plate (QWP) was inserted in each path to
partially compensate for the polarization rotation in the fiber, such that a given polarization
before the detectors corresponds to the same polarization immediately after the waveguide.
Projective polarization measurements were then performed using a QWP and a polarizer in
each path.

4. Results and discussion

Near the degenerate wavelength, the peak net coincidence counts for all channels were ap-
proximately 350 counts in 20 seconds under an external pump power of 15.2 mW before the
waveguide input facet. The pump power and integration time were chosen as a compromise of
the CAR and the total measurement time, due to the mechanic instability of the experimental
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equipment. The peak CAR was ~50 in this case. Taking into account the pump coupling ef-
ficiency (7.3%), overall photon losses due to the output objective lens, fiber coupling, filters,
wave-plates and polarizers, as well as detector efficiencies, we estimate a generation rate of
1 x 10* pairs/s/mW/GHz in terms output photon pairs after the waveguide and internal pump
power.

150 - . - . . 150 - . . .
. [@ 1 O
(@] L 4 L
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Fig. 5. Coincidence histograms for a channel pair near the degenerate wavelength in the (a)
D — D, and (b) D — A basis, respectively. The red color represents the coincidence counts
in a coincidence window of ~0.8 nm.

Quantum state tomography for each channel pair was performed by measuring the coinci-
dence counts in 16 polarization settings (H, V, D, R in each channel). Examples of coincidence
histograms in the diagonal basis are given in Fig. 5. Density matrices were then reconstructed
using the maximum-likelihood method [34]. As examples, the density matrices, after subtract-
ing the accidentals, are shown in Figs. 6(a) and 6(b) for 1554.0-1557.4 nm channel pair close
to degeneracy, and 1509.7-1604.6 nm channel pair away from degeneracy, respectively. The
amplitudes of these density matrices are shown in Figs. 6(c) and 6(d), respectively. For a direct
comparison, that of a maximally entangled state (|[HV) +exp (i¢) [VH))/+/2 is shown in Fig.
6(e). Note that the significant none-zero imaginary parts in Figs. 6(a) and 6(b) are partially due
to the polarization rotation in the fiber, which cannot be completely compensated by just two
wave plates in each arm.

The amplitudes of density matrices near the degenerate wavelength, such as the one in Fig.
6(c), show high resemblances with that of a maximally entangled state in Fig. 6(e), indicating a
high degree of entanglement. When the wavelengths are significantly far from degeneracy, such
as in Fig. 6(d), the available photon pairs decrease, along with the decrease of entanglement.

The results for all measured channel pairs are summarized in Fig. 7, which shows the con-
currence calculated from the measured density matrix as a function of the signal and idler
wavelengths. A high value of concurrence of at least 0.96 +0.02 and as high as 0.98 £0.01,
as well as a highest fidelity of 0.99 (for channel pair of 1535.4-1575.6 nm) to a maximally
entangled state (|HV) +exp (i¢)|VH))/+/2 could be observed for the signal-idler pairs from
1535.4 nm to 1575.6 nm, which approximately covers the whole C-band (1530 nm-1565 nm).
This corresponds to a total bandwidth of over 40 nm for the down-converted photons, and
equivalently 26 pairs of wavelength channels if the channel spacing is 100 GHz. For signal and
idler wavelengths further apart, the concurrence starts to decrease as well as the coincidence
counts. Nevertheless, a concurrence of 0.77 0.09 could still be measured for the channel pair
of 1509.7-1604.6 nm, with a wavelength separation of 95 nm. Note in S- and L-bands, the in-
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Fig. 6. The real and imaginary parts of the reconstructed net density matrices for channel
pairs of (a) 1554.0-1557.4 nm and (b) 1509.7-1604.6 nm. The corresponding amplitudes
of the two density matrices are shown in (c) and (d), respectively. The amplitude of the
density matrix of a maximally entangled state (|[HV) +exp (i¢) |VH))/+/2 is shown in (e)
for comparison. Here Alice (Bod) refers to the longer (shorter) wavelength photon in a pair.

creased error bars was due to the decreased coincidence counts. The concurrences being lower
than expected could be because of the errors in estimating the waveguide dispersion properties
(group velocities and GVDs), which determine the bandwidth of photon pairs.

The measured entanglement bandwidth extends from S- to L-bands, which can enable a high
utilization of existing fiber optic communication infrastructures from a single source. We em-
phasize that polarization entanglement is generated directly from the monolithic chip, without
any off-chip compensation or interferometer, comparing with existing waveguide sources. The
degree of entanglement is also the highest reported in all semiconductor waveguide sources of
polarization entangled photons, as summarized in Table 1.
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Fig. 7. The dependence of concurrence on the signal and idler wavelengths. Wavelength
channels in the same pair are represented by the same color. The solid curves are the theo-
retical predictions from Fig. 3, with the degenerate wavelength shifted 6 nm to match that
in the experiment.

Reference Platform  Concurrence Fidelity
[16] AlGaAs  0.75%0.05 0.87+0.03
[17] AlGaAs 0.52 0.83

[18] AlGaAs  0.85£0.07 0.89

[19] silicon 0.88+£0.02  0.91%0.02 [35]
[20] silicon NA 0.87

This work  AlGaAs  0.98£0.01 0.99

Table 1: Comparison of degree of entanglement generated from all demonstrated monolithic
waveguide sources of polarization entangled photons.

Lastly, we show the quantum interference in a Bell-type experiment for a few channel pairs
near the degenerate wavelength in H and D basis, in which the polarization of signal channel
was set to be 0° and 45°, respectively, while the polarization of the idler channel was varied.
In this case, the external pump power was set to be 10.2 mW, when the stability of the setup
can be sustained for a sufficiently long duration to carry out all the measurements. Examples
of interference patterns are given in Fig. 8(a) for channel pair 1550.9-1561.8 nm and Fig. 8(b)
for channel pair 1547.0-1565.8 nm. The fitted curves, without accidental subtraction, show vis-
ibilities of 97.3% and 94.5% in the H basis, and 90.1% and 87.5% in the D basis, respectively.
Such visibilities are on par with recent demonstrations of energy-time entanglement in Si ring
resonators [36,37].

5. Conclusions

In summary, we demonstrated the generation of broadband wavelength-multiplexed polariza-
tion entangled photons directly from a monolithic waveguide chip for the first time. With a
minimal concurrence of 0.77, polarization entanglement was demonstrated in a bandwidth of
95 nm. In particular, for over 40 nm near the degenerate wavelength, high quality polarization
entangled photons with a minimal concurrence of 0.96 and as high as 0.98 can be achieved. In
addition, the degree of entanglement demonstrated in this work is the highest reported among
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Fig. 8. Interference measurements for channel pairs (a) 1550.9-1561.8 nm and (b) 1547.0-
1565.8 nm in the H and D basis. The solid curves are the sinusoidal fits. Accidental counts
in each basis are also shown.

all monolithic waveguide sources to the best of our knowledge.

The performance of the source can be improved by better device fabrications that decrease
waveguide losses, which largely originate from surface roughness due to fabrication imperfec-
tions in our current devices. We notice a loss as low as 0.1 cm~! (0.02 dB/cm) was reported
in [23] for a waveguide of the same kind. As predicted in [38], the generation rate can be
increased by orders of magnitude in a lossless waveguide. This will allow one to afford us-
ing a DWDM with a narrower channel bandwidth and closer channel separation. The degree
of entanglement can be improved due to the increased spectral-temporal indistinguishability.
On the other hand, the entanglement bandwidth could be increased via dispersion engineering,
tapering, or by utilizing concurrent type-0 and type-I processes, as mentioned before.

Comparing with existing techniques for generating broadband wavelength-multiplexed en-
tangled photons, this method requires no interferometry, and thus greatly reduced the source
complexity. Such a chip form-factor is essential for real life applications of entangled photons.
In addition, based on a III-V semiconductor platform, we can envisage the integration of its own
electrically pumped laser and passive components such as an array waveguide grating (AWG)
on the same chip, which paves the way for fully integrated sources in quantum information
processing and entanglement networks.
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