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Generation of polarization-entangled photon pairs in a planar waveguide
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In this paper, we show that the polarization-entangled photon pairs can be generated using spontaneous
parametric down conversion in a dual periodically poled planar waveguide. The proposed configuration is
shown to have efficiencies higher than in the case of bulk crystals with the possibility of ease of collection, like in
channel waveguides, with the additional feature of wavelength tunability. We also show that the planar waveguide
configuration permits the generation of hyperentanglement in polarization and path degree of freedom, which is
not possible in case of channel waveguide. The proposed design should find applications in quantum information

processing using integrated quantum optics.
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I. INTRODUCTION

Spontaneous parametric down conversion (SPDC) is one
of the most extensively used processes for the generation of
entangled photon pairs. Generation of entangled photon pairs
has been extensively studied both in bulk crystals [1,2] and
channel waveguides [3-6]. Entangled photon pairs generated
through SPDC process in bulk nonlinear optic crystals suffer
from a number of problems such as low efficiency, design
complication, and low interaction length and are hard to
implement for practical applications. In order to overcome
these problems, the SPDC process has been implemented
in nonlinear channel waveguides, which have higher down-
conversion efficiencies in comparison to a bulk crystal [3-6].
At the same time, the flexibility in terms of variation in pump
frequency or tunability in the generation of entangled pairs is
not possible in channel waveguides.

In this aspect, planar waveguides which have confinement
only along one direction can offer us better efficiency com-
pared to bulk crystals while at the same time providing us
with a possibility of frequency tunability of the SPDC pairs
by appropriately tuning the pump wavelength and ease of
collection of the generated photon pairs.

In this paper we present the design and analysis of the
generation of polarization-entangled photon pairs in planar
waveguides and show the advantages of this vis-a-vis bulk
and channel waveguide geometries. Numerical simulation for
optimization of the entangled photon pair generation process
and tunability of the generated photon pairs is carried out using
planar waveguides in potassium titanyl phosphate (KTP).

II. PRINCIPLE

We consider SPDC in a planar waveguide in a z-cut,
Xx-propagating potassium titanyl phosphate (KTP) substrate.
In order to simultaneously realize two type II SPDC processes
we assume that the substrate has two periodical polings at two
different slant angles [7,8] as shown in Fig. 1. With appropriate
poling periods it is possible to achieve simultaneously the
following two down-conversion processes from a horizontally
polarized pump photon into a pair of signal and idler photons
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with the same frequencies w; and w;:
1 :Hpy — Hy + Vo,
2 :HPO — VX() + H[().

We will refer to Hpos0,i0) and Vo(50,i0) as horizontal and
vertical polarization states of pump (signal, idler) in the funda-
mental (0) mode respectively, with dominant components of
the electric field oriented respectively along the plane of the
waveguide and perpendicular to the plane of the waveguide.
The vector diagrams showing the phase-matching conditions
for the two SPDC processes are shown in Fig. 2. The figure
shows the possibility of achieving horizontal and vertical
polarized signal and idler pairs along the two chosen pairs
of directions. In such a case the output is expected to be a
polarization-entangled state given by (see Sec. I1I)

W) = n/dws[fHV|HsOsViO> + fvulVso, Hio)1, (1)

where fpy and fyy are coefficients defined in Egs. (10b).
The phase mismatches of the two QPM conditions corre-
sponding to the two processes are given as

AE):_]C;H__]C;H_%:V_TEL (2a)
- - - = —
Aky = kppy — kv — kin — K>. (2b)

Here,

ﬁ A
ka = ﬂpHx,

b N . N
kstvy = Bsav)(cos X + sin 6, 9),
N S 20)
ki) = Binw)(cos B; X + sin6; 9),
—
Kj = Kj(COSng)e + Sil’lggj)’\)),
where it is assumed that the signal and idler pairs corre-
sponding to the two orthogonal polarizations appear along

the same angle as shown in Fig. 2. As shown in Fig. 2, k,n
is the horizontally polarized pump wave vector along the x

axis; _k)s m(vy and k;g(vy are the wave vectors corresponding
to the horizontally (vertically) polarized signal and idler
modes making angles 6; (emission angle of signal) and 6;

—

(emission angle of idler) respectively with x axis; and K;
—
and K, are the grating vectors making angles 6,; and 6,>
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FIG. 1. Schematic of planar waveguide with the two slant
periodically poled regions.

with x axis respectively. In Eq. (2¢), Bam = 2752 is the
propagation constant, where o« = p,s,i denote pump, signal,
and idler respectively; m = H,V denote the horizontal and
vertical polarizations respectively; A ;) is the pump (signal,
idler) wavelength; and n,, is the effective indices at different
frequencies and polarization.

The phase mismatches corresponding to the x and y
components for the two processes are given by

AkiHV) = Bpu — Bsu cos O — Biy cos O; — K cos Oy, (3a)
AR = By sinf; + Biv sin6; — K sin 6y, (3b)
AkiVH) = Bpr — Bsv cos s — Bip cos; — K5 cos By, (3¢)
AKY™ = By sinb; + Biy sin6; — Ky sin by, (3d)

In order that the output state defined by Eq. (1) is a
polarization-entangled state, the signal and idler pairs in the
two processes have to appear at the same pair of angles; i.e., the
direction of emission of horizontally and vertically polarized
signal (or idler) must be the same (see Fig. 1). With a proper
design of waveguide geometry and QPM slant gratings the
coefficients fyy and fyy can be made equal, thus providing
the possibility of producing a maximally entangled state with
maximum efficiency in a planar waveguide.

We will show in Sec. IV that the down-conversion process
implemented in planar waveguide has higher efficiency and
enhanced pair rate in comparison to bulk nonlinear crystal.
We will also show that by an appropriate choice of the
angle made by the grating vectors, it is possible to satisfy
the quasi-phase-matching conditions corresponding to both
components and thus achieve high-efficiency SPDC in planar
waveguide modes of the waveguide. In addition, we will

FIG. 2. Wave vector diagram for the two SPDC processes.
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show that by changing the pump wavelength, it is possible to
generate different frequency pairs of entangled photons which
will exit at different angles (6 ,6; ), thus providing the tunability
of the SPDC process.

III. ANALYSIS

In this section we will provide a description of SPDC
process in a periodically poled single-mode planar waveguide
at signal and idler wavelength for generation of polarization-
entangled photon pairs.

We consider a pump to have a Gaussian transverse profile
of beam waist W, along the y direction and traveling along
the x direction in a dual periodically poled planar waveguide
with the optic axis along the z axis (Fig. 1). We assume the
pump to be described by a classical field as it is assumed to be
strong. Thus the electric field at pump is given by

Epn = Hepu(G0) + &5y 1), (4a)
Epn(Fot) = Apou p(x,y,z)e Erns=erh, (4b)

Here, u ,(x,y,z) represents the spatial distribution of the pump
described as

1 y2
o2 = <ﬁ> P (_u_vv,%‘)“’;’%»

where u = 1 +1
as

W2 and A  is the amplitude of pump given

( 2 ) [ ap,
Apo=| = _—,
T Wp Ce€olpH
where P, is the pump power, €y is the free space permittivity,
and c is the speed of light in vacuum.
The quantized electric fields at signal and idler correspond-

ing to different polarization are represented by the following
equations:

N 1 . R ~ N
Esiyn = z[fs(i)m(r,t) + Sj(i)m(r,t)], (52)
Exom(F.) =1 Z ZZ (1) i s(zl))l( )
m=H,V 1 k(“ s(l)m) €A
X e (kv(l)m ri— wS'it)&s(i)m (]_é;l(:)m) (Sb)

Since we are considering the single-mode planar waveguide
atsignal and idler wavelength, ! = 0; hence, by puttlng k0

s(i ym

ks(i)ms E(i)m = Ng(iym, and as(i)m(kx(i)m) = ax(i)m(ks(i)m)’ we get

2ha)sz m
Es(l)m(r t) =i Z Z O \pi(z))o( )

m= HVkv(l)m S(l)m
l(k‘mm s, It)ac(t)m(kf(t)m) (SC)
Here, k K g ; ignal, and idl
sim = ( 5(,))(, w),) wp,s,i are pump, signal, and idler

frequencies, A = L L,; L, and L, are the length of the
quantization volume along the x and y directions, respec-
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tively; dy(ym and Ezj(i)m represent the annihilation and creation

operators of the generated signal (idler) photons of transverse
wave vectors I_c)s(,«)m corresponding to fundamental spatial
mode and the m = H,V polarization; and w%{m(z) is the
normalized modal field profile for pump (signal, idler) along
the z direction of the H- and V-polarized [ modes such that
f |1/f%,)’i)l|2dz = 1. We have abbreviated 7 = (x,y,z) and 7, =
(x,y) for denoting the three- and two-dimensional position
vectors respectively.
The interaction Hamiltonian is given by [9-11]

Ain() = = / / / dCey)Emtl B 4 He)dxdydz,
(6)

where H.c. represents the Hermitian conjugate, d is the
nonlinear coefficient, and L is the length of crystal along the
propagation axis X. Here, spatial dependence of d is included
to take into account the periodic poling of crystal. Substituting
Egs. (4b) and (5¢) in Eq. (6a), we get the following expression
for the interaction Hamiltonian:

N TW,LA ,odegh/wsw;
Aty = Y7V o oy

mn = H.V kg, kin
m#n

CON
X|: = ¢mn(ksmskin)el(wp_ws_wi)t

NymMNin

x af,, (ks )at}, (ki) + Hc] (6b)

Here, d.s is the effective nonlinear coefficient and ¢,,, (l_ésm ,I;m)
is the phase-matching function given as

(Ak.(vm”)Wp)z)

mn ]_ésmv]_éin = -
Gmn( ) CXP( 1

. Ak(mn)L - Aklmn)
X sinc — ez, (7a)

where

(n) :
AR = k8D + ki) — K siny;,

(mn))?
Ak(mn) — Akim11) _ (Ak)’ )
2%k
n Ak(mn) ’
= ka — ki;n) — ki(x) — Kj COS ng — u,
2%k,pn

ki = Bstim €08 Os(iys k() = Bstiym Sin Osi)-
1™ is the overlap integral between the fundamental modes

of pump, signal, and idler for m,n = H,V and m # n, and is
described by

1 = [y el v @l e o
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Now, in accordance with the interaction picture, the overall
output state is given as

1 R
) =10,0) + / dt Bi(1)10,,0,)

= 105,0;) + [W1). (®)

The |0y,0;) state corresponds to vacuum state, i.e., no signal
and idler photon.

. 2 7 7
Now, replacing Y 7 7 — (ZAT)zxfdksm [ dki, and

Ak = 2 dwydkY  and  assuming the pump to be
monochromatic with a single frequency, w, = w, + w;,
we get the overall normalized two-photon entangled state
(neglecting the vacuum state) as

W) = lﬁ / dws[Cry(w)alyal, + Cyu(wy)al,al,110,,0:)

= ?/dws[CHHHso,Vio) + CvulVso,Hio) (9a)
where

Conta) = rty =@ [ [ Gl Fudal i

(9b)

_ —Azdj;ggf 90)

The wave function given by Eq. (9a) describes the general
two-photon SPDC state, i.e., the entire field emerging from
planar waveguide into free space. However, in order to obtain
the entangled photon state along the two chosen pair of angles
6, and 6; in the xy plane, the output state is coupled into
channel waveguide and thus the coefficient C,,, is integrated
within a range of 6,y & 86, where 86 is determined by the
width of the channel waveguide positioned at an angle 6;;).
Thus the two photon-entangled state along an angle is given
as

n
|W,) = ?fdws[fHV|Hs0,Wo> + fvulVio,Hio)].  (10a)
Here,

fmn(a)s) = ws(wp - a).v)[;mn)ﬂsmﬂin

0,486 0;+660
x / Brnd0,db;.
0,—86 0, —686

(10b)

The concurrence E, an entanglement monotone, can be
calculated as [12-14]

__2A[ dolfuv@) i@l
Jdosll fuv@)P + 1 fra(@)PT

The output state will be maximally (polarization) entangled
state for E = 1, i.e., | fuv(ws)| = | fyu(ws)|; Y wg or using a
narrow-band wavelength filter to limit the range of w, and will
be generated with maximum efficiency for Ak =0 and
Ak)(c’””) =0;m,n = H,V and m # n.

Next, we derive an expression for the power of signal
generated in planar waveguide through type II SPDC process,
and for this we will follow the same approach as mentioned

(11)
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in Refs. [10,15]. We first calculate the transition rate using
Fermi’s golden rule. To calculate the transition rate, we need
to find the density of states.

The number of H(V)-polarized 51gna1 and V (H)-polarized
idler states in the element d? kj H(v)d k, v(H) 1s given as

AZ

@2n)?

Therefore, the density of states in the planar waveguide is
given as

dNyo) = ——d* ka(V)d le(H) (12a)

A’n n
(P) sHWV)IiV(H)
Pie) = (27 )*hic? dk

Thus, the transition rate for the j = 1 and 2 processes is

sHEV)yAKiv ) ydws. (12b)

Tio) = 2%<H<V>5,V(H>,-|Him|os,oi>|2p§f’;> (12¢)
The |H(V),,V(H);) = &jﬂ(v)ajv(mws,o[) state corresponds
to final state having one signal and one idler photon cor-
responding to the fundamental spatial modes in horizontal
(vertical) and vertical (horizontal) polarization, respectively.
The down-converted signal power in a frequency interval
dwy or wavelength interval d; is d Py = hwgT . Thus, we get

the following expression for signal power for m,n = H,V and

m # n:

2 2 (mn)\2
dP(mn) 2(2 )3/2 hed P[’L Wp(IZ )
EOannxmnin)"?Ai
/ f Ak AR | Gun | d A (13)
The radiated signal power in bulk, d P(®) is given as [9]
2hed? P, L*W?21
dP®) = P2 e g (14)
€N pHNs HVYNiV(H)AS i
where
(AKZ 5 + AKZ ) ) W2
IB](Z)Z////€XP<— @) 7 d@7 b
AK, oL
x sinc? (%)dkiydkizdkwdku.

AK,;,AK,;, and AK_; are the phase mismatches along the
x, vy, and z directions respectively for j = 1 and 2 processes
in bulk.

In order to make coefficients fyy and fyy equal, periodic
poling of substrate is needed. For generation of polarization-
entangled photon pairs through type II collinear (<1°) and
nondegenerate SPDC process we require two linear QPM
gratings to satisfy the two longitudinal phase-matching condi-
tions only but for noncollinear emission (> 1°) of polarization-
entangled photon pairs, either two slanted periodical poling
of substrate or one slanted periodical poling of substrate in
addition to one linear QPM grating is needed to satisfy all
the four QPM conditions simultaneously. Also, the transverse
phase-matching condition dictates that if the emission angle
of signal is in first quadrant, then idler emission angles must
be in the fourth quadrant and vice versa. It may also be worth
mentioning here that if the two slant gratings are used then

PHYSICAL REVIEW A 94, 063816 (2016)
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FIG. 3. Cross-sectional view of the planar waveguide.

they must be aligned in two opposite directions with respect
to the propagation axis X in order to satisfy the two transverse
phase-matching conditions simultaneously for noncollinear
emission.

In the planar waveguide, an angular degree of freedom is
available with respect to the phase-matching conditions of the
two processes [see Eqgs. (3a)—(3d)], so that tuning of the pump
wavelength leads to the generation of maximally entangled
photon pairs having specific combinations of signal and
idler wavelengths emitted along a particular pair of emission
angles. In contrast, channel waveguides in nonlinear materials
can confine light in both transverse directions, implying a
restriction to only one translation degree of freedom, i.e., the
propagation direction of the interacting photons, so no angular
degree of freedom is available and thus tunability of generated
photon pairs is not possible.

In addition, in the case of planar waveguides, signal and
idler photons are physically separated and so there is no need
for any device to separate them, unlike in the case of a channel
waveguide.

IV. NUMERICAL SIMULATIONS

In order to validate our analysis, we present numerical
results for an ion-exchanged potassium titanyl phosphate
(KTP) [16,17] planar waveguide of depth d = 2.0 um with a
step index refractive profile. For the numerical simulations, the
values of the KTP substrate refractive indices (n,) for different
wavelengths and different polarizations were calculated using
Sellmeier equations given in Ref. [18] and the refractive index
difference (An) for a waveguide is taken to be 0.02 [16].

We have carried out the modal analysis [19] for planar
waveguide of depth d (Fig. 3) to calculate the eigenmodes and
thus obtained the propagation constant of H-polarized and
V-polarized fundamental modes at pump, signal, and idler
wavelengths by solving the eigenvalue equation of TE mode
and TM mode respectively.

Using the modal field distributions of the H- and V-
polarized fundamental mode of pump, signal, and idler so
evaluated from the modal analysis of a planar waveguide, we
have calculated the overlap integrals defined by Eq. (7b) and
it is found that the overlap integrals for both the processes are
almost equal.
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FIG. 4. Variation of signal power density with wavelength in (a)
planar waveguide and (b) bulk.

We first demonstrate that the production rate of the down-
converted photon pairs generated through the SPDC process in
a periodically poled KTP (PPKTP) planar waveguide is more
than in periodically poled bulk KTP nonlinear crystal. For
this, we consider a type-II collinear and nondegenerate SPDC
process assuming a 405-nm pump beam of W, = 100 um
beam waist with a pump power of 1 mW in a PPKTP of
length L = 10 mm. The variation of signal power density with
signal wavelength is shown in Fig. 4(a) for periodically poled
planar waveguide of grating period A = 9.0 pum. Figure 4(b)
shows the power density in the case of periodically poled bulk
substrate with QPM grating period A = 10.06 pm (this period
is different from the waveguide case as in this case the effective
index is just the bulk index of the substrate).

It can be seen from Figs. 4(a) and 4(b) that signal power
density in the planar waveguide is larger by a factor of about 10
compared to that in bulk, which in turn leads to a higher rate of
generation of SPDC pairs in planar waveguide in comparison
to bulk.

Next, we compare the signal power density vs emission
angles for both planar waveguide and bulk crystals for a
collinear phase matching at a pump and signal wavelength
of 405 and 807 nm respectively. From Figs. 5(a) and 5(b), we
can see that the signal power density for planar waveguide is
much larger (~300 times) than that of bulk.

Now, we show the generation of polarization-entangled
photon pairs through type II noncollinear and nondegenerate
SPDC process in KTP having one linear grating and one slant
periodic domain reversal grating. We calculate the photon flux
in an angular region of 0.034° (corresponding to 6-yum-wide
channel waveguide) along an appropriate pair of signal and
idler emission angles.

Simulations have been carried out for generation of max-
imally entangled photon pairs for a pump wavelength of
405 nm, pump beam waist W, = 100 pm, signal emission
angle 6, = 2.5°, and waveguide parameters as follows: waveg-
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FIG. 5. Variation of signal power density with emission angles in
(a) planar waveguide and (b) bulk. In the case of bulk crystal, signal
power density is calculated at a zero polar angle (¢ = 0). Notice the
highly different scales for efficiencies in the two cases.

uide length = 10 mm; depth = 2.0 um. We optimize the
signal wavelength and idler emission angle for slant grating
angle, 6,1 = 0°, which dictates the conservation of transverse
phase-matching function of process 1. Thus the conservation of
transverse QPM condition of process 1 for signal wavelength
As = 807 nm corresponds to §; = —(6; — 0.1). Now, we chose
the QPM grating period of first grating to be 8.62 um, period of
the second grating to be 8.75 um, and slant grating angle 6,5 =
—4.64° so that the QPM conditions for both the processes
can be simultaneously satisfied and the polarization-entangled
photon pairs appear with maximum probability along the pair
of angles (6;,6;) = (2.5°,—2.4°) corresponding to the pair of
wavelengths (Ag,A;) = (807 nm, 813.02 nm) [see Fig. 6(a)].
It can be seen from Fig. 6(a) that the two processes have
overlapping spectra with identical bandwidths of 1.3 nm.
Thus, | fyv(ws)| = | fv u(w;s)| over an entire region of spectral
overlap and this leads to maximally entangled state with a
concurrence E = 1.

In context to the tunability of generated photon pairs in a
planar waveguide, we study generation of entangled photon
pairs at different wavelengths along different pairs of angles
using different pump wavelengths but with same gratings.
Figure 6(b) shows the normalized output spectra at the signal
wavelength corresponding to both the SPDC processes for
pump wavelengths of 406 nm. It can be seen that by changing
the pump wavelength to 406 nm, entangled photon pairs can
be generated with maximum efficiency for the wavelength pair
of (As,A;) = (808.92 nm, 815.01 nm) at a different angle pair
of (65,0;,) = (2.94°,—2.84°). Thus by using a narrow-band
wavelength filter at the signal wavelength of 808.92 nm, we
can obtain entangled photon pairs at the output with E =~ 0.96
for a filter bandwidth of 0.1 nm. It is worth noting here that
even by changing the pump wavelength by 1 nm, a maximally
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FIG. 6. Plot of output spectra for two processes as a function of
signal wavelength for pump wavelength (a) 405 nm and (b) 406 nm.

polarization entangled state can still be generated along the
different pair of emission angles.

It may be worth mentioning here that the entangled photon
pairs can also be generated for higher emission angles with
larger tunability of generated photon pairs by changing the
grating periods but at a cost of efficiency of the generated
photon pairs.

Now, in order to demonstrate the feature of tunability, we
plot the concurrence as a function of signal emission angles
with idler emission angles 6; = —(6; — 0.1) for three different
pump wavelengths (see Fig. 7).

It can be clearly seen from Fig. 7 that the photons
are maximally entangled for different pump wavelengths at
different emissions angles, exhibiting the tunability of the
design.

It is worth emphasizing here that in the case of channel
waveguides, in view of the phase-matching condition, any
change in pump wavelength by as much as 0.1 nm leads to
reduction in SPDC process and does not lead to generation of
maximally entangled photon pairs.
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FIG. 7. Variation of concurrence E as function of signal emission
angles.
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FIG. 8. Top view of the waveguide design for generating and
collecting of polarization entangled photon pairs. Here, region (I) is
a planar waveguide with two slant QPM gratings for generating dif-
ferent polarization entangled stats by changing the pump wavelength
states and region (II) shows the collection of photon pairs along the
different channel waveguide.

Figure 8 shows a possible implementation of the proposal
in integrated optic form. At the end of the planar waveguide
section, channel waveguides can be positioned at appropriate
angles as per the design to which the generated photon
pairs can get coupled (much like in the case of arrayed
waveguide gratings used in optical fiber communication [20]).
The output of the channel waveguides can be coupled to
optical fibers for further processing. Depending on the pump
wavelength, different wavelength pairs of entangled signal and
idler wavelengths will exit from different pairs of channel
waveguides.

In addition to this, planar waveguide configuration with
appropriate QPM gratings can also lead to generation of
hyperentangled states which are simultaneously entangled in
polarization as well as in path degree of freedom. Such a state
is defined as

[V3) = [ls1,irr) + Is11,i1)1 @ [|Hyo, Vio) + | Vso, Hio) 1.
(15)

Here, s and i correspond to signal and idler and the subscripts
I and II correspond to the path I and path II, making angles 6
and 6; with the pump beam direction respectively.

As an example, we demonstrate here the generation of
hyperentangled photon pairs at 807 and 813.02 nm from a
pump beam of wavelength 405 nm excited in fundamental
modes in a planar waveguide of depth 2.0 pm. For gratings of
periods 9.0 and 9.08 um having periodical poling parallel to
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FIG. 9. Output spectra as a function of emission angles.
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propagation direction, we show the variation of the normalized
output spectra as a function of emission angle. It can be inferred
from Fig. 9 that polarization-entangled photon pairs can be
simultaneously generated over a range of angles of —0.4° to
0.4° and can be generated with maximum efficiency at the pairs
of emission angles 0.1° and —0.1° corresponding to paths I
and II respectively, where the two curves intersect as shown
by the dotted vertical lines in Fig. 9. The state of the photon
pairs generated in the pairs of paths is given by Eq. (15).

V. CONCLUSION

We have shown that planar waveguides provide us an opti-
mized configuration for generation of polarization-entangled
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photon pairs using SPDC with efficiencies higher than for
bulk with the possibility of ease of collection like in channel
waveguides with the additional feature of tunability. Such a
design should find applications in integrated quantum optics.
We have also shown that the planar waveguide configuration
with appropriate QPM gratings can also lead to generation
of a hyperentangled state, unlike in the case of channel
waveguide.
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