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Entangled-photon pairs are an essential resource for quantum-information technologies. Chip-scale
sources of entangled pairs have been integrated with various photonic platforms, including silicon,
nitrides, indium phosphide, and lithium niobate, but each has fundamental limitations that restrict the
photon-pair brightness and quality, including weak optical nonlinearity or high waveguide loss. Here,
we demonstrate a novel ultralow-loss AlGaAs-on-insulator platform capable of generating time-energy
entangled photons in a Q > 1 million microring resonator with nearly 1000-fold improvement in bright-
ness compared to existing sources. The waveguide-integrated source exhibits an internal generation rate
greater than 20 x 10° pairs s~! mW™2, emits near 1550 nm, produces heralded single photons with > 99%
purity, and violates Bell’s inequality by more than 40 standard deviations with visibility > 97%. Combined
with the high optical nonlinearity and optical gain of AlGaAs for active component integration, these are
all essential features for a scalable quantum photonic platform.
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I. INTRODUCTION

Entanglement is the cornerstone of quantum science and
technologies. Compared to matter-based quantum systems,
such as electronic spins [1], optomechanical resonators
[2], superconducting circuits [3], and trapped atoms and
ions [4], photons are unique in their ability to generate
and distribute entangled quantum states across long dis-
tances in free space or fiber networks while retaining a high
degree of coherence. Following the seminal experiments
demonstrating the creation of photon pairs in maximally
entangled Bell states over two decades ago, parametric
down-conversion in bulk nonlinear crystals has been the
workhorse for quantum light generation [5]. Despite the
low efficiency of bulk sources, they produce nearly indis-
tinguishable photons with high purity and entanglement
fidelity at nearly gigahertz pair generation rates, making
them appealing for a wide range of experiments, including
foundational tests of quantum mechanics [6,7], sensing [8],
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information processing [9], and satellite-based quantum
communications [10,11].

Recent advances in the fabrication of quantum photonic
integrated circuits (QPICs) have enabled the functionality
of bench-top nonlinear sources to be scaled down to a sin-
gle chip, with a dramatic improvement in the efficiency
and stability [12—15]. Silicon-based photonics is a versa-
tile platform for QPICs owing to its relative low waveg-
uide loss and existing foundry infrastructure developed
for the telecommunications industry. State-of-the-art inte-
grated quantum photonic circuits based on SOI are capable
of implementing quantum gates between two qubits [16]
and chip-to-chip teleportation [17], for example, but they
have to rely on off-chip detectors that introduce signifi-
cant loss, slow thermal-based active components for tuning
and modulation, and off-chip high-power lasers to gen-
erate single and entangled photons due to the moderate
optical nonlinearity of silicon. Other nonlinear material
platforms have been developed to address some of these
issues, including lithium niobate [18], aluminum nitride
[19], indium phosphide [20], silicon carbide [21], and
heterogeneous approaches [13,22], but each has tradeoffs
including higher waveguide loss and complex fabrica-
tion that hinder the scalability and reliability. Moreover,
it is not readily apparent that any of these platforms
are capable of all-on-chip integration of lasers, sources,
active and passive components, and detectors—all which
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FIG. 1. The on-chip entangled-photon-pair brightness plotted

as a function of the x® nonlinear coefficient of the material.
All brightness values are normalized to 1 mW on-chip power for
comparison. LiNbO3 and AIN generate entangled-photon pairs
via x @ processes (as indicated by an asterisk) but they are plot-
ted here using their x® coefficients for simplicity. Isolines of
constant Q3R are illustrated by the dashed lines. The data for
the materials are estimated from the references shown in Table 1.

are essential for creating practical and scalable QPIC
technologies [22].

Here, we report a new QPIC platform based on AlGaAs-
on-insulator (AlGaAsOI) that has exciting prospects for
all-on-chip quantum-information applications. Compound
semiconductors have been widely used in the photonics
industry due to their attractive properties of light emis-
sion and well-developed material growth and fabrication
processes. They also hold great potential for nonlinear
processes, since these materials usually exhibit orders-
of-magnitude-higher nonlinear coefficients compared to
dielectrics. However, previous compound-semiconductor
photonic platforms suffer from weak optical confinement
on native substrates and significant waveguide loss that
has limited their utility for quantum photonic applications.
Over the past few years, a novel platform, AlGaAsOlI,
has emerged by heterogeneously integrating (Al)GaAs
onto an oxidized Si substrate that is capable of provid-
ing high-index-contrast waveguides [23]. More impor-
tantly, recent breakthroughs in the processing techniques
on this platform have significantly reduced the propaga-
tion loss for AlGaAsOI waveguides. Currently, for fully
etched submicron-scale AlGaAsOI waveguides, the loss
is < 0.2 dBcm™!, resulting in microring-resonator quality
factors of Q > 3 x 10°, overperforming the SOI platform.
Such high-Q resonators have enabled record-low-threshold

frequency-comb generations at 1550 nm [24,25] under a
pump power at the level of tens of microwatts, which
opens up an unprecedented highly nonlinear regime for
integrated photonics.

In this work, we make a key step to bring the desired
nonlinear properties of this platform into the quantum
regime through spontaneous four-wave mixing, where
pump photons tuned into resonance with a comb line near
1550 nm can be annihilated to produce time-energy entan-
gled signal and idler pairs at adjacent comb lines [26].
We demonstrate that the combination of high O, a small
microring radius, a large x® nonlinearity, and a tight
modal-confinement factor of AlGaAsOI results in more
than a 500-fold improvement in the time-energy entangled-
pair generation rate Rpg = 20 x 10° pairs s=! mW2
over the state of the art, with 97.1 £ 0.6% visibility, a
> 4300 coincidence-to-accidental ratio (CAR), and her-
alded single-photon antibunching gl(f)(O) < 0.004 £+ 0.01.
Figure 1 demonstrates the improvement of the AlGaAsOI-
based sources over other nonlinear materials.

II. DEVICE FABRICATION

The AlGaAs photonic layer is grown by molecular-
beam epitaxy (MBE). Its layer structure from top to
substrate is as follows: a [001]-orientated 400-nm-thick
Alg>Gag gAs film on a 500-nm-thick AlysGag,As layer on
a GaAs substrate. A 5-nm-thick Al,Oj3 film is deposited on
the epilayer by atomic layer deposition (ALD) as an adhe-
sive layer for bonding. The wafer is then bonded on to a
3-pum-thick thermal SiO; buffer layer on a Si substrate. The
thermal SiO, layer is prepatterned by inductively coupled
plasma (ICP) etch. The surfaces of both chips are treated
by atmospheric plasma before bonding to activate the sur-
face. After initial contact, the bonded sample is placed in
an oven at 100°C for 12 h under 1 MPa pressure to enhance
the bonding strength.

Removal of the GaAs substrate is performed in three
steps. First, mechanical polishing is applied to lap the
GaAs substrate down to 70 um. Then the remaining
substrate is removed by H,O,:NH4OH (30:1) wet etch.
Finally, the AlysGag,As buffer layer is selectively etched
by diluted hydrofluoric (approximately 2.5%) acid, leaving
only the Aly,GaggAs photonic layer on the carrier wafer.

After substrate removal, a 5-nm ALD Al,O; layer is
deposited on Aly,GaggAs for surface passivation, fol-
lowed by a 100-nm SiO, layer deposition as a hard mask.
The wafer is then patterned by a deep-ultraviolet (DUV)
stepper using a photoresist (UV6-0.8). Prior to the pho-
toresist coating, an antireflective (AR) coating (DUV-42P)
is used to suppress the back reflection during photolithog-
raphy. After exposure and development of the resist, a
thermal-reflow process is applied to the wafer at 155°C on
a hot plate for 2 min. ICP etches using O, and CHF;-CF4-
O, gases are used to remove the AR coating and define
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the hard mask, respectively, followed by another ICP etch
using Cl,/N; gases to pattern the Aly,GaggAs layer. After
the etch, the sample is passivated by a 5-nm Al,O; layer
using ALD and finally clad with 1.5-um-thick SiO, by
plasma-enhanced chemical-vapor deposition.

III. RESULTS

A. Spontaneous four-wave mixing from AlIGaAsOI
microring resonators

The process of spontaneous four-wave mixing (SFWM)
in a microring resonator is illustrated in Fig. 2(a). The inset
depicts the fundamental concept behind SFWM, where
two pump photons (denoted A,) are annihilated and a sig-
nal photon (A;) and an idler photon (};) are created. This
process only occurs at the resonances of the microring res-
onator in which quasiphase matching between the pump,
signal, and idler is attained. A demonstrative microscope
image of a 30-um-radius AlGaAsOI microring resonator
and pulley waveguide is shown in Fig. 2(b). The micror-
ing resonator studied in the following experiment has a
radius of 13.91 um. The width of the bus waveguide is
0.48 pum, and the ring waveguide is 0.69 um wide. The

(@) 20

_
(2J

)

gap between the waveguide and the ring is 0.48 wm and
the AlGaAs layer is 0.4 um thick. The transmission spec-
trum of the ring resonator is shown in Fig. 2(c). The sharp
troughs indicate resonance wavelengths of the microring
resonator separated by the free spectral range (FSR). A
high-resolution sweep of the pump comb line is shown by
the blue trace in Fig. 2(d). The resonance is fitted with a
Lorentzian function to determine the quality factor O of the
cavity, which is proportional to the ratio of the full width
at half maximum (FWHM) of the transmission resonance
to the FSR. In comparison to other microring resonators
utilized for entangled-pair generation, the O = 1.24 x 10°
measured for this device is a factor of 100 larger than
for InP, approximately a factor of 10 larger than for AIN
and SOI and is comparable to that of Siz;Ny4, as shown in
Table 1.

By pumping the resonator at one of these resonance
wavelengths, entangled-photon pairs are generated spon-
taneously at adjacent resonances through SFWM. In the
experiments presented here, and shown by the dashed box
in Fig. 2(c), the pump wavelength is set to be resonant with
1557.59 nm, as this resonance peak has the highest quality
factor for the selected ring. As we show in the next section,

(b)

Normalized
transmission (dB)

-12

Q =1.24x10°

1550
Wavelength (nm)

1530

FIG. 2.

1570

1557.58 1557.61
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(a) A schematic illustration of entangled-photon-pair generation from a photonic microring resonator. Pump photons (1)

are coupled into the waveguide bus and ring and are converted into signal (i) and idler (};) photons via spontaneous four-wave
mixing (SFWM). (b) An optical-microscope image of a representative AlGaAsOI ring-resonator pulley with a 30-um radius. (c) The
resonator transmission spectrum with signal (1572-nm) and idler (1542-nm) wavelengths two free-spectral ranges away from the pump
(1557-nm) resonance. (d) The resonator transmission spectrum of the pump resonance (blue trace). A O = 1.24 x 10° is determined

from the superimposed Lorentzian fit (red trace).
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TABLEI. All values are reported for microring resonators except for LiNbO3, which is acquired from a linear waveguide. The CAR,
visibility, and g},z) (0) are shown for 1-MHz Rpg. The brightness and Rpg are shown normalized to a 1-mW on-chip pump power.
Brightness

RpG (pairs s~
Platform Type 0 (GHz) GHz ™) CAR Visibility g Ref.
AlGaAsOI  SFWM 1.2 x 10° 20 2 x 101 2697 £260  97.1 £0.6% 0.004 + 0.01 This work
AlGaAsOl  SFWM 091 x 106 2.65  2.65x 100 - - - This work
SOI SFWM ~ 10 0.149 7.1 x 107 532 £35 98.9+0.6%  0.0053 £ 0.021 [29]
InP SFWM 4 % 10* 0.145 3.1 x 107 277 78.4 £ 2% - [20]
SizNy SFWM 2 x 100 0.004 43 % 108 ~ 10 90 + 7% - [28]
LiNbO; SPDC - 0.023 3x10° 668 £ 1.7 — — [18]
AIN SPDC 1.1 x 10° 0.006 5.3 x 10° — — 0.088 £ 0.004 [19]

the on-chip pair generation rate depends on several factors
and is given by [20,26,27]

3
Rec = (y27R)? (&) Y p2 (1)

mw,R) 47R 7’

where R is the ring-resonator radius, y is the nonlinear
coefficient of the material, which also takes the confine-
ment factor into account, Q is the quality factor, w, is the
angular frequency, v, is the group velocity at the pump
wavelength, and P, is the on-chip pump power. The qual-
ity factor Q is a critical parameter for the photon-pair gen-
eration rate as it is related to the amount of time for which
resonant photons reside within the cavity and thus the
amount of interaction time photons have with each other.
With the pump laser set to this resonance wavelength,
entangled-photon pairs are generated at adjacent multiples
of the cavity FSR. In our experiments, the second-nearest-
neighbor resonances highlighted in blue and orange in
Fig. 2(c) are selected as the signal and idler photons,
since this provides additional pump rejection through the
band-pass optical filters before the single-photon detec-
tors. Using the measured and calculated properties of our
AlGaAsOI microresonators, we expect Rpg = 10! pairs
s mW—2,

B. On-chip photon-pair generation rate and brightness

A schematic of the fiber-based experimental setup for
entangled-pair generation is shown in Appendix A and
discussed in detail in the corresponding section. Briefly,
tapered fibers are used to couple the pump laser and entan-
gled pairs onto and off the AlGaAsOI chip. After the chip,
the residual pump, signal, and idler photons pass through a
3-dB splitter and the pump light is filtered using a series of
tunable Fabry-Perot etalons to provide more than 130 dB
of rejection in each of the signal and idler paths. The signal
and idler photons are detected with superconducting-
nanowire single-photon detectors (SNSPDs) with sub-40-
ps timing jitter. The singles rates are shown in Fig. 3(a)
for the signal and idler channels for various on-chip pump

powers. It is clear that the rates follow a Pﬁ dependence, as
expected for the SFWM process. We note that these values
are the raw values as detected at the SNSPDs. The idler
filter path has a larger loss (19.4 dB) compared to the sig-
nal filters (13.6 dB) at their respective wavelengths, which
explains the disparity between the singles rates. In addition
to the filter losses, the generated signal and idler rates are
also reduced due to the chip-to-fiber coupling loss and loss
in the SNSPD system.

We next measure the coincidence counts by recording
two-photon correlation histograms using a time-correlated
single-photon counting module. From these measure-
ments, the on-chip Rpg is determined by dividing the
time-averaged value of the measured coincidence counts,
N., by the total loss from the chip to the SNSPDs. These
quantities are measured by separate calibration procedures.
The on-chip Rpg for various on-chip pump powers is
shown in Fig. 3(b). Unlike InP and silicon-based microres-
onators, we do not observe any saturation of the curve
due to two-photon absorption (TPA), as expected, since
the AlGaAs band-gap wavelength is shorter than 775 nm.
The black dashed line fitted to the data illustrates the P;
behavior as expected. From this fit, we determine a slope
0f 20 x 10° pairs s~' mW~2. To the best of our knowledge,
this value is over 100 times higher than any previously
reported Rpg to date, as shown in Table 1. By normal-
izing the Rpg to the FWHM of the emission resonance
(approximately 1 pm), we obtain the entangled-pair bright-
ness B =2 x 10'! pairs s~! GHz™! (normalized to 1 mW
on-chip power), which is more than a 500-fold improve-
ment upon previous state-of-the-art microresonators based
on SizN4 [28] and more than 1000 times brighter
than SOI [29].

C. Coincidence-to-accidental ratio

Another important metric of entangled-photon-pair
sources is the coincidence-to-accidental ratio (CAR). An
example histogram utilized to determine the CAR is shown
in the Appendix C (Fig. 8). The CAR versus the Rpg is
shown in Fig. 3(c). The CAR is calculated as the FWHM
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FIG. 3. (a) Corrected detected singles rates versus the on-chip pump power. The difference in the generated singles rates is due to

the difference in the filter loss in the two channels (19.4 dB for the idler and 13.6 dB for the signal). (b) The on-chip pair generation
rate versus the on-chip pump power. The dashed line is a fit to the data, yielding a pair generation rate of 20 x 10° pairs s~! mW =2 (c)
The coincidence-to-accidental ratio (CAR) versus the on-chip pair generation rate.

of the signal-idler coincidence histogram measured as a
function of the interchannel delay divided by the back-
ground counts across a similar time window. The highest
CAR we measure is 4389, when the Rpg is 2.3 x 10° pairs
s~!. At the highest Rpg measured here (12 x 10° pairs
s71), the CAR is equal to 353. The CAR decreases with
increasing pump power as P, I, as expected and as shown
by the dashed line in Fig. 3(c). We are not able to mea-
sure higher CAR at lower on-chip pump power, since the
majority of the histogram time bins have zero registered
background counts from our SNSPDs at these powers even
for integration times up to 1.5 h. For comparison, CAR
values for an on-chip Rpg = 10° pairs s! are shown in
Table I for various photonic entangled-pair sources. Our
reported value is a factor of 4 larger than the next-highest
reported value at this Rpg (LiNbO;3 periodically poled
waveguide).

D. Time-energy entanglement

The generated signal-idler pair is expected to exhibit
time-energy entanglement [30,31], which can be measured
through a Franson-type two-photon interference experi-
ment as depicted in Fig. 4(a) [32,33]. Signal and idler pho-
tons travel through the unbalanced Mach-Zehnder inter-
ferometer and then are separated by a 3-dB splitter and
band-pass filters before arriving at the SNSPDs. The inter-
ferometer path-length difference is set such that the prop-
agation delay At = 40 ns is longer than the single-photon
coherence time 7, &~ 5.7 ns in order to avoid single-photon
interference at the detectors, but shorter than the laser
coherence time t;. In this case, the signal and idler photons

can travel along either the short [S] or long [L] paths,
allowing a total of four possible permutations.

The differences in photon arrival times between the two
paths are illustrated in Fig. 4(b). We can express the two-
photon state as a summation over |ij), where the i ()
index is the path the signal (idler) photon travels, with
i,j = [S,L]; however, postselection allows for the differ-
ent states to be distinguished. The side peaks arise from
photons traveling along the |LS) or |SL) paths and are
offset from zero delay by At. The central peak at zero
delay is due to both photons taking the same paths, |SS) or
|LL). Because these states are indistinguishable, the two-
photon state is expressed as %2 (ISS) + exp (i¢iys)[LL)).
By inserting a voltage-controlled fiber phase shifter into
the short path and sweeping the phase, two-photon inter-
ference is observed as shown in Fig. 4(b) for two different
phases, ¢;+; = 0.4 and 7. The coincidence counts ver-
sus the phase are shown in the bottom panel of Fig. 4(c).
Proof of photon entanglement requires the Clauser-Horne
interference-pattern visibility V' > 70.7% [34,35]. Calcu-
lated from the raw data (fitted data), we obtain V' = 95%
(V' =97.1%), measured when the on-chip Rpg is approx-
imately 1 x 10° pairs s~'. For on-chip powers of approx-
imately 5 uW (Rpg of approximately 4 x 10° pairs s~!)
and approximately 15 uW (Rpg of approximately 4 x 10°
pairs s~!), we measure raw visibilities of 96% and 94%,
respectively. We expect that the visibility may increase
further with a reduction in the pump power but the goal
is to demonstrate the maximum visibility and the highest
pump powers (e.g., pair generation rate) as possible. In
this case, we do not examine higher pump powers above
15 uW in order to avoid reaching the lasing threshold
of the microresonator, which would result in uncorrelated
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FIG. 4. (a) A schematic illustration of the setup for the two-photon interference experiment using a fiber-based folded Franson inter-

ferometer: BPF, band-pass filter; [S] ([L]), short (long) interferometer path; SNSPD, superconducting-nanowire single-photon detector.
(b) Coincidence histograms for different interferometric phase ¢,.; = 0.47 and 7, respectively.(c) Singles counts (top) measured with
the interferometer setup simultaneously with the two-photon interference (bottom). The visibility of the raw (fitted) data yields 95%

(97.1%).

background counts that would reduce the entanglement
visibility. These measurements confirm the high quality of
the time-energy entangled-pair source, as illustrated by the
variation of the two-photon coincidences and the constant
signal and idler singles rates versus the applied phase shift,
indicating the absence of single-photon interference.

E. Heralded single-photon generation

Heralded g,(f) measurements are performed via three-
fold coincidence detection with a third detector. The signal
photons are sent to one SNSPD as the herald. The idler
photons are sent into a 3-dB fiber beam splitter with the
outputs connected to the other SNSPD and a single-photon
avalanche diode (SPAD). Using the TCSPC module, we
record singles counts from the heralding detector (NV,),
coincidence counts between the heralding detector and
each of the idler detectors (Nag and Nac), and the three-
fold coincidence counts Napc. A coincidence window
of 4 ns is used as determined from the twofold coinci-
dence histogram width. The timing between the channels
is calibrated with separate coincidence measurements and
the delays adjusted accordingly. Within the total integra-
tion time of 300 min, we do not observe any threefold
coincidence counts above the background; thus g;{z) 0) is
estimated from the raw counts (i.e., without background
subtraction) through the expression (NapcN4/NagNac).
With this calculation, we report g\’ (0) = 0.004 £ 0.01
(the measurement uncertainty is determined from the Pois-
sonian statistics of Ny, Nap, Nac, and Napc, and a
lower uncertainty resulting in gl(f) (0) > 0 1is expected with
longer measurement times).

IV. CONCLUSION

Strategies to improve on-chip entangled-photon-pair
generation have typically focused on improving the quality
factor of microcavities while simultaneously reducing the
cavity length. The exploration of new material platforms
with higher nonlinear coefficients has been limited by the
attainable quality factor of these materials. By leveraging
our recent advances in compound semiconductor nanofab-
rication [25], we achieve ultralow waveguide loss (< 0.4
dBcm™!) and a high microring-resonator quality factor
(Q > 1 million). In this work, we report the first demon-
stration of entangled-photon-pair generation in AlGaAsOI.
The high O and large third-order nonlinearity of AlGaAs
lead to a more than 500-fold improvement of the on-chip
pair brightness compared to all other photonic platforms,
as shown in Fig. 1. The photon quality also remains excep-
tional, with a Bell-state violation measurement revealing
a 97.1 £ 0.6% visibility, a coincidence-to-accidental ratio
of more than 4350 limited by the loss in our optical setup,
and a heralded single-photon gg) (0) = 0.004 £ 0.01. Col-
lectively, these values yield an ultrahigh-quality entangled-
and heralded-photon source that surpasses sources from all
other integrated photonic platforms, as shown in Table I. In
addition to the entangled-pair source demonstrated here,
AlGaAsOI has remarkable potential for all-on-chip QPIC
development compared to existing platforms. First, the on-
chip integration of tunable excitation laser sources can
be naturally incorporated into the epitaxial growth pro-
cess of the AlGaAs photonic layer [36]. AlGaAsOl is
also distinguished by high index contrast for tight modal
confinement [37], has negligible two-photon absorption at
1550 nm with a proper Al portion [38], exhibits a large

010337-6



ULTRABRIGHT ENTANGLED-PHOTON-PAIR GENERATION...

PRX QUANTUM 2, 010337 (2021)

x® nonlinearity for high-speed electro-optic modulation
[39] and a strong piezo-optic effect for optomechanic cavi-
ties [40], and ultraquiet superconducting-nanowire single-
photon detectors (SNSPDs) have been integrated with
GaAs/AlGaAs waveguides [41]. The possible applica-
tion space is extraordinarily broad (Fig. 5), ranging from
ground-to-satellite communications and quantum telepor-
tation to all-on-chip quantum-information processing and
boson sampling [10,11,17,42].

Such high performance dramatically impacts the selec-
tion of quantum sources in QPICs. In recent years,
self-assembled quantum dots (QDs) embedded in optical
microcavities have become state of the art in generat-
ing quantum light, since they are capable of producing
entangled-photon pairs and single photons at rates thought
impossible for probabilistic nonlinear sources [12]. How-
ever, those photon sources have to be operated at cryo-
genic temperature and their selective growth is also quite
challenging, which hinders their system-level scaling. In
addition, the emitted photon energy of an InAs QD usu-
ally lies outside of the telecommunications wavelength (C
band), adding considerable inconvenience with regard to
information processing and transmission. Some other on-
demand quantum photon sources, such as GaN QDs and
carbon nanotubes, can be operated at room temperature
and some of them also operate in the C band; however,

FIG. 5.

so far, their photon generation rates are limited. Therefore,
the more than 2- (4-) orders-of-magnitude improvement in
the pair generation rate (brightness) enabled by AlGaAsOI
makes probabilistic sources significantly more competitive
by combining the advantages of room-temperature oper-
ation, the higher quality of the produced single photons
and entangled-photon pairs, and the intrinsic scalability
afforded by microring-resonator structures.

Although the AlGaAsOI platform boasts groundbreak-
ing values in photon-pair generation, much exciting work
remains to be done. Brighter entanglement sources require
lower on-chip pump power for a given pair genera-
tion rate. This relaxes the requirements of on-chip fil-
ters for pump rejection. Compared to current state-of-
the-art QPICs based on SOI, the lower waveguide loss
of AlGaAsOI can significantly reduce the overall sys-
tem loss, allowing more components to be accommo-
dated for applications requiring system-level integration,
such as multiqubit quantum computation. Another advan-
tage is on the tuning side: AlGaAs has a factor-of-2
larger thermo-optic coefficient than that of Si, which can
enable more efficient thermotuners. The electro-optic and
piezo-optic effects provide a novel tuning scheme for
scenarios where high-speed operation or cryogenic tem-
peratures are required. Therefore, AlIGaAsOI holds excit-
ing prospects for all-on-chip quantum photonic integrated

(a) The tunable AlGaAs-on-insulator (AlGaAsOI) microring-resonator entangled-photon-pair source. The AlIGaAsOlI plat-

form enables the large-scale integration of active and passive quantum photonic components, including tunable lasers, nonlinear
quantum light sources, filters and wavelength-division multiplexing (WDM), superconducting-nanowire single-photon detectors
(SNSPDs), and microcontrollers. These components can be monolithically integrated for all-on-chip quantum photonic circuits, includ-
ing (b) quantum gates for optical computing, (c) m-mode unitary operations for boson sampling, and (d) Bell-state measurements for

chip-to-chip teleportation of quantum states.
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circuits, where tunable lasers, nonlinear sources, distributed-
Bragg-grating reflectors, Mach-Zehnder interferometers,
high-speed electro-optic modulators, demultiplexers, and
chip-to-fiber couplers can be monolithically integrated into
the same AlGaAsOlI platform without the need for com-
plex heterogeneous integration techniques. Moreover, the
large x ® nonlinearity of AlGaAs [43] can be leveraged for
tuning various photonic elements at the cryogenic temper-
atures needed for superconducting-nanowire single-photon
detector integration and operation.

All-on-chip integration with this platform will signifi-
cantly improve the performance of our devices by reducing
the optical loss without sacrificing functionality, as has
been demonstrated on SOI [44-47]. The combination of
our sources with low-loss high-performing photonic com-
ponents and detectors could lead to an orders-of-magnitude
improvement in the computation and communication rates
of quantum processors, quantum transceivers, and the
entanglement distribution needed for quantum networks.
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APPENDIX A: EXPERIMENTAL DESIGN

The full experimental design is depicted in Fig. 6. For
the measurement of the singles and coincidence counts, the
interferometer shown in Fig. 6 (the short and long arm with
the piezo-electric phase shifter) is bypassed. Other than
this change for the singles and coincidence measurements,
the rest of the experimental design remains consistent. A
continuous-wave Koshin Kogaku LS601A series precision
tunable laser source is stepped from approximately 0.1 nm
below the resonance wavelength of the microring resonator
to the resonance wavelength. The laser sweep starts below
the actual resonance wavelength because the ring reso-
nance red shifts due to local heating of the resonator as
the wavelength approaches the resonance. The laser is set
to its maximum output power of 2.0 dBm (15.8 mW) and
sent through a variable optical attenuator (VOA) to allow

ASE
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FIG. 6. A schematic of the experimental setup for a fiber-based
folded Franson-type interferometer. The tunable cw laser diode is
swept and held at the resonance wavelength of the microring res-
onator. The laser is sent through amplified-spontaneous-emission
(ASE) rejection filters and coupled via lensed fiber onto and off
of the photonic chip. The light is split into a short and a long arm
of an interferometer. A piezo-based phase shifter is used to mod-
ify the phase of the photons that travel through the long arm. The
pump photons are removed via an FBG and filters on the signal
and idler channels. The signal and idler channels are coupled to
SNSPDs to determine the count rates.

for adjustment of the input power into the chip. Etalon-
based tunable fiber-optic filters are placed after the VOA
to provide sideband filtering of the laser. After the filters, a
99:1 fiber-based splitter is used to monitor the input power
onto the chip. A lensed fiber with a numerical aperture of
0.11 is used to couple the light onto and off of the photonic
chip. The coupling loss is approximately 5 dB per facet and
is documented for each experiment. The lensed fiber is ori-
ented such that the incoming light is in transverse-electric
mode. The temperature of the chip is maintained using a
thermoelectric cooler that is set to 20°C. A fiber Bragg
grating (FBG) is used after the chip for pump rejection,
with the drop channel used to monitor the power output
from the chip during the experiment. The remaining light
from the FBG is split using a 3-dB fiber-based beam split-
ter and sent to the signal and idler filter channels. An array
of four etalon-based tunable fiber-optic filters is used for a
total pump suppression of over 150 dB. The singles counts
are monitored using SNSPDs from PhotonSpot, operating
at 0.77 K. Using a time-correlated single-photon counting
(TCSPC) module, the signal and idler counts are recorded
for 10 min and averaged. The scan is started with the laser
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set to a slightly off-resonance wavelength to determine the
background counts on the detectors (from both the dark
counts of the system and any pump photons that reach the
detector). An example scan is included in Appendix B.

After collecting the raw count data from the TCSPC
module, the count rates are corrected to account for the fil-
ter losses present in each channel as well as the background
counts present before the laser reaches the resonance wave-
length. The background counts are taken as the 1 min
average of the counts on each detector before the laser
sweep begins. To assess the loss at each filter, the laser
is set to the wavelength of the signal (idler) and each of
the filters on the signal (idler) channel is assessed for the
loss at that wavelength. The total loss from all of the fil-
tering and the 3-dB beam splitters is 19.4 dB for the idler
channel and 13.6 dB for the signal channel (in addition to
the approximately 5 dB facet loss). This variation is due
to the different losses in the etalon-based filters. The sin-
gles counts of both the signal and the idler are fitted on a
quadratic scale as shown in the main text.

To complete the coincidence measurements, the TCSPC
module is set to trigger when a photon arrives on the sig-
nal channel and to measure the difference in arrival time
on the idler channel. The data are collected with integra-
tion times between 10 and 180 min, depending on the
on-chip power. Larger integration times are required for
lower optical powers, as the coincidence-to-accidental cal-
culation requires nonzero accidental counts. Contributors
to the accidental counts include lost pairs, dark counts,
and excess pump photons. Since almost zero pump pho-
tons reach the detectors at low input powers, the accidental
counts are very low and require long integration times.

4000 —Idller
—Signal
T
2 3000
>
8
£ 2000
>
8
2
& 1000
0
0 200 400 600 800
Time (s)
FIG. 7. An example singles scan for an on-chip power of

—15.14 dBm (30.6 wW). The scan begins with the laser set
to an off-resonance wavelength. The laser is then swept to the
resonance wavelength, reaching the resonance wavelength at
approximately 200 s. The laser is held at this wavelength for 10
min to allow for the average singles rate to be determined.

APPENDIX B: EXAMPLE SINGLES SCAN

To determine the singles counts for the signal and idler
channels, the pump laser is swept from an off-resonance
wavelength to the resonance wavelength and held on reso-
nance for 10 min. An example scan for an on-chip power
of —15.14 dBm (30.6 ©W) is shown in Fig. 7. The initial
counts represent the off-resonance counts on the detector.
Ideally, these counts would be identical to the dark counts
of the SNSPDs, but for larger on-chip powers, some of
the pump photons still reach the detectors. Starting after
approximately 200 s, the laser reaches the resonance wave-
length and is held at this wavelength for 10 min. The
reported singles counts are the average of this 10-min win-
dow corrected for the background counts present when the
laser is off resonance. The idler channel has lower counts
due to a larger filter loss on this channel relative to the
signal channel.

APPENDIX C: EXAMPLE COINCIDENCE
MEASUREMENT

An example histogram of a coincidence measurement
at —15.71 dBm (26.9 uW) is shown in Fig. 8. The coinci-
dence counts are integrated for 10 min or until the acciden-
tal counts average to a nonzero value (longer integration
times for lower powers up to 180 min). The two-photon
coincidence time window is 2.4 ns, approximately the
FWHM of the coincidence peak.

APPENDIX D: DATA REPRODUCIBILITY

A total of 39 microring resonators are screened to deter-
mine the structures with the highest quality factor and a
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FIG. 8. An example histogram showing the normalized coin-
cidence counts (in counts per minute) as a function of the time
delay. The slight offset from 0 is due to unequal filter path lengths
between the signal and idler channels.
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FIG. 9. The maximum quality factor for each microring-
resonator sample.

small radius. The maximum quality factor of these sam-
ples is plotted versus the sample number in Fig. 9. Ring
29 is selected for an in-depth study as it has a small radius
(13.91 pum) and a large quality factor (1.24 million) for
its resonance near 1557 nm. The last four rings tested and
shown on the plot have larger quality factors but are also
much larger. Following Eq. (1), the factor of Q% /R? is what
dictates the pair generation rate for these resonator struc-
tures. Ring 29 is selected for detailed study as it has the
highest value of this ratio. The pair generation rate for
another resonator, ring 24, is included in Table I. This ring
has a lower quality factor of 0.91 million and the same
radius as ring 29. The measured pair generation rate of ring
24 follows the expected behavior, accounting for the lower
quality factor of this resonator.
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