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We present designs for silicon-on-insulator nanowaveguide sources capable of generating polarization-
entangled photon pairs with high concurrence (approximately 0.98) across the S, C, and L bands
(approximately 1475–1625 nm) in the telecommunications spectrum via degenerate-pump spontaneous
four-wave mixing. Silica-clad waveguides with Si film thickness 280 nm, width in the range 700–800 nm,
and length up to 1 cm are shown to be optimum, generating near-perfect entangled pairs over a bandwidth
>100 nm around 1550 nm. Further, the use of relatively narrow pump bandwidths (<10 GHz) can still
yield a concurrence> 0.95 in waveguides up to 7 mm long despite the presence of large polarization-mode
dispersion in these high-index-contrast structures. Such broadband integrated sources can be employed in
multichannel wavelength-division multiplexed entanglement-based quantum key distribution protocols
over standard optical-fiber networks.
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I. INTRODUCTION

Photonic qubits stand out as entanglement sources that
are useful for quantum communication [1,2], computa-
tion [3], teleportation [4,5], metrology [6], simulation [7],
entanglement swapping [8], and key distribution protocols
[9,10], due to their robustness to decoherence and appli-
cability in long-distance quantum information networks
[11,12]. Polarization-encoded qubits in particular pro-
vide an ideal two-level system, offering relatively greater
ease of generation, manipulation, and measurement of
entangled quantum states in standard bulk and integrated
optical setups [13]. This advantage propels the need for
polarization-entangled photon-pair sources in the telecom-
munications regime that can employ the existing well-
developed network of optical fibers around the wavelength
of 1.55 μm.

Advances in integrated quantum photonics are particu-
larly important for hastening the course of miniaturization
and for improvement in the stability and scalability of
quantum information technology. Concerted efforts have
been made toward designing all-optical quantum networks
with functionalities such as filters and single-photon detec-
tors on the same chip [14–16], where photon sources
remain the primary building blocks. Entangled photon-
pair sources based on spontaneous parametric down-
conversion (SPDC) [17–19] in χ(2) waveguides are not
amenable to large-scale integration and additionally face a
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drawback of timing jitter [20], requiring intricate engineer-
ing such as periodic poling and/or material birefringence
to attain phase matching. On the contrary, in spontaneous
four-wave mixing (SFWM) based χ(3) devices [21–26],
the phase-matching condition can be flexibly achieved
via dispersion engineering. Here, dispersion-shifted fiber
(DSF) has been employed for entanglement generation
[22,27]; however, the purity and efficiency have largely
been limited by the noise photons arising due to spon-
taneous Raman scattering (SpRS) [28]. Researchers have
circumvented the problem by using liquid nitrogen as a
coolant for the fibers, which, however, complicates the
experimental setup [21,29]. Sources based on a silicon-on-
insulator (SOI) platform are also a promising candidate for
integrated quantum photonics due to the mature and cost-
effective fabrication technology. Moreover, crystalline sili-
con has a well-defined narrow (approximately 100-GHz)
SpRS spectrum, which is 15 THz away from the pump
[30], whereby the noise photons can be easily eliminated
either via filtering or by ensuring appropriate pump-signal
detuning. Additionally, the large effective nonlinearity of
approximately 105 times larger as compared to silica fibers
[31] and the high refractive-index contrast (�n ∼ 2) in
SOI waveguide structures aids in efficient nonlinear inter-
action at low powers along with dispersion engineering
via tailoring the waveguide dimensional parameters for
different applications.

Since the demonstration of correlated photon pairs
from Si nanowaveguides [32], there have been a num-
ber of reports concerning time-bin-entangled photon pairs
[24,33]; however, not much work has been done toward
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polarization-encoded qubits. The predominant reason is
that the high asymmetry in conventional SOI waveguides
[typically referred to as silicon wire waveguides (SWWs)],
with a standard Si film thickness of approximately 220
nm, does not allow the fundamental quasitransverse mag-
netic (TM00) mode to be well guided [20]. Polarization
entanglement has been demonstrated in a SOI waveguide
using a Sagnac fiber loop and a polarizing beam splitter,
which adds complexity to the experimental setup preclud-
ing scalability [34]. Though improvements for eliminating
off-chip optical elements such as two-dimensional (2D)
coupler combined nanowaveguides for a direct path to
polarization conversion [35] and the Si-based polariza-
tion rotator [14] have been experimentally demonstrated,
there have been no instances of direct generation of polar-
ization entanglement utilizing both fundamental quasi-TE
and quasi-TM modes except for Ref. [36], which employs
the technique of optimizing the polarization angle of the
pump. However, the separation of entangled channels from
the pump in this work is just approximately 3 nm, lim-
ited by the high group-velocity dispersion yielded by the
TM mode at 1.55 μm [36], in contrast to the recent
60-nm SFWM bandwidth demonstrated in deeply etched
(Al, Ga)As waveguides [26]. Our work takes this for-
ward to theoretically explore dispersion engineering in SOI
waveguides in order to achieve broadband polarization
entanglement, in addition to optimization of the polariza-
tion angle of the pump to achieve a maximally entan-
gled state. We theoretically demonstrate the generation
of broadband polarization entanglement in SOI waveg-
uides with a very high concurrence utilizing both H and V
polarizations without requiring off- or on-chip polarization
rotators or adjustment of the pump polarization.

In this paper, we numerically simulate silica-clad SOI
waveguides with a larger (> 220-nm) Si film thickness (or
waveguide height) to investigate the optimum dimensions
for achieving a broad SFWM bandwidth for both all-TE
and all-TM SFWM processes. Further, the concurrence is
computed and plotted as a function of the pump-signal
(idler) detuning for the optimized waveguides. The opti-
mization of the polarization angle of the pump to further
compensate the unequal nonlinear strengths of the two
scalar SFWM processes to achieve maximal entanglement
of the two-photon state is also discussed. Finally, the last
section discusses the degradation of entanglement due to
polarization-mode dispersion (PMD).

The proposed waveguide designs could be useful as
building blocks in quantum communication networks that
rely on entanglement-based key distribution protocols. A
SFWM bandwidth of approximately 150 nm for both of
the polarizations permits a large number of polarization-
entangled channels (on either side of the pump at 1550
nm) covering nearly the entire S, C, and L bands in the
telecommunications spectrum, thereby efficiently utiliz-
ing the existing optical-fiber network. The entanglement

multiplexing (> 50 channels) [26] offered by such inte-
grated devices can help in increasing the data rates and/or
the number of simultaneous users in quantum communica-
tion.

II. THEORY

SFWM is a third-order nonlinear optical phenomenon
in which two photons at frequencies ωs and ωi (called the
signal and idler, respectively) are created when two pump
photons at frequency ωp annihilate such that 2ωp = ωs +
ωi.

When a pump with polarization angle θ (with the H
direction corresponding to the polarization of the TE
mode) is incident on a Si nanowaveguide [see Fig. 1(a)],
there are in general, two types of SFWM interactions pos-
sible: scalar and vector. The scalar process is where H- (V-)
polarized pump photons generate signal and idler photons
in the same H- (V-) polarization state; whereas the vector
process involves the generation of signal and idler photons
with orthogonal polarization. In this paper, we designate all
processes as “mnqr,” where m, n, q, and r denote the polar-
ization of the two pump, signal, and idler photons, respec-
tively (m, n, q, r ∈ {H,V}). Therefore, HHHH and VVVV
refer to the scalar processes and HVHV, HVVH, VHVH,
and VHHV are the vector processes. The symmetry in the
third-order susceptibility tensor of crystalline silicon [37]
allows eight SFWM interactions overall. The other two
possible SFWM processes (HHVV and VVHH) are not
phase matched due to large PMD in SOI waveguides [38]
and thereby can be omitted from the discussion.

The most general expression for the output state can
be worked out using the backward Heisenberg approach
under the no-pump depletion condition (some intermedi-
ate steps are given in the Supplemental Material [39]) and
can be written as [40,41]

|ψout〉 =
∑

mnqr

αmαn

∫ ∫
dωsdωiF(ωs,ωi)

× φmnqr(ωs,ωi) |q,ωs; r,ωi〉 . (1)

The summation is over m, n, q, and r to take into account
the contribution from all possible configurations of SFWM
processes. |αj |2 gives the number of photons (proportional
to the pump power) present in the “j ” pump polariza-
tion. F(ωs,ωi) is the spectral transmission function for the
signal and idler filters, used for collecting the photons at
the output. φmnqr(ωs,ωi) can be termed the biphoton wave
function (BWF) corresponding to the “mnqr” process,
which contains the information about the pump spectra as
well as the phase-matching function and thereby charac-
terizes the correlations/entanglement present between the
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(a)

(b) (c)

FIG. 1. (a) A schematic of the core of the Si nanowaveguide with height (silicon-film thickness) d, width W, and length L. (b),(c) The
group-velocity dispersion β2 (GVD) as a function of the wavelength for waveguide widths of 500 nm (solid lines) and 700 nm (dashed
lines) for different heights d for (b) the fundamental TE mode (H polarization) and (c) the fundamental TM mode (V polarization). θ ,
Polarization angle.

paired photons. The BWF can be expressed as [26]

φmnqr(ωs,ωi)

= K
∫

dω sinc
[
�βmnqrL

2

]

× exp
[

i
�βmnqrL

2

]
φm(ω)φn(ωs + ωi − ω)

× 1√
vgm(ω)vgn(ωs + ωi − ω)vgq(ωs)vgr(ωi)

×
√
ω(ωs + ωi − ω)ωsωi, (2)

where vgm(n,q,r)(ω) is the group velocity of the field with
polarization m(n, q, r) at frequency ω and φj (ω) is the
pump-envelope spectral profile corresponding to the “j ”
pump polarization. L is the waveguide length and �β is
the linear phase mismatch corresponding to the “mnqr”
process, which is given by

�βmnqr = βmp + βnp − βqs − βri, (3)

where βmp(np ,qs,ri) is the propagation constant for polariza-
tion m(n, q, r) at frequency ωp(p ,s,i). The phase mismatch
depends to a considerable extent on the group-velocity

dispersion (GVD) parameter β2 (see the Supplemental
Material [39]), which in turn depends on the material and
waveguide geometry. Note that the nonlinear part of the
phase mismatch can be neglected for pump powers less
than 100 mW (for waveguide lengths up to a few centime-
ters), the required regime of operation for ensuring that
multiphoton pair-generation events can be neglected [42].
Also, the conservation of energy is already embedded in
the expression.

In Eq. (2), K is a proportionality constant that incor-
porates the nonlinear strength, which depends on the sus-
ceptibility component χ(3)mnqr and the mode overlap factor
fmnqr between the fields with polarizations m, n, q, and r
involved in the SFWM “mnqr” process. The inverse of the
overlap factor, fmnqr [43], has the units of area and hence
can be treated as being equivalent to the effective modal
area Amnqr.

The resultant output state is, in general, a superposi-
tion of |HH〉, |VV〉, |HV〉, and |VH〉. It is evident that
each of these states results from summing over both pump
polarizations and integrating over all frequencies. Silicon
is a cubic crystal that possesses m3m point-symmetry and
therefore χ(3) has only two independent elements, χ(3)1111

and χ(3)1122 (χ(3)1111 = 2.36χ(3)1122) [44]. Therefore, the vector
SFWM processes HVVV and VHHH are not allowed.
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Further, entanglement can be quantified by a param-
eter called the concurrence, which for a two-qubit pure
state cHH |HH〉 + cVV |VV〉 + cHV |HV〉 + cVH |VH〉 can
be evaluated as follows [45]:

C = 2|cHHcVV − cHVcVH|, (4)

where cqr are the four coefficients that can be computed
using Eq. (1). Here, we focus on the generation of the sym-
metric Bell state, requiring the coefficients cHV and cVH to
vanish, so that the output state is

ψout = cHH |HH〉 + cVV |VV〉 . (5)

The maximum entanglement or unit concurrence for the
above Bell state is achieved when |cHH| and |cVV| are equal
(1/

√
2 for a normalized state). This condition demands the

fundamental quasi-TE and quasi-TM modes of a waveg-
uide (which here correspond to H and V polarizations,
respectively) to be identical with respect to certain proper-
ties such as field confinement and dispersion, so that all-TE
(HHHH) and all-TM (VVVV) SFWMs yield nearly equal
photon-generation rates. The most naive solution seems
to be to employ waveguides with square cores; however,
in such cases, the vector SFWM processes also contribute
considerably (i.e., cVH and cHV are not negligible), leading
to factorizability in the generated state.

The conventional Si wire waveguides with 220-nm film
thickness do not guide the TM mode well; therefore, it is
necessary to optimize the waveguide height (to minimize
the waveguide asymmetry) such that rate of generation
of |HH〉 and |VV〉 can be nearly equalized while the
vector processes generating |HV〉 and |VH〉 are also sup-
pressed. Further, for broadband polarization entanglement,
HHHH and VVVV processes should also exhibit nearly
equal and broad operating bandwidths that can be achieved
via waveguide-width optimization for a chosen waveg-
uide height [42] (Note that the SFWM bandwidth values
reported in this work are calculated considering �β <

|π/L| as the tolerance limits of the phase mismatch and
the pump wavelength is also fixed at 1550 nm.) Therefore,
it is imperative to maximize the concurrence by optimiz-
ing the phase mismatch (via dispersion engineering), the
relative pump powers in each polarization (via the input
polarization angle of the pump), the pump bandwidth (by
including the effect of PMD), and the waveguide length.

III. RESULTS

A. Dispersion engineering

1. Optimization of the waveguide height

It is already emphasized above that the standard sili-
con thickness [or waveguide height d; see the schematic in
Fig. 1(a)] of 220 nm in conventional Si waveguides does

TABLE I. The SFWM bandwidth around 1.55 μm yielded by
different waveguide widths for the two scalar processes for a
waveguide height of 280 nm and a waveguide length of 1 cm.

Width (nm) Bandwidth yielded Bandwidth yielded
in HHHH process (nm) in VVVV process (nm)

700 110 95
750 350 130
770 150 150
800 100 160

not allow the fundamental quasi-TM mode to be well con-
fined. For example, in a silica-clad SOI waveguide with
cross section 220 × 500 nm2, the effective refractive index
is 2.4484 for TE00 and 1.7728 for TM00 at a wavelength
of 1.55 μm. Moreover, the achievable bandwidths for all-
TE (HHHH) and all-TM (VVVV) SFWM processes are
also different due to the different group-velocity disper-
sion (−0.62 ps2/m for TE00 and 24.02 ps2/m for TM00
at 1.55 μm (see the Supplemental Material [39]). Both
of these effects degrade the concurrence and therefore act
as limitations to the generation of broadband polarization
entanglement.

The fundamental TE and TM modes are extensively
simulated for a wide range of heights (220–300 nm)
and widths (400–800 nm) of silica-clad SOI waveguides
to investigate the variation of group-velocity dispersion
(GVD, β2) which predominantly determines the phase mis-
match (see the Supplemental Material [39]). The GVD is
shown in Figs. 1(b) and 1(c) as a function of the wave-
length for widths of 500 nm and 700 nm for both H and
V polarizations. It can be observed that the fundamen-
tal TE mode yields near-zero GVD (−2 to 1 ps2/m) at
1.55 μm for all heights varying from 220 to 300 nm;
however, β2 at 1.55 μm for the fundamental TM mode
approaches zero only for a height in the range 280–300
nm. Therefore, d ∼ 280–300 nm can be chosen to achieve
a reasonable phase-matching bandwidth for V polariza-
tion as well. However, for entanglement, all-TE (HHHH)
and all-TM (VVVV) both should yield a nearly equal and
broad bandwidth for a particular waveguide cross section.

2. Width optimization

Next, the GVD parameter β2 at the pump wavelength of
1.55 μm is studied as a function of the waveguide width
[see Fig. 2(a)] for d = 280 nm and 300 nm. It is evi-
dent that the H and V polarizations both have near-zero
and approximately equal GVD values for widths around
approximately 770 nm for d = 280 nm and approximately
530 nm for d = 300 nm (the intersections are encircled in
blue and red, respectively). However, the bandwidth com-
mon to both HHHH and VVVV processes for d = 300
nm is lower than d = 280 nm due to the relatively higher
GVD. This can be understood more clearly by looking
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(a)

(b)

(c)

(d)

(e)

(f)

FIG. 2. (a) The group-velocity dispersion (GVD) exhibited by the fundamental TE (H, solid lines) and TM mode (V, dashed lines)
at 1.55 μm as a function of the waveguide width W for d = 280 nm and d = 300 nm. (b) The phase mismatch as a function of the
wavelength for HHHH (solid lines) and VVVV (dashed lines) processes for waveguide cross sections 280 × 770 nm2 (blue circle) and
300 × 530 nm2 (red circle), waveguide length L = 1 cm, and a pump wavelength of 1.55μm. (c)–(f) Mode profiles for the fundamental
TE mode (H polarization) and the fundamental TM mode (V polarization) for (c),(d) 280 × 770 nm2 and (e),(f) 300 × 530 nm2.

at the phase-mismatch curves for the HHHH and VVVV
processes [see Fig. 2(b)] for waveguide cross sections
280 × 770 nm2 and 300 × 530 nm2, yielding common
bandwidths of approximately 150 nm and approximately
40 nm, respectively. The fundamental mode profiles at
1.55 μm for both the polarizations are shown for the
optimum waveguide dimensions, i.e., 280 × 770 nm2 and

(a) (b)

(c) (d)

FIG. 3. The normalized BWF (|φqr|) for the four states (a)
|φHH|, (b) |φVV|, (c) |φHV|, and (d) |φVH| for waveguide cross
section 280 × 700 nm2, waveguide length L = 1 cm, a pump
wavelength of 1550 nm, and a pump bandwidth taken as
500 GHz.

300 × 530 nm2, in Figs. 2(c), 2(d), 2(e), and 2(f). Clearly,
the difference in the effective indices and hence the differ-
ence in the degree of confinement between the two polar-
izations is comparatively lower than that for a waveguide
with the standard SOI thickness, e.g., 220 × 500 nm2 (see
the Supplemental Material [39]). Further, the bandwidths
yielded by widths in the range 700–800 nm for d = 280 nm
are listed in Table I, which shows that a bandwidth > 100
nm can be obtained for polarization entanglement for this
width range. W = 770 nm yields the maximum common
bandwidth of 150 nm around 1550 nm, covering nearly
the entire S, C, and L bands in the telecommunications
spectrum.

3. Suppression of vector processes

Another essential condition for a maximally entangled
state is to ensure suppression of the vector processes tak-
ing place, viz., HHVV, VVHH, HVHV, VHVH, HVVH,
and VHHV. HHVV and VVHH are not phase matched,
while HVHV and VHVH are phase matched only for a
very small range of frequency around the pump. This is
elaborated in Fig. 3, which shows the normalized BWF for
the four states |φHH|, |φVV|, |φHV|, and |φVH| for a waveg-
uide with cross section 280 × 700 nm2 and a length L of
1 cm. The pump spectral profile is taken to be Gaussian,
with a bandwidth of 500 GHz around 1550 nm.

The BWFs are calculated using Eq. (2) by integrat-
ing over all the pump frequencies and also taking into
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(a) (b)

(c) (d)

FIG. 4. (a),(b) The concurrence C as a function of the detuning D for different waveguide widths and heights: (a) d = 280 nm and
(b) d = 300 nm. (c),(d) The coefficients cHH (solid lines) and cVV (dashed lines) as a function of the detuning D for (c) d = 280 nm
and (d) d = 300 nm. All the calculations assume a pump wavelength of 1550 nm, a waveguide length of 1 cm, and a pump and filter
bandwidth of 100 GHz each.

account both pump polarizations. Figures 3(a) and 3(b)
show the BWF for the dominant states |HH〉 and |VV〉,
which clearly reveals that the scalar processes are phase
matched and the generated photons are correlated for a
large range of signal or idler wavelengths (approximately
1.5–1.6 μm). The other two BWFs resulting from vec-
tor processes [Figs. 3(c) and 3(d)] are phase matched for
a very small range of wavelengths (approximately 2 nm)
around the pump, which implies that these can be easily
suppressed by just ensuring that the pump-signal or idler
detuning is greater than 1 nm. Moreover, the vector BWFs
have much lower intensity. Note that BWFs for other opti-
mum waveguide dimensions (i.e., width 700–800 nm for
d = 280 nm) will also be qualitatively similar except for
a scaling factor depending on the relative phase-matching
bandwidths.

B. Concurrence

The degree of polarization entanglement achievable
from the proposed waveguide sources can be quantified by
computing the concurrence, which is given by Eq. (4). The
four coefficients cHH,cVV,cHV, and cVH can be evaluated

by inserting the BWFs in Eq. (1), taking the spectral pro-
file for the input pump and optical filters at the output as
Gaussian functions:

φp(ωs,ωi) = exp

[
− (ωs + ωi − 2ωpo)

2

2σ 2
p

]
, (6)

Fs(i)(ωs(i)) = exp

[
−

(
ωs(i) − ωso(io)

σs(i)

)2
]

. (7)

Here, ωpo and σp refer to the central frequency and band-
width of the pump pulses, respectively. ωso(io) and σs,i are
the central frequency and bandwidth of the optical filter
used in the signal (idler) arm, respectively. If D is the
pump-signal or idler detuning, then central frequencies are
given by

ωio(so) = ωp ± D. (8)

We now discuss the concurrence achievable in the opti-
mum waveguide dimensions obtained via dispersion engi-
neering in the previous sections, i.e., waveguides with
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heights of 280 nm and 300 nm. Figures 4(a) and 4(b) show
the concurrence plotted as a function of the detuning D for
a few widths around the optimal 770 nm for d = 280 nm
and 530 nm for d = 300 nm, respectively. A waveguide
length of 1 cm, pump and output filter bandwidths (σp and
σs,i) of 100 GHz each, and a pump wavelength of 1550 nm
are considered for all these calculations. Note that all the
curves start with a slightly lower concurrence due to the
considerable contribution from the states |HV〉 and |VH〉
at such small detuning (approximately 1 nm), as discussed
in the Sec. III A.

Figure 4(a) shows that a concurrence � 0.98 is achiev-
able up to wavelength detunings of 30 nm, 50 nm, and
75 nm through waveguides with widths of 700 nm, 770
nm, and 800 nm (for a fixed height of 280 nm), respec-
tively. Note that while the concurrence is nearly constant
for 700 nm, it increases and reaches approximately 1 for
770 nm and 800 nm. The exact intricate behavior of the
concurrence with detuning is determined by the spec-
tral dependence of the phase mismatch. For example, see
Fig. 2(b), where the phase mismatch (blue lines for W =
770 nm) for VVVV is lower than for HHHH up to a cer-
tain detuning, which, to some extent, compensates for the
different effective nonlinear strengths of the two processes.
This explains the cases for 770 nm and 800 nm, which can
also be understood better from Fig. 4(c), where the coeffi-
cients become equal at a detuning of approximately 45 nm
and the concurrence becomes 1 for W = 800 nm.

Similarly, the concurrence is plotted for widths around
530 nm for a height of 300 nm in Fig. 4(b). It is observed
that the concurrence C � 0.95 for widths of 500 nm, 530
nm, and 550 nm for wavelength detuning D � 20 nm. W =
500 nm shows the unit concurrence at a detuning of 17 nm
for a similar reason as mentioned above [see cHH and cVV
intersecting in Fig. 4(d)].

It can be inferred from the above discussion that waveg-
uides with a height of 280 nm can yield a nearly constant
high concurrence (C > 0.95) for a large wavelength range
> 100 nm (maximum 150 nm) for widths in the range
700–800 nm. On the other hand, for waveguides with
d = 300 nm, the maximum wavelength range for achiev-
ing a high concurrence (C > 0.95) is limited to 40 nm for
widths in the range 500–550 nm. Since the main objective
of this paper is broadband polarization entanglement, in the
rest of the paper we discuss the most optimal waveguide
with dimensions 280 × 770 nm2.

1. Optimizing the polarization angle of the pump

Up to now, the concurrence is evaluated taking equal
pump powers in both (H and V) polarizations [θ = 45◦ or
αH = αV; see Eq. (1)]. However, it can be seen that the
probability of generation of a particular state also depends
on the effective pump power, in addition to the nonlin-
earity, which varies inversely with the effective modal

FIG. 5. The concurrence C as a function of the polarization
angle of the pump θ for 280 × 770 nm2 at different detunings of
20 nm and 80 nm.

area (γ = ωn2/cAeff, where n2 is the nonlinear coefficient
for silicon). Therefore, unequal pump powers can also be
used to compensate for different degrees of field confine-
ment in both the polarizations (i.e., injecting more power
in the polarization with weaker confinement). It is thus
useful to have a priori knowledge of the optimum input-
pump polarization angle θ for a given waveguide structure.
Figure 5 shows the variation of the concurrence with
the change in pump angle θ for the optimum waveguide
cross section 280 × 770 nm2 at detunings of D = 20 nm
(solid) and D = 80 nm (dashed). The concurrence can be
enhanced from 0.98 to 1 by setting the pump polarization
to approximately 47◦ at a detuning of 20 nm. The slight
variation of the optimum angle with detuning can again
be exactly understood through the spectral dependence of
the phase mismatch. However, the variation is small and
an angle can always be chosen to obtain a high concur-
rence (> 0.98) over the entire phase-matching bandwidth
(for additional details, see the Supplemental Material [39]).

Experimentally, the rates can be equalized by prepar-
ing the pump at the required angle using standard optical
components such as a half-wave plate and a polariza-
tion controller before coupling light into the waveguide
[26,36]. Light is coupled in and out of the waveguide using
either lensed fibers and inverse tapering (in-plane) or inte-
grated grating couplers (out of plane) at both ends of the
waveguide [46]. However, the typical lengths involved in
the nanotaper [47] and grating coupler [48] are < 100 μm
and therefore do not affect the synchronization of the H and
V polarizations at the waveguide input.

2. Effect of PMD on concurrence: Optimization of
waveguide length and pump bandwidth

Arising due to the waveguide asymmetry in our case,
PMD implies that the H and V polarizations travel with
different group-velocities, which leads to a temporal lag
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(also called the differential group delay) between the states
|HH〉 and |VV〉, given by [for the signal (τs) and the idler
(τi)]

τs(i) = L
(

1
vg(H,ωs(i))

− 1
vg(V,ωs(i))

)
. (9)

Consequently, the temporal distinguishability between the
two states increases, which in turn reduces the degree of
polarization entanglement. In this section, we study the
sole effect of PMD on the concurrence for the optimized
waveguide dimensions and therefore find the optimum
range for the pump bandwidth corresponding to a particu-
lar waveguide length (considering equal rates of generation
of |HH〉 and |VV〉). It should be emphasized here that
the concurrence calculated in the previous sections does
not completely evaluate the effect of the pump bandwidth.
However, if the output state in Eq. (1) is written in terms of
temporal modes and perfect phase matching is assumed at
frequencies within the filters, an analytical expression for
the concurrence in the presence of a temporal lag in both
the signal and the idler arms can be obtained [taking Gaus-
sian functions for the optical filters and pump spectrum;
see Eqs. (6) and (7)] and is given by [49,50]

C(τs, τi) = exp

[−(τs − τi)
2σ 2

s σ
2
i − σ 2

p (τ
2
s σ

2
s + τ 2

i σ
2
i )

8(σ 2
s + σ 2

i + σ 2
p )

]
.

(10)

The first term is negligible (τs ∼= τi) due to the low dis-
persion for both H and V polarizations in the proposed
optimum waveguide cross section of 280 × 770 nm2.

Figure 6(a) shows the variation of the concurrence
as a function of the pump full-width-at-half-maximum
(FWHM) bandwidth and the waveguide length for the opti-
mum waveguide cross section of 220 × 770 nm2, taking
a wavelength detuning (D) of 50 nm around the pump at
1550 nm. The FWHM bandwidths for both of the filters
are kept equal and fixed at a typical value of 100 GHz for
all the calculations. For a waveguide length of 1 cm (or
longer), a pump bandwidth of few gigahertz (1–3 GHz)
should be employed to maintain a concurrence > 0.95 in
the presence of PMD. In order to employ pump pulses
with larger bandwidth, the waveguide length needs to
be reduced correspondingly [which can be deduced from
Fig. 6(a)] such that τs,i << 1/σp .

Finally, Fig. 6(b) shows the trade-off between the con-
currence and the spectral brightness with the waveguide
length for the optimum cross section of 280 × 770 nm2 at a
detuning of 50 nm from the pump. This shows that the tem-
poral lag accumulated in waveguide lengths L < 7 mm can
be tolerated, such that a concurrence > 0.95 is achieved,
with a pump FWHM bandwidth of 10 GHz. Also, the pro-
posed source is capable of yielding a spectral brightness

(a)

(b)

FIG. 6. (a) The concurrence as a function of the pump full-
width-at-half-maximum (FWHM) bandwidth and the waveguide
length for a cross section of 220 × 770 nm2, with a wavelength
detuning of 50 nm from the pump at 1550 nm. (b) The concur-
rence (left axis) and the spectral brightness, i.e., the number of
pairs/s/GHz/mW2 (right) as a function of the waveguide length
for a cross section of 280 × 770 nm2 at a detuning of 50 nm,
taking a pump FWHM bandwidth of 10 GHz.

of approximately 1000 pairs/s/GHz/mW2 in a waveguide
of length 10 mm. Note that the spectral brightness is cal-
culated considering equal rates of generation achieved via
the optimization techniques proposed in earlier sections of
the paper.

IV. CONCLUSIONS

In conclusion, we propose integrated silicon photonic
sources for broadband polarization entanglement spanning
the S, C, and L bands in the telecommunications spectrum,
utilizing SFWM for both H and V polarizations. Silica-
clad SOI nanowaveguides with a silicon film thickness of
280–300 nm are shown to support TM00 modes (V polar-
ization) with near-zero GVD (in addition to the fundamen-
tal TE00 mode, H polarization) and are thus investigated
numerically for concurrence analysis (the degree of entan-
glement). It is observed that waveguides with a height of
280 nm and a width in the range 700–800 nm are capable
of generating a high concurrence > 0.98 for a large wave-
length range> 100 nm around 1550 nm, whereas the band-
width yielding a high concurrence (> 0.96) is limited to
approximately 40 nm for waveguides with height 300 nm

044043-8



SILICON PHOTONIC WIRES... PHYS. REV. APPLIED 18, 044043 (2022)

(with a width in the range 500–550 nm). The polarization
angle of the pump is also optimized for further equaliza-
tion of the generation rates of the orthogonally polarized
states |HH〉 and |VV〉 and enhancement of the concur-
rence. Finally, the effect of PMD on the concurrence is
studied for the optimized waveguide dimensions. Narrow-
band pump pulses with bandwidth � 10 GHz can toler-
ate the temporal lag accumulated in waveguide lengths
� 5 mm, so that the concurrence remains greater than
0.95 along with a high spectral brightness (approximately
1000 pairs/s/GHz/mW2) for the optimized waveguide
devices.

The proposed on-chip sources for generating broadband
polarization entanglement in the telecommunications band
could be useful for multichannel wavelength-division mul-
tiplexed (WDM) entanglement-based quantum key distri-
bution (QKD) protocols utilizing the existing optical-fiber
network. This entanglement multiplexing can enhance the
data rates and/or the number of simultaneous users in quan-
tum communication. Therefore, these integrated devices
are promising building blocks for the implementation of
large-scale quantum communication and computation net-
works.
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