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We report on the generation of correlated photon pairs in
AlGaAs-on-insulator (AlGaAs-OI) waveguides through
nonlinear spontaneous four-wave-mixing (SFWM). Our
measurements reveal an SFWM pair generation efficiency
of ~0.096 x 10'2 pairs/(sW?) at a wavelength of 1550 nm.
This is one of the highest efficiencies achieved to date
for integrated SFWM sources. A maximal coincidence-
to-accidental ratio of ~122 is measured. A spectral
characterization of the device’s pair emission at the quan-
tum level demonstrates a broad generation bandwidth of
2.0 THz, which is important for frequency multiplexing
applications. Our results indicate that AlGaAs-Ol is an effi-
cient material platform for integrated quantum photonics at
telecom wavelengths.
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Generating high photon-pair rates is critical to create efficient
quantum sources for applications such as secure non-classical
telecommunication [1], quantum teleportation [2], and
quantum information processing [3], which represent major
steps toward the development of the quantum internet [4].
Additionally, sources with a broad generation bandwidth are
essential for applications in quantum frequency multiplexing
[5] and spectral compression to, e.g., address quantum memo-
ries [6]. In order to meet today’s technology requirements in
terms of stability, compactness, and large-volume manufactura-
bility, advances in the development of photon-pair sources in
photonic integrated technologies are necessary [7,8]. A broad
range of photonic integrated sources have been developed
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exploiting nonlinear effects in diverse materials such as silicon
[7,8], SizN4 [9], AsyS; [10], and AlGaAs [11,12]. AlGaAs
material platforms have been dubbed the “silicon of nonlinear
optics,” as they combine mature manufacturing processing with
one of the highest nonlinearities of materials commonly used for
integrated photonics [13-15]. Furthermore, modifications of
the Al concentration in the alloy allow for the reduction of two-
photon absorption (TPA) at telecommunication wavelengths,
which represents a major advantage over silicon devices [16].
AlGaAs waveguides grown on their native GaAs substrate have
shown notable results for photon-pair generation [17]; however,
the phase matching condition necessary for nonlinear processes
often requires the construction of submicron waveguides, which
frequently results in high propagation losses due to the low
refractive index differences between AlGaAs layers [18,19]. The
fabrication of integrated waveguides with an AlGaAs core on a
silica cladding layer, i.e., AlGaAs-on-insulator (AlGaAs-OI),
provides a higher refractive index contrast between the guiding
medium and the cladding material. This leads to lower propa-
gation losses as well as enhanced effective nonlinearities because
of the sub-micrometer modal confinement, thus resulting in
a very efficient nonlinear platform [14,20,21]. AlGaAs-OI
devices have produced remarkable results in the classical regime:
Kerr comb generation [22], dissipative Kerr soliton generation
[23], efficient frequency comb generation through FWM [20],
broadband supercontinuum generation [24], and the first time
realization of all-optical wavelength conversion of 10 Gbaud
data signals at sub-milliwatt pump power levels [25]. Moreover,
highly efficient second harmonic generation has also been
shown in GaAs-OI [26] and AlGaAs-OI [14] waveguides. These
results demonstrate the potential to exploit the large nonlin-
earities of AlGaAs in compact integrated chips. In particular,
thanks to low propagation losses and high second-order x ® and
third-order x ® nonlinearities, AlGaAs-Ol is a very promising
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Fig. 1. Experimental setup. A continuous wave (CW) laser centered at A, = 1550.12 nm (v, = 193.4 THz) was passed through a fiber high-
rejection bandpass filter (BPF) (100 dB) with a 100 GHz bandwidth, suppressing the laser sideband modes. Subsequently, the excitation field was
guided into a fiber polarizer (FP). A manual polarization controller (MPC) ensured a TEy, waveguide-mode excitation. Through the SFWM proc-
ess, two input excitation photons with frequency (w,) are annihilated, while a pair of signal (w;) and idler (w;) photons are created. Due to energy
(2w, = , + ;) and momentum conservation (2, = &, + k;), the generated photons exhibit correlations in the frequency-time domain and are
referred to as quantum-correlated photon pairs [27]. A power meter (PM) measured the excitation field intensity after a notch filter (NF) of 200 GHz
isolation bandwidth for separating the excitation signal from the single-photon signal. The signal and idler photons were split with a programmable
filter (DWDM) and subsequently detected by two superconducting nanowire single-photon detectors (SNSPD). Their time correlations were
determined by a time tagger (T'T) in a 5 ps resolution mode. The green, blue, and red circles represent schematically the excitation, signal, and idler

photons, respectively.

candidate for highly efficient photon-pair generation via spon-
taneous parametric down conversion (SPDC) and spontaneous
four-wave mixing (SFWM) processes.

In this Letter, we demonstrate the first photon-pair gen-
eration via SFWM in a low-loss AlGaAs-OI waveguide. For
details on the fabrication method see [24]. The waveguide had
a cross-section width of 450 nm, a height of 270 nm, and a
length of 3 mm, providing single-mode TE propagation. An
aluminum percentage of 30% was chosen for the AlGaAs alloy
to avoid TPA at telecom wavelengths. We report an SEWM pair
generation efficiency of 2 ~ 0.096 x 10'? pairs/(s - W?) and a
maximal coincidence-to-accidental ratio of ~122 at 1550 nm
wavelength. A spectral characterization of the pair emission
revealed a large effective generation bandwidth (EGB) of ~2.0
THz.

The pair generation characteristics of our AlGaAs-OI wave-
guides were characterized using the experimental setup in
Fig. 1.

An important characteristic of SFWM quantum sources
is the pair generation efficiency 4. In order to determine this
efficiency, we considered the SFWM coincidence rate p
and the single-photon rates §;, S; (here defined at the out-
put of the waveguide) as a function of the excitation power
Py,. We accounted for noise photons emerging from power-
dependent Raman scattering with efficiencies &;, 4,. The power
dependence is described by the following equations [17]:

M= ‘ZPinZ, (1)
Si=[u+6b;Pn], and )
S; :[/'L+bfpin]v (3)

where P, is the power inside the waveguide. We performed
power-dependent measurements of single and coincidence
rates. To extract the generation efficiency, the chip-to-fiber
end-fire coupling 7y, experimental setup transmission Ty,
and detection efficiencies 1;, 1, needed to be considered. Here,
1y describes the mode-field coupling transmission from the

waveguide output facet to the input fiber lens, and it was deter-
mined through power-dependent classical measurements (see
Table 1). 7, describes the transmission through the rejec-
tion arm of the notch filter and the rest of the experimental
setup (which was determined by classical measurements).
Therefore, the overall transmission is ¢ = (7 - Toxp). Taking
this into account, the detected coincidence counts are described
by wa=¢*-mi-n-mw=ay-Pj. Here, Py=0, Py is
the detected power with ¢, = Twg - 7o - INp (where Tiyg
is the waveguide transmission and 7Np the transmission
through the notch ﬁlter) Hence, the pair generation effi-

ciency results in 2 = I_{Pn_n Accordingly, the detected single

countsyield S, y=n;-¢ - S;and S, s =n; - ¢ - S;. This leads
to the following power-dependent relation for the detected
parameters:

Ua=az- P>, (4)
bi 4
Sl'!d = Pa' + —Pa', and (5)
Z 15 é'p
b,
Seu= - (6)

com T,

where b; y=¢ -1n;-b; and b, y=¢ -1, - b, are the detected
Raman efficiencies. The detected generation rate pt, as a func-
tion of the detected power Py is shown in Fig. 2(a). From this,
a fic with Eq. (4) allowed the determination of the detected
generation efficiency #,. The detected signal and idler counts
as a function of P, are shown in Fig. 2(b). With a measured
propagation loss of 3 dB/cm, using 2, and classically deter-
mined transmission values (7, 7\r, Zep) permitted the
acquisition of the detector efficiencies 7, and n; as well as
the detected Raman efficiencies 4, ; and &, ,; through lin-
ear fitting. We obtained an SFWM generation efficiency of
2 ~0.096 x 10'? pairs/(s - W?) which allows for the intrin-
sic characterization of AlGaAs-Ol as a material platform (see
Table 1). Compared with other platforms, such as AlGaAs,
¢-Si, and a-Si (see Table 2), our generation efficiency is one
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Table 1. AlGaAs-OIl Photon-pair Generation

Parameters Obtained from Our Experiments®

w a b; b, w n; 1 I,

450 0.096 1.51 1.41 1.109 0.74 0.87 0.056
+0.019 +0.15 +0.14 +0.91 +0.005

“a, pair generation efficiency [10' pairs/(s - W?)]; 4;, b,, Raman efficiencies
[10"counts/(s- W)]; i/, pair generation rate (10° pair/s/nm); w, widch of the
waveguide (nm).
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Fig. 2. (a) Measured coincidence rate (it,) for the waveguide and
fit of the Eq. (4) (dashed lines), as well as the extracted coincidence-
to-accidental ratio (CAR) (solid lines are used to guide the eye);
(b) measured signal and idler single counts for the waveguide
(85,4, Si.x) and fit of the Egs. (5) and (6). (A, =1556.53 nm,
A, = 1543.71 nm).

Table 2. Comparison of SFWM Parameters with
Other Structures’

Work AlGaAs-Ol a-Si [28] c-Si [29]

a ~0.096 ~0.0009375 ~0.076
CAR ~21 ~10 ~673
Pairs/s (at Py,)  ~11,760 (354 uW) ~2,500 (2 mW) ~7,600 (1 mW)
Filter BW 10.6 15.5 0.4

“pair generation efficiency [10" pairs/(s - W?)]; BW, bandwidch (nm).

of the highest reported for an integrated SFWM photon-pair
source.

The external generation efficiency of this specific device
(i.e., the ratio of the detected photon pairs and the input power)
is Zey & 0.047 x 10° pairs/(s - W?). This parameter strongly
depends on the setup conditions and can be enhanced by loss
optimization. The intrinsic efficiency value # is not affected and
thus represents a good measure for platform comparison.

Considering an input power of P, =354 uW, the
coincidence rate per nm at the waveguide output was
W A~ 1.109 x 10% pair/s/nm. The coincidence-to-accidental
ratio (CAR) for a filter bandwidth of 1.3 THz was ~21 [see
Fig. 2(a)]. Although such a CAR is not very high, it can still
be readily used in quantum information processing [30].
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The current outcoupling loss of our device limits the CAR
value. A mode-field converter that reduces the outcoupling
loss to, e.g., 3 dB after generation can further improve the
CAR to ~185. Furthermore, for an input power of 8 mW,
achievable with further optimization, a coincidence rate of
W A 5.7 x 10° pair/s/nm could be reached. Remarkably,
such a coincidence rate is comparable to the ones of previ-
ously reported GaAs/AlGaAs sources based on SPDC [31].
Additionally, the extracted Raman coefficients show slightly
higher efficiencies for the idler (Stokes) than for the signal (anti-
Stokes) (see Table 1). This negligible difference between the
coefficients is an indication that the used spectral filter positions
are not in the range of the maximum Raman bands [32].

To study the spectral effective generation bandwidth (EGB)
of the SFWM process, we performed coincidence measure-
ments while adapting the spectral position of the signal and idler
filters with 50 GHz bandwidths symmetric to the excitation
frequency. EGB is considered to be twice of the full width at
half maximum (FWHM) of the counts as a function of the
difference between filter center frequency and excitation fre-
quency. The coincidence rate and CAR as a function of the
spectral detuning are shown in Fig. 3(a). The source’s pair
emission showed a generation over an EGB ~ 2.0 THz, and the
CAR reached a value of ~120 due to noise filtering [33] with
narrower collection filter bandwidth (50 GHz). Additionally,
in combination with a mode-field converter that leads to an
outcoupling loss of, e.g., 3 dB, the CAR could be increased
to ~1060. Figure 3(b) represents the theoretical wavelength-
dependent calculation of the group velocity dispersion (GVD)
(B2) of the waveguide, where the semi-empirical model from
Gehrsitz has been assumed for the material dispersion of the
AlGaAs core [34]. At the excitation wavelength of 1550 nm, the
GVD is anomalous and close to the zero-dispersion wavelength.
Theoretical considerations indicate an increase in generation
bandwidth [10,35] the closer the excitation wavelength is to the
zero-dispersion point. Our study was limited by the passband of
the available high-rejection filters.

In conclusion, we have demonstrated the generation
of correlated photon pairs from an AlGaAs-OI wave-
guide at a wavelength of 1550 nm. We characterized our
photon-pair source and obtained a generation efficiency of
a~0.096 x 10'? pairs/(s- W?) and a coincidence rate of
W ~1.109 x 10° pair/s/nm with a CAR over 120. This
represents one of the highest pair generation efficiencies of
an integrated quantum source through SFWM. In addition,
for the first time, we explored the EGB of a waveguide source,
demonstrating a bandwidth of 2.0 THz.

We envisage better rate performances by including on-chip
inverse taper couplers. An improved coupling efficiency will,
in turn, result in a higher brightness of the source. Moreover,
the use of ring resonator structures can enhance the excitation
field and further improve the generation efficiency. In addition,
certain advancements on device fabrication, such as the reduc-
tion of surface roughness and successful sidewall passivation,
can further decrease propagation losses [22]. These actions
can reduce the current limitations for CAR and further boost
the generation rate. Moreover, it should be noted that addi-
tional improvements on the dispersion design, i.e., obtaining
B2 values closer to zero, can enable the generation of wider
EGBs. Consequently, our study demonstrates that due to its
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Fig. 3. (a) Measured coincidence counts (CCs) and coincidence-
to-accidental ratio (CAR) as a function of pump-signal frequency
detuning (v, —v,). The spectral blockage of the (notch filter) NF is
illustrated schematically with a black line. Polynomial fits are included
to guide the eye and P, =354 uW. (b) Theoretical wavelength-
dependent calculation of the group velocity dispersion (GVD) (B,)
of the fundamental quasi-TE mode. The GVD was calculated using
a finite difference eigenmode (FDE) solver from the commercially
available software (Lumerical, Inc.).

high photon-pair generation rate and broad emission band-
width, AlGaAs-OlI has a large potential to become an integrated
platform for on-chip quantum communication and quantum
information processing applications.
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