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1. Introduction
Following the emergence of quantum informa-
tion (QI) over the last three decades, the de-
mand of physical systems supporting or generat-
ing controllable quantum states has drastically
increased. In fact, the quantum properties of
such states – from state superposition and non-
cloning theorem to entanglement – are exploited
to overcome the limits of classical information
protocols, pursuing, for example, the establish-
ment of unconditionally secure communications,
the creation of new computational tools to ad-
dress classically unsolvable or inefficient algo-
rithms, the proficient simulation of complex sys-
tems. Among all the currently available physi-
cal platforms for the development of quantum
technologies, spanning from atomic and solid
state systems to superconductive circuits, we fo-
cus our attention on photons. Thanks to their
high speed and immunity to decoherence, they
are particularly suited for carrying QI and are
employed not only in quantum communication
protocols but also in quantum simulation and
computing [1].
Qubits, two-level systems representing the basic
unit of QI, can be implemented in a large vari-
ety of degrees of freedom of photons, including

polarization, arrival time at a detector, spatial
path, frequency and orbital angular momentum.
For this reason, the development of sources of
single or entangled photons, such as quantum
dots [2] or parametric sources [3], has been a ma-
jor objective of the last decades. Several mate-
rial platforms are investigated for the implemen-
tation of integrated, robust, controllable, low-
power consumption and high fabrication yield
devices able to efficiently generate, manipulate,
distribute and detect the target quantum states
[4, 5]. Light can be, indeed, confined at the mi-
crometer scale via nano-fabricated waveguides,
while nonlinear effects can be exploited for the
production of photonic qubits.
Here we present the implementation of inte-
grated photonic devices using AlGaAs, a semi-
conductor III-V material with direct bandgap:
we describe the design of a parametric source of
entangled photon pairs at room temperature and
its characterization in terms of nonlinear perfor-
mances and entanglement quality. Furthermore,
we propose a hybrid device resulting from the
heterogeneous integration of the AlGaAs source
with a silicon-on-insulator (SOI) circuit, in the
aim of merging the two material platforms and
leveraging their complementary assets.
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2. AlGaAs waveguides as
photon-pair sources

AlGaAs Bragg reflection waveguides are de-
signed for efficient nonlinear conversion, mak-
ing use of modal phase-matching for generating
broadband energy-time and polarization entan-
gled bi-photon states.

2.1. Nonlinear optics in waveguides
When intense electromagnetic fields interact
with matter, we observe optical phenomena that
can only be described with nonlinear equations.
Second order nonlinearity is responsible of a se-
ries of possible interactions between three fields
(three-wave mixing processes): in a quantized
picture, three photons, each one in a given fre-
quency mode (ω1, ω2 or ω3, such that ω3 =
ω1 + ω2 for energy conservation), will interact
within the nonlinear medium, whose nonlinear
properties are described by the susceptibility
tensor χ(2), leading to the creation or annihi-
lation of one of them. If the pump fields are
at frequencies ω1, ω2 and the generated one is
at ω3, we talk about sum frequency generation
(SFG) process.
The amount of generated optical power is pro-
portional to the pump one and to the square of
the interacting length; a particular conversion
process occurs when the corresponding nonlinear
tensor element is non-null and it is efficient only
if the phase-matching (PM) condition is satis-
fied, meaning that the momentum is conserved
in the interaction: k3 −k1 −k2 = 0, where ki is
the wavevector of the field i. If the fields are con-
fined in waveguides – in this case, we call them
modes –, we consider the interplay between the
spatial distributions of the interacting fields and
χ(2) by means of the nonlinear overlap integral:

Γ =
1

2

∫∫
S

dxdzχ(2)A∗
1A

∗
2A3, (1)

where S is the transverse section of the wave-
guide, the reference frame is the one of Figure
1, Ai(x, z) is the normalized transverse spatial
distribution (

∫∫
S dxdz|Ai|2 = 1) of mode i at

frequency ωi, propagating along the y direction.
The conversion efficiency is, in this case, also
proportional to |Γ|2: thus, the waveguides are
designed in order to maximize the overlap inte-
gral and to satisfy the PM condition.

Figure 1: Sketch of the AlGaAs waveguide with
reference frame.

2.2. Design
Wavevectors are colinear for waveguide modes.
Hence, the PM condition turns into: n3ω3 =
n1ω1 + n2ω2, being ni = ni(ωi) the effective re-
fractive index experienced by the mode i at fre-
quency ωi. For a given mode, this condition is
never met, being n(ω) a monotonic increasing
function in the spectral region of interest; for
instance, if we consider a so-called second har-
monic generation (SHG) process (the degenerate
case of SFG: ω1 = ω2 = ω and ω3 = 2ω), we ob-
tain n(2ω) = n(ω), which is clearly in contrast
with the function profile. Among the available
strategies to overcome this issue, the modal PM
method consists of having two modes with dif-
ferent chromatic dispersion (mode u and mode
v) supported by the waveguide and involved in
the interaction, such that nu(2ω) = nv(ω).
Horizontally (or TE) and vertically (or TM) po-
larized fundamental modes in the telecom range
are confined in the core of our waveguides by to-
tal internal reflection. Bragg reflectors made up
of AlGaAs layers in the vertical direction with
different Al concentration – thus, different re-
fractive index – confine the so-called TE and TM
Bragg modes in the near-infrared (NIR) range
[6]. Modal PM can be fulfilled between these in-
teracting modes [7] and the resulting waveguide
is sketched in Figure 1.
Besides being suitable to achieve modal PM,
AlGaAs is characterized by one of the largest
second order nonlinearities [5]. The crystallo-
graphic symmetries, which shape the χ(2), allow
three PM conversion processes:

1. Type 0: ωBnTMB(ωB) = ωsnTM (ωs) +
ωinTM (ωi);

2. Type I: ωBnTMB(ωB) = ωsnTE(ωs) +
ωinTE(ωi);

3. Type II: ωBnTEB(ωB) = ωsnTE(ωs) +
ωinTM (ωi),
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Figure 2: Simulated SHG efficiency curves for
the PM types.

where ωB is the frequency of the Bragg mode,
ωs and ωi the frequencies of the fundamental
modes (such that ωB = ωs + ωi), nTE(B)/TM(B)

the effective refractive index of the fundamen-
tal(Bragg) TE/TM modes. In Figure 2, we dis-
play the simulated SHG conversion efficiencies
in our structures per unit pump optical power
and unit squared interaction length per each
PM type; this let us retrieve the PM resonance
frequencies, the frequencies of the SHG signals
(double the corresponding pump frequencies).

2.3. Generating quantum states
Photon pairs are generated in our waveguides
via spontaneous parametric down-conversion
(SPDC), which is conceptually the inverse pro-
cess to SFG: a pump photon at frequency
ωB, triggered by vacuum fluctuations, is down-
converted into two photons at frequencies ωs and
ωi, with ωB = ωs +ωi. The produced bi-photon
state |ψ⟩ can be written as:

|ψ⟩ =
∫∫

dωsdωiC(ωs, ωi)â
†
s(ωs)â

†
i (ωi)|0⟩, (2)

where â†x(ωx) is the operator which creates a
photon in the mode x with frequency ωx and
|0⟩ is the vacuum state. C(ωs, ωi) is the joint
spectral amplitude (JSA) function, whose mod-
ulus squared gives the probability that the bi-
photon state is composed by a signal photon at
frequency ωs and an idler photon at frequency
ωi. It can be re-written as:

C(ωs, ωi) ∝ Γ̃ϕp(ωs + ωi)ϕPM (ωs, ωi), (3)

where Γ̃ is the non-normalized nonlinear over-
lap (Equation 1), ϕp the pump spectral distri-
bution, ϕPM the phase-matching function. The
narrower the spectral width of ϕp, the more
frequency anti-correlated are the two generated
photons; assuming a Dirac delta-like ϕp, the
bandwidth of the produced bi-photon state will
be given by ϕPM , which accounts for the satis-
faction of the PM condition for each considered
triplet of interacting photons. The best conver-
sion efficiency is reached when ωB corresponds
to the PM resonance frequency.
A sufficiently narrowband pump makes the pho-
tons generated through SPDC to be naturally
energy-time and frequency-bin entangled. Fur-
thermore, photons produced via a type 2 PM
conversion process are also polarization entan-
gled. All these degrees of freedom can be re-
trieved and exploited in our structures.

3. Performances
characterization

The fabricated waveguides are characterized in
terms of optical losses, SHG conversion effi-
ciency, photon-pair production rate and energy-
time entanglement visibility, in view of their ap-
plication to QI protocols and their integration
with SOI platforms.

3.1. Nonlinear conversion efficiency
The experimental optical pumping is achieved
by using two frequency-tunable narrowband
continuous wave (CW) lasers (Tunics for the
telecom range, TOPTICA for the NIR); light is
conveyed to the waveguides by means of micro-
scope objectives. The large index mismatch be-
tween AlGaAs and air makes the waveguide to
behave like an optical cavity, whose facets’ re-
flectivity can be numerically estimated for any
given supported mode: the contrast of the re-
sulting Fabry-Perot interference pattern can be
used to directly retrieve the optical losses coef-
ficients [8], thus characterizing the transmission
of the guide.
A SHG measurement is used to characterize the
nonlinear properties of the waveguide, in order
to retrieve the PM resonance frequency and the
conversion efficiency. The telecom CW laser is
used as optical pump: by controlling its polar-
ization, we have access to the different types of
PM conversion processes. The produced signal
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is detected by a photodiode sensitive to NIR
light combined with a signal recovery stage. By
estimating the waveguide internal optical power
and the coupling efficiency, we calculate the non-
linear conversion efficiency and compare it to the
one obtained with simulations (Figure 2). The
experimental results for type 0 and type 2 PM
are compatible with the expected ones, also in
terms of PM resonance frequency; the measured
efficiency for type 1 PM is much lower, the rea-
son why is still under analysis.
The PM resonance frequency is strongly depen-
dent on the core Al concentration and geometry,
thus offering an effective tunability for this pa-
rameter. It is also dependent on the waveguide
temperature, which is for this reason actively
stabilized during the measurements.

3.2. Pair production
Photon pairs are produced via SPDC by opti-
cally pumping at the PM resonance frequency
with the NIR laser. The generated photons are
split through a 50/50 beam splitter (BS – for
type 0 or type 1 PM) or through a polariz-
ing BS (for type 2 PM) and then respectively
detected with superconducting nanowire single-
photon detectors (Quantum Opus). The elec-
trical signals generated by the detectors upon
the detection of a photon are fed into a time-to-
digital converter (TDC, quTau); the coincidence
histograms recorded for the three types of phase-
matching are shown in Figure 3.
Performances are evaluated in terms of pair pro-
duction rate (R, net number of measured coin-
cidences per unit integration time, measured in

Figure 3: Histograms of coincidences for the
three types of conversion processes.

s−1), coincidence-to-accidental ratio (CAR), be-
ing the accidental counts the ones collected aside
of the signal peak, and brightness (B), defined
as R per unit input power and unit bi-photon
state bandwidth (measured in s−1mW−1nm−1).
The obtained results for the different PM types
are listed in Table 1: with reference to the state
of art peak performances reported in [5], our
best results are comparable with the ones of inte-
grated sources with similar characteristics (high
compactness and wide bandwidth signal).

PM R B CAR

0 7.7×105 9.6×103 34

1 1.2×105 1.5×103 3.2
2 2.3×106 3.8×104 78

Table 1: Pair production performances.

3.3. Entanglement visibility
Energy-time entanglement can be demonstrated
through a Franson-type interferometry measure-
ment [9]. During this master thesis, we de-
signed and characterized for this scope a fibered
Franson interferometer in the folded configura-
tion, which is sketched in Figure 4a. l and s
stand for long and short arm, while ∆L is the
length difference between the two. When trav-
elling through the interferometer, each photon
(labelled with A or B) will either take l or s
after the BS; a coincidence measurement of the
OUT signal will reveal three possible combina-
tions of arrival times, according to which path
was taken: (i) sA − sB and lA − lB, (ii) sA − lB
and (iii) lA−sB. The result is a histogram with a
central peak, corresponding to (i), and two satel-
lite peaks for (ii) and (iii), as shown in Figure 4b.
Note that the two outcomes in (i) are in princi-
ple indistinguishable, hence giving quantum in-
terference. If we post-select the pairs detected
in the central peak, their state will be:

|ψA,B⟩ =
1√
2

(
|sA⟩|sB⟩+ ei2φ|lA⟩|lB⟩

)
. (4)

The interfernce pattern is set by the φ value and
the visibility of the interference fringes is a fig-
ure of merit for the level of entanglement of the
generated state: for a separable state it cannot
exceed 50%.
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(a)

(b)

Figure 4: (a) Sketch of the folded Franson in-
terferometer; (b) histogram of coincidences for
a Franson measurement.

Some constraints must be respected when de-
signing the interferometer: if ∆T is the is the
travelling time difference between the two arms,
it must be much larger than the coherence time
of each photon, to avoid single-photon inter-
ference, and than the combined jitter of de-
tector and TDC, to experimentally distinguish
case (i) from (ii) and (iii); moreover, in order to
have two-photon interference, ∆T must be much
shorter than the pump coherence time.
The phase shift φ is controlled via a piezoelec-
tric fiber stretcher: a different phase value cor-
responds to each ∆V , as in Figure 4b. Fara-
day mirrors (FM) are used to compensate for
birefringence and for the rotations of polariza-
tion experienced within the fiber; a strong ther-
mal isolation or active stabilization is required
to avoid thermal phase drifts. Chromatic disper-
sion, however, is not compensated, introducing a
degree of distinguishability between sA−sB and
lA − lB, which affects the entanglement visibil-
ity: we developed a theoretical model predicting
the expected visibility as a function of the sig-
nal bandwidth, set by the JSA. The model was
experimentally validated, as shown in Figure 5,

with the use of a tunable spectral filter, and we
were finally able to reach visibilities up to 99%,
attesting the high entanglement quality of the
state produced with our source.

4. The hybrid AlGaAs/SOI
device

Silicon represents one of the leading platforms in
linear integrated photonics, thanks to its good
mode confinement, moderate optical losses,
large-scale high-yield production capability, fab-
rication maturity (compatible to CMOS pro-
cesses) enabling the realization of complex in-
tegrated optical components. Although non-
linear effects are accessible through its strong
third order nonlinear susceptibility, it intrinsi-
cally lacks of second order nonlinearity. Fur-
thermore, its indirect bandgap practically pre-
vents it from achieving laser action via electrical
pumping. AlGaAs, on the other hand, features
both strong χ(2) and direct bandgap, suitable
for electrically injected photon-pair production
[10], resulting perfectly complementary to sili-
con for the implementation of a photonic chip
able to generate and manipulate quantum states
of light.
We present here a hybrid AlGaAs/SOI device.
The AlGaAs stack is bonded on the SOI chip
via adhesive bonding, using a layer of benzocy-
clobutene (BCB) as adhesive and a layer of SiO2

for relaxing the constraints released once the
GaAs substrate is removed from the stack. The
AlGaAs waveguides are etched aligned with the
silicon ones beneath. Linear tapers are used to

Figure 5: Predicted and experimental Franson
visibilities.
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(a)

(b)

Figure 6: (a) Top and (b) side view of the hybrid
device.

achieve evanescent adiabatic coupling between
the two waveguides, for the efficient transfer of
the optical modes in the telecom range. In Fig-
ure 6, the structure design is displayed.
In this first version of the device, photon
pairs are expected to be generated via optically
pumped SPDC in the AlGaAs waveguide and
be transferred to the SOI circuit, where they
can be detected and characterized in terms of
production performances and entanglement vis-
ibility. The initial experimental results demon-
strated the mode transmission, validating the ef-
ficiency of the designed adiabatic coupling and
the successful processing of the taper.

5. Conclusions
In this thesis work, we evaluated the nonlinear
efficiency and the pair production performances
of monolithic AlGaAs integrated sources, de-
signed for the heterogeneous integration with
SOI platforms. The produced quantum state
was also characterized in terms of energy-time
entanglement visibility, using a fibered Franson
interferometer: we demonstrated a visibility up
to 99%, confirming the suitability of our sources
for QI applications. Finally, we presented a hy-
brid AlGaAs/SOI device, designed for the on-
chip generation and manipulation of quantum
states of light.
The next expected steps include the enhance-
ment of type 1 PM conversion processes in our
monolithic sources, the realization of a new
Franson interferometer featuring chromatic dis-
persion local compensation, the demonstration
of the nonlinear and quantum properties of the

hybrid device. On a longer term, we envisage the
implementation of an electrically injected hybrid
device, with laser action achieved in the AlGaAs
waveguide and the produced pairs transferred to
the SOI platform for the manipulation and de-
tection.
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