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In this paper, a configuration consisting of a pump propagating in an orthogonal direction to the
surface of a nanowaveguide is studied. It is possible to show that the generation by spontaneous
parametric down-conversion of a signal and an idler photons inside the nanowaveguide is strongly
dependent on the waveguide thickness because the high refractive index of the waveguide core
creates also an optical cavity for the pump field. Furthermore, it was evaluated the best condition
for photon-pair generation in the case of a nanowaveguide in gallium indium phosphide, which has
a −43m symmetry.
For the same waveguide geometry, but orientation parallel to the [110] plane, it is possible to
use spontaneous parametric down-conversion to generate counter-propagating photon-pair with the
same polarization. When the efficiency of the generated photon-pairs in TM0 and TE0 modes is
the same, then it is possible to obtain polarization-entangled photons, by using this configuration.
Furthermore, by adding a mirror at one of the ends of the waveguide, the system can be used to
produce a squeezed-state.

I. INTRODUCTION

Photons are indeed an excellent resource for several
quantum applications, including quantum computing [1],
quantum cryptography [2, 3] and communication [4–7],
and quantum metrology [8]. This is due to the possibility
of easily transmit and manipulate them in the open air
or through optical fibers, as well as the advances in non-
linear optics that have enabled the generation of single
and entangled photons.
Photon pairs generated by optical spontaneous paramet-
ric down-conversion (SPDC) are good examples of en-
tangled states, i.e. pairs of photons that share a single
and not factorized wave function, generated in a nonlin-
ear medium. SPDC has been realized in bulk nonlinear
crystals [9] and in microstructured fibers [4, 10], atomic
ensembles [5], and microwaveguide and photonic crystals
[6, 11–15].
In this process, a photon from an intense excitation field
(known as pump photon) interacting with a nonlinear
optical medium generates two photons, known as idler
and signal [16]. As an alternative perspective, the seed
fields of the process are provided by vacuum fluctuations,
and only the signal and idler pairs that satisfy momen-
tum and energy conservation are efficiently transformed
in existing photons. The combination of the conservation
laws and the vacuum fluctuations are the center of the
entanglement between idler and signal.
SPDC is a versatile process since it makes possible to
generate photons that can be polarization, space, time,
etc. entangled. When a low mean photon number is con-
sidered, a system known as a ”heralded” source, where
one of the two generated photons is used for heralding the
presence of the other photon can be also used [11, 12, 17].
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In this work, we want to suggest a possible solution for
generating polarization-entangled photons by using a rel-
atively simple setup, based on the possibility of using
a nanowaveguide made in a semiconductor with −43m
symmetry [18], for the generation. In particular, the
data were calculate by using Ga0.51In0.49P as illustra-
tive material, since it allows the generation of photons
in the near-infrared region (NIR, 0.75 − 1.4 µm), a pre-
ferred region for using single-mode optical fibers, whose
attenuation is below 2 dB/km in the NIR region [3].
Ga0.51In0.49P shows excellent properties for nonlinear ap-
plications, such as large nonlinear coefficient [19] and
large refractive index [20]. Furthermore, III - V alloys
are of great interest due to the possibility of integration
on chips [11, 12, 14, 15, 17], making those materials of
great interest for future applications with integrated sys-
tems on a single device.
In this work, the pump propagating in an orthogonal di-
rection to the surface of a nanowaveguide is studied. We
consider a waveguide with −43m crystal symmetry ro-
tated 45o around the waveguide axes, which results in
45o to the two crystallographic axes of the semiconduc-
tor. This configuration makes possible the generation
of a pair of counter-propagating photons with the same
polarization and, so with degenerated wavelengths. Fur-
thermore, the crystal geometry of the material allows the
generation of entangled states at specific conditions. This
is possible by using one pump beam only, in contrast to
what presented by [21]. Additionally, the study of the
conditions to generate a squeezed state in this configura-
tion is presented.

II. THEORY.

To generate pairs of counter-propagating photons in
the waveguide, we will use the scheme with the pump
propagation direction perpendicular to the waveguide.
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This technique is similar to the one presented by A.
De Rossi and V. Berger [21]; however, by changing the
waveguide geometry and the crystal orientation, the gen-
eration of particular quantum states, which were not con-
sidered in [21], can be obtained.
For crystal symmetry −43m the second-order nonlinear
susceptibility tensor (in contracted notation) has a form
[18]:

deff =

0 0 0 d 0 0
0 0 0 0 d 0
0 0 0 0 0 d

 . (1)

Applying the non-depleted pump approximation and as-
suming counter-propagating signal and idler leads to two
sets of equations:

dEx,s
dz

= iκEz,pE
∗
y,ie

i∆kz,

dEy,i
dz

= −iκEz,pE∗x,sei∆kz, (2)

dEx,s
dz

= −iκEz,pE∗y,iei∆kz,

dEy,i
dz

= iκEz,pE
∗
x,se

i∆kz, (3)

where κ = d
√

µ0

ε0

ωiωsωp

ninsnp
and ∆k = ki − ks. Since the

crystallographic axes of the crystal are parallel to xyz-
coordinates the excited counter-propagating modes need
to have orthogonal polarization. In this configuration,
it is impossible to have photons with degenerate wave-
lengths: as from the graph presented in Fig. 1, it is pos-
sible to see that for thicker waveguides, the wavelengths
of emission of the photon pairs are closer as well as for
waveguides which thickness is very small. In order to get
polarization entangled photon-pair generation, the signal
and the idler emitted at the end of the waveguide need
to be indistinguishable. As suggested in [21], this can be
solved by using two pump beams.

An alternative solution with a single pump beam can
be obtained when the crystallographic axes of the nonlin-
ear crystal are rotated 45o around the z-axis (Fig. 2(a)).
Then, the dispersion problem can be avoided by the gen-
eration of down-converted photons with the same polar-
ization and the same wavelength. In Fig. 2(b) the mo-
mentum diagram for considered photons in the recipro-
cal space is presented: the profile of deff is a sinc func-
tion due to the waveguide cross-section. However, the
pump distribution, as well as the guided modes of the
signal and the idler, contributes to the final conversion
efficiency. Even if the waveguide geometry prevents effi-

cient conversion (if d =
λp

np
corresponding to kp = 2π

d ),

we will demonstrate that the profiles of the guided modes
and the pump distribution inside the waveguide will con-
structively contribute to the photon-pair generation. It is
also indicated the case presented in orange in Fig. 2(a),
where the signal photon propagates along z and the idler

FIG. 1. Calculated dispersion inside a waveguide made of
GaInP in a air cladding for different thicknesses of the waveg-
uide for λp = 700 nm.

FIG. 2. Schemes (a) for spontaneous parametric down-
conversion process in a nonlinear waveguide with −43m
crystal symmetry (crystal axes 45o to xyz) for counter-
propagating signal and idler. Two orthogonal solutions for
generating photon-pairs are indicated by orange and green.
The pump polarization is in brown. The direction of prop-
agation of the different waves is shown by dotted lines. (b)
Momentum conservation diagram presented in the reciprocal
space, when the idler is propagating along −z and the signal
is propagating along +z.

photon propagates along −z and where the momentum
of the signal and the idler photons have to cancel each
other, to satisfy the phase-matching condition for SPDC
process. For the pump photons, the momentum is ab-
sorbed by the waveguide geometry due to the nonlinear
process. In the new xyz-coordinates system (Fig. 2(a)),
deff can be written as:

deff =

0 0 0 0 d 0
0 0 0 −d 0 0
d −d 0 0 0 0

 . (4)
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The Eq. 2 and Eq. 3 can be written as:

dEx,s
dz

= iκEz,pE
∗
x,se

i∆kz,

dEx,i
dz

= −iκEz,pE∗x,iei∆kz, (5)

dEy,s
dz

= −iκEz,pE∗y,iei∆kz,

dEy,i
dz

= iκEz,pE
∗
y,se

i∆kz, (6)

Now, one can see that the signal and the idler have
the same polarization, which leads to degenerated wave-
length of emitted photons. As one can see from Eq. 5
and Eq. 6, an efficient light conversion requires a good
overlap among the interacting fields. Therefore, we have
to consider profiles for both the guided modes (of the sig-
nal and the idler) as well as the pump field distribution
inside the waveguide. The overlap ηp,i,s among all the
three interacting fields can be written as:

ηp,i,s =

∫
core

E∗pEiEsdx, (7)

where Es and Ei are the normalized field profile for the
guided fundamental mode, and Ep is the electric field of
the pump with normalized amplitude in the free space.
ηp,i,s has a complex value. However, to simplify the equa-
tions we will use the absolute value:

η =
√
ηp,i,s · η∗p,i,s. (8)

This approximation will only affect the phase of the gen-
erated light. Since the refractive index of the nanowaveg-
uide core is larger than the cladding, the waveguide can
create an optical cavity for the pump wavelength. In this
case, the enhancement of the pump field, due to the res-
onance effect will contribute to the overlap η, where η2 is
proportional to the efficiency of generation of the photon
pairs.
The Eq. 5 and Eq. 6 describe an optical parametric os-
cillator with the gain threshold condition satisfied for the
pump:

Ez,p =
π

2κLη
(9)

where L is the length of the waveguide. For the pump
power below the threshold, the classical description can
not be used. Then the quantum formalism has to be ap-
plied. Since in both polarizations the generated photons
have the same energy, their superposition represents a
polarization-entangled state:

Ψout =
1√
2

(|Xs〉F |Xi〉B − |Ys〉F |Yi〉B), (10)

where the subscripts s and i represent the signal and the
idler photons, and X and Y represent the polarization of

FIG. 3. Overlap η as in Eq. 8 among the modes for a waveg-
uide made of GaInP in a air cladding for different thicknesses
of the waveguide for λp = 700 nm.

FIG. 4. Nanowaveguide geometry including a mirror at the
end of the waveguide.

the photons. The polarization entangled photons can be
generated when η of the two cases, i.e. TE0,F TE0,B and
TM0,F TM0,B, are equal, as shown in Fig. 3.
Since the TE0,F TE0,F overlap is generally dominating,
it is a better option to consider when the generation in-
terests only a photon-pair. Therefore, it is important to
remind that the SPDC process with the signal and the
idler generated at degenerated wavelength with the same
polarization can be used to generate squeezed-state. By
placing a mirror at one end of the waveguide as in Fig.4,
the phase relation between forward and backward prop-
agating modes can be defined by the mirror position,
allowing the idler and signal to propagate in the same
direction. The generation of vacuum squeezed states can
be evaluated by considering the time dependent Hamil-
tonian of the electromagnetic field [22]. The pump, the
signal, and the idler can be written as:

Ez,p = i

√
~ωp
2V ε

(ap(t)e
iky − a†p(t)e−iky), (11)

Ex,s = i

√
~ω
2V ε

(a(t)eikz − a†(t)e−ikz), (12)

Ex,i = i

√
~ω
2V ε

(a(t)ei[k(2L−z)+φm]−a†(t)e−i[k(2L−z)+φm]),

(13)
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where φm is the phase due to the reflection from the
mirror, V is the quantization volume, ε is the dielec-
tric constant, L is the length of the waveguide. Since
the pump is in a non-depleted pump approximation and
strong pump field, then it can be used as a classical field
(εp), which has the units of the square root of the mean
photon number. In this case, the Heisenberg equations
of motion need to be solved only for a and a† [22]. Fi-
nally, by applying energy and momentum conservation
and considering κ > 0 and a real number, it is possible
to obtain:

a(t) = eiφ0a(0) cosh(εpηκt) + e−iφ0a†(0) sinh(εpηκt),
(14)

where φ0 = −kL−φm/2. This confirms the squeezing of
the generated light.

III. CONCLUSIONS

In conclusion, we applied a configuration that includes
the pump propagating in the orthogonal direction to the
nanowaveguide. In this configuration of the pump, we
used a crystal with a −43m symmetry, and we applied a

rotation of an angle of 45o in the xy-plane. This allowed
us to prove the generation of photons with degenerate
wavelength and polarization, due to the new components
of the second-order nonlinear susceptibility tensor. While
it can be proven that the overlap η between the degener-
ate case of photons that propagates in TE0 mode inside
the waveguide is on average larger, it is possible anyway
to generate entangled photon pairs, when the overlap η
of the pairs generated in TE0 mode and the ones gener-
ated in TM0 mode are equal.
Moreover, we proved that when a mirror is added at the
end of the nanowaveguide, it is possible to obtain a vac-
uum squeezed-state. The best configuration, in this case,
includes having both the idler and the signal in TE0 mode

when the ratio is close to 1
λp

np
, due to the largest over-

lap in this condition. Such a source can have potential
applications in integrated optical sensors.
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