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Design of an integrated optical source of twin photons
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The phase matching for the nonlinear process of frequency-degenerated spontaneous parametric downcon-
version in tunneling-coupled channel waveguides is analyzed. The use of type Il nonlinear interaction with
individual photons in each pair appearing in different output channels allows for constructing polarization
entangled states for quantum information processing applications.
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[. INTRODUCTION channel cannot be predicted in advance. The entangled pho-
tons in each pair will have different polarizatiofiype |
Several novel areas of quantum-information processingionlinear interaction
including quantum cryptography, quantum teleportation, and In order to support a high efficiency of entangled-photon
linear-optical quantum computing have recently become atate production in a very compact volume of nonlinear in-
subject of intensive experimental reseaf&t?]. Sources of teraction inside the integrated quantum logical unit, one has
entangled photons based on bulk nonlinear crystals such 48 be able to use a laser pump with a rather high power
beta-barium borat€¢B-BBO) [3] have been widely used in density. This requirement becomes even more critical in the
early experiments. The development of robust, efficient, ang¢ase of using parametric downconversion in transverse
compact sources of entangled photons has become a nec@smping geometriefl1,12). This constraint practically rules
sity for further progress in the area of applied quantum opout the use of such popular but optically soft material as
tics. While compact optical schemg4] as well as micro- lithium niobate. In this paper, we discuss the design prin-
optical assemblied5] and fiber-optical deviceg6] are  ciples of the tunneling-coupled channel waveguide source of
important milestones, only waveguide-based optical sourcegntangled photons in a well-tested optically hard nonlinear
can eventually provide the desirable degree of dense integranaterial such as beta-barium bor&@BBO) and we pro-
tion, robustness, and stability. vide a practical design example based orf+t# implanted
Generation of entangled photons in optical waveguidesvaveguides.

has been experimentally verified recerth~10]. Efficiency
improvement of up to four orders of magnitude has been
attributed to the waveguide geometry alone. We expect that Il. DESIGN PRINCIPLES
the waveguide-based integrated optical source of entangled
photons proposed in this paper will show similar efficiency
improvement and will provide an acceptable level of en- The phase synchronism between the pump wave and
tanglement fidelity. In the devices demonstrated so far, thelownconverted waves is crucial for efficient generation of
pump photon and both generated entangled photons aentangled photons. In bulk crystals, it can be achieved
guided in the same channel. It is vital for practical applica-through compensation of chromatic dispersion by optical bi-
tion to have an integrated optical source in which individualrefringence. Technically, this is realized through careful an-
photons from each pair will appear in different output chan-gular alignment and choice of the pump wave polarization.
nels. Spatial separation of entangled photons resembles suthe phase-matching direction and polarizations of light
in the noncollinear degenerated spontaneous parametngaves are defined by linear optical properties, and thus they
downconversionfSPDQ in nonlinear crystals, which is the do not necessarily correspond to the direction and polariza-
most popular technique for generation of entangled statesions of the strongest nonlinearity. In addition, the wave-
The geometry of the nonlinear interaction in channellength range in which the angular alignment allows for
waveguides does not have to be noncollinear, though. Thachieving the phase synchronism is often limited as long as
spatial separation can be achieved through precise enginedhe spectral dispersion increases strongly for shorter optical
ing of modal indices in tunneling-coupled channelwavelength while the birefringence is relatively constant
waveguides. The phase matching should be arranged so thater a wide spectral range.
downconverted photons cannot appear in the same output In some materials, the additional degree of freedom is
waveguide but instead must be directed to different outputdntroduced by fabricating a volume grating, for example by
The entanglement is achieved if photons of both polarizaperiodic poling. Light diffraction at the grating of an appro-
tions can be guided in each of the output waveguides witlpriate period provides resonant phase velocity coupling be-
equal probability so that the polarization in a given outputtween the waves that otherwise would be out of the phase

A. Phase matching conditions
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FIG. 1. Schematic structure of the proposed integrated optical source of polarization-entangled photons: the overall(l®ip) dad/
the tunneling-coupled channel waveguides sedtiimint). The optical pump is delivered by the channel wavegi#d&he down-converted
polarization-entangled photons appear in the output channel waveiiaied B.

synchronism. Although quasi-phase-matching by diffractionpected to be lower in such geometries compared to the case
at the volume grating introduces some decrease of the effeevhen all the waves are confined to waveguides. One peculiar
tive nonlinear coefficientby a factor of 247 for the periodi- advantage of the counterpropagating geometry is a substan-
cally poled crystal with a perfectly adjusted penipthe abil-  tial reduction of the spectral width of downconverted pho-
ity to choose any propagation direction and polarizationtons. This will help to improve the performance of
allows us to benefit from using the strongest components oéntangled-photon quantum cryptography by minimizing the
the nonlinear crystal’'s susceptibility tensor. dispersion-induced pulse broadening in communication fiber
In integrated optical devices, light is confined to optical links.
waveguides. To achieve the phase synchronism inside the In this paper, we propose an alternative type of integrated
waveguide, one can use optical anisotropy by routingoptical device for efficient parametric downconversion and
waveguides along a suitable direction in a crystal. One capolarization-entangled two-photon state engineering. The in-
also use a quasi-phase-matching in waveguide gratings hyovative element of our design is in the combination of the
combining the poling and waveguide creation processes. Toonlinear optical interaction inside a waveguide and light
achieve an effective diffraction coupling of guided modes intunneling between closely routed waveguides. In the pro-
waveguides, the grating does not have to spread throughopbsed device, pump photons are guided by chafelnd
the entire waveguide volume. Instead, it could be accomthe downconverted photons appear in chanAesdB (Fig.
plished by a surface relief grating or by a grating fabricatedl). The SPDC is combined with light tunneling frofto A
in a thin layer positioned right on the top of the guiding and fromP to B. Optical oscillations at the downconverted
layer. Finally, the waveguide geometry itself provides onewavelength inP generate guided modes AnandB provided
more tool for the fine adjustment of phase velocities of thethat proper phase-matching conditions are satisfied. In prin-
waves involved in nonlinear interactions. In fact, a spectrakiple, only the waveguid® has to be nonlinear. In practice,
dispersion of guided modes can be used for phase matchirgis convenient to fabricate all channel waveguides using the
even in the absence of optical birefringence and gratings. Aame material.
representative example of an integrated optical device de- By physical nature, a set of tunneling-coupled modes in a
signed for efficient second-harmonic generation would be a@ystem of closely routed channel waveguides is equivalent
GaAs/AlGaAs multilayer waveguide, in which phase syn-(but not identical to a set of high-order modes in one com-
chronism is achieved between the pump photons coupled tplex waveguide that includes all the channels and the gaps
the fundamentalTE, and TMy modes at 1.5m and a between the channel47]. From this point of view, the pro-
double frequency photon guided by th&, mode[13]. Ina  posed structure can be considered as a particular case of
reciprocal process of parametric downconversion, a pummodal phase matching. There are some technical differences
photon at 775 nm is expected to produce twin photons ain the mathematical description, though. It is known, for ex-
1.55 um through a type Il interaction so that the downcon-ample, that in the case of two identical single-mode channel
verted photons will have different polarizations. It is impor- waveguides weakly coupled through tunneling, the set of
tant to note that both GaAs and AlAs are optically isotropicmodes of the complex waveguide contains a symmetric and
crystals. Though their nonlinear second-order susceptibilitan asymmetric modéalso called “supermodes” to distin-
is rather high(dg,as=90 pm/V), the angular phase synchro- guish them from the modes of the individual wavegujdes
nism is impossible. Fabrication of periodic structures forwith slightly different modal indices. The interference be-
guasi-phase-matching in such material requires using rathéween the supermodes leads to periodic canceling of the elec-
complex technological operations such as wafer bonding otromagnetic field in one or another channel waveguide,
orientation-patterned epitaxial growft4]. It is the guided which is treated as periodic transfer of optical power be-
mode dispersion which allows for a simple and elegant techtween the waveguides. In a sense, the supermodes never
nical solution to achieve the phase matching in such a corhave identical modal indices due to the anticrossing effect,
figuration. In another example of an in-waveguide generationvhile the resonant light coupling certainly takes place be-
of twin photons, the couterpropagating geometry is usedween the identical waveguides. In other words, within the
[15,16. The pump wave in this case is not guided, though.concept of supermodes, the resonant coupling between the
The incident angle of the pump wave is an adjustable paranmwaveguides takes place without exact matching of the super-
eter to achieve parametric fluorescence precisely degeneratatbdes’ modal indices. This happens because none of the
in frequency. As long as the pump photons quickly leave thesupermodes represents guided modes in any of the individual
interaction region, the efficiency of downconversion is ex-waveguides: only the combination of the supermodes does it.
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Alternatively, a set of tunneling coupled modes in a systenthe downconverted wavelength can further be expressed
of two channel waveguides can be described using théhrough the mismatchesn, and Ang,
coupled mode equationglso known as the approximation

of slowly varying amplitudes Perfect phase matching be- NE(2xp) =nP(\p) + Any + An, (48)

tween the modal indices of individual waveguides is a nec-

essary condition for effective resonant coupling. The descrip- Mi(2p) =nP(\p) + Any - Ang, (4b)

tions based on the interference of the supermodes and on the

coupled-modes equations are mathematically equivalent. nE(Z)\p) = np()\p) —Anp + Ang, (40
Compared to a single multimode waveguide similar to

one described in13], the proposed structure consisting of n%(2x,) = nP(\p) — Ana - Ang. (4d)

tunneling-coupled waveguides provides spatial separation of

downconverted photons, while careful adjustment of modafFinally, to prevent the type I process in which both photons
indices leads to polarization entanglement. This is why weappear in the same waveguide, one should recufi(@\,,)
consider the tunneling-coupled waveguides as a new type of "°(\), Ny (2x,) #nP(\p), NE(2\,) #nP(\,), and ng(2\,)
integrated optical device for generation of entangled pho#nP(\,). This meansAn,=Ana+Ang#0 and An_=An,

tons. —Ang# 0. Thus, in order to guarantee that the only efficient
The type Il phase-matching condition in coupled nonlinear process in the proposed waveguide structure is the
waveguides can be written in terms of modal indices type Il downconversion in which the generated photons ap-
pear in different waveguides, one should satisfy the condi-
l[nA (21,) + nB(2\,)] = nP(\,) (1a) tions (1) and make sure that the mismatches,, Ang, An,,
2" MR BV - and An_ are large enough to prevent undesirable nonlinear

interactions.
1 5 o As a rule, any modification of a channel waveguide would
5[”5(2)\;,) +np(2hp)]=n"(\p), (1b)  affect bothTE and TM modal indices. Thus it is not evident
whether the condition§la) and (1b) can be simultaneously
where\, is the pump wavelength, subscrifsandM cor-  satisfied. Excludingf’()\p) from Eqgs.(1a) and(1b), we ob-
respond toTE and TM polarizations, and superscripfs B,  tain
and P indicate the waveguides. To ensure that both down- A A 5 B
converted photons do not appear in the same output channel, NE(2Ap) = My(2Np) = NE(2Np) = Ny (2p). (5)

the waveguides must be different. More precisely, their The difference between tHEE andTM modal indices is a
modal indices must be different enough so that the misnonmonotonic function of the waveguide thickness in a gen-
matches eral case. In a symmetric isotropic planar waveguide, both
1 modal indices approach cladding or core index for wave-
Anp= —[né(zy\p) + nQ(Z)\p)] - nP()\p) #0, (2a) guide thicknesg approaching zero or infinity, respectively
2 (Fig. 2). Thus, one can find two different values of the wave-
guide thicknesd (and/or widthw for channel waveguidgs
such that Eq(5) is perfectly satisfied. Further adjustment of
the pump waveguide parameters will satisfy E(fsa and
(1b) simultaneously.
will prevent efficient coupling of both downconverted pho-  The example with the symmetric isotropic waveguide is
tons to the same waveguide, eiti#eor B. It is easy to check an idealistic abstraction as long as practically used nonlinear
that once Eq(1) is satisfied, the condition2a) and(2b) are  crystals are highly anisotropic and vertical structure of the
essentially equivalent as long as the mismatcheg and  planar waveguide is likely to be asymmetric. Nevertheless, it
Ang in this case are different by sign onlffng=-An,. Note  provides a useful insight into the properties of guided modes
that if the waveguides andB are identical, Eqsi1) and(2)  in planar waveguides and clearly indicates that condition Eq.
resultinAn,=Ang=0. Itis also important to prevent the type (5) can potentially be satisfied for different waveguides
| processes when both generated photons have the same pgydB.
larization. The phase mismatches for the case when down- In the proposed Concept’ all necessary phase matchings
converted photons appear in different waveguides are as folind required mismatchings are provided by the waveguide
lows: design only. Thus the waveguide parameters no longer have
1 much freedom to vary. Using of quasi-phase-matching may
Ang= —[né(zy\p) + nE(z)\p)] - nP()\p) +0, (33 be helpful as long as it would allow for more flexibility in
2 the waveguide design. As is described above, for a given
thickness(or width) of the waveguidéA, there is a unique
value of the thickness of the waveguiBeo satisfy Eq.(5),
and further, there is a unique value of the thickness of the
pump waveguide® to satisfy both Eqs(1a) and(1b). These
Using Eq.(1), one can findAng=[nf(2\,) -nfy(2\)]1/2 and  two requirements comprise two resonant conditions. The first
Any=[ny(2xy) -nE(2\)]/2=-Ang. The modal indices at one deals with the symmetry of the waveguides’ indices and

Ang = %[ng(zxp) +ny(2x)]-nP(\) #0  (2b)

Any = %[n’,{}(zxp) +ny(2h)]1-n"(\) # 0. (3b)
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guarantees the polarization entanglement and spatial sepat&ns discussed above are satisfied and the overlapping inte-
tion of the downconverted photons. If, for a given choice ofgrals and appropriate components of the nonlinearity tensor
the waveguide#\ and B, the left and right parts of Eq5) are nonzero, downconversion is expected to take place. All
happen to be different, a periodic perturbation of themode fields in Eq(6) are assumed to be normalized as fol-
waveguides can be introduced to compensate for this midews:

match. Such a technical solution, however, is not desirable

because it may break the symmetry between the pairs of the f f E[2ducv =1, 7)
entangled photons: for example, one paiy, TE photon in

A andTM photon inB) will be generated using the real phase
matching, while the other paifM photon inA and TE pho-
ton in B) will be generated through the quasi-phase-matchin

process. As for the second resonant condit@sfjustment of this case is the polarization state of an individual photon in

the pump waveguide thickngsghere are no obvious side the output waveguide truly undetermined, and with equal
effects of using the quasi-phase-matching. A detailed analy_robability it may becomdE or TM. Expressiong6a and

sis of guasi-phase-matching in a system of three chann b) are rather symmetric. At least in the case of strong con-
waveguidesipump plus two spatially separated outputs- finement, the modal fields foFE and TM polarizations are

ing, perhaps, superimposed gratings of different periods, is . : . S :
certainly a subject of a separate study. almost identical, which results in similar values of the over

lapping integrals. The overlapping integrals can be controlled
by adjusting the gaps between the waveguides. This may,
B. Overlapping integrals however, affect the modal indices. Rigorously speaking, op-
jmization of the waveguide structure to achieve identical

arge values of the overlapping integrals must be done within
the space of parameters that keep conditidnssatisfied.

so that the overlapping integrals in E) have dimensions
f 1/length (say, cm?'). To achieve the strongest entangle-
ent, the overlapping integrals have to be identical. Only in

Three waves interact in the proposed structure: the pum
wave at wavelengtiy, and the signal/idler waves at wave-
length 2. The efficiency of nonlinear interaction is thus
proportional to the triple overlapping integral. The overlap-
ping integrals for the processes described by the phase- Ill. DESIGN EXAMPLE
matching conditiongla) and(1b) are given by

A. Materials
- EA (20 )EB(2\ ) EP(\ ) dudp, 6 Thg proposed dgvice can be_ fabricated in a yariety of
TIAMIBE ff M(PADEEAET () (63 materials. Waveguide fabrication technology is well-

developed for lithium niobatéLiNbO;). Periodically poled
lithium niobate (PPLN) allows for gquasi-phase-matching
7AE/BM :f f ER(2Np)ER (2 )EP(\p)dudb,  (6b)  conditions achieved for practically any predetermined direc-

tion and polarization of the pump wave, including those cor-
where E is the strength of the electric field of the guided responding to the strongest optical nonlinearity. While
mode, superscriptd, B, and P indicate waveguides, sub- LiINbO; and PPLN are technologically the most developed
scriptsE and M show mode polarization, andl andv are ~ materials for nonlinear integrated optics, they have low dam-
coordinates across the waveguide. Note that polarization afge threshold and suffer from photorefraction, which makes
the pump mode has not been defined yet. It can be €ltBer the phase synchronism unstable. Barium bo{gt8BO) has
or TM depending on the crystal orientation and structure obeen the material of choice for nonlinear optical applications
its nonlinearity tensor. As long as the phase-matching condias well as for generation of entangled-photon states in bulk
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crystals. Its major advantages are high damage threshold atation dose that creates a large index step forming a multi-
stability of the synchronisifil8]. A further design example is mode waveguidg21]. A smaller index step would be re-
given for 8-BBO based waveguides. quired for fabrication of single-mode waveguides. This can

Fabrication of planar waveguides fJaBBO is possible by  be achieved applying smaller implantation dose. It is reason-
high-energy Hé&-ion implantation[19]. Light ions penetrate able to expect that the ordinary and extraordinary index steps
under the surfacéup to 5um at an energy of 2 Me)f and  in the barrier(subscriptb) and in the guiding corésubscript
only after losing energy to scattering with electrons do theyg) would be changed proportionally. We accept the index
start interacting with the crystal lattice, causing partial amor-steps to beAn,,=-0.011,Ang,=-0.005,An,,=0.0003, and
phization. The He-enriched layer has smaller refractive indiAng,=-0.0001. With these index steps, a planar waveguide
ces and thus forms the optical barrigottom claddingg To  of thickness=1.5 um will behave as a single-mode one for
fabricate vertical barriers separating the channels, one cdmoth pump and downconverted wavelengths. We assume that
etch trenches between the waveguides and fill them witlthe cover layer as well as the material between the channel
low-index material such as silica. The cross section of planawaveguides has an index of refraction slightly higher than
and channel waveguides is schematically shown in Fig. 3. that of fused silicang(\) =ns;o,(A)+0.03. Using the Sell-

In order to realize the design principles described abovemeier formulas for silic§22], the cladding index becomes
we first define the planar waveguide and the pump directiom,,=1.500 127 anch,q=1.483 321 at the pump and down-
for collinear degenerated type Il spontaneous parametriconverted wavelengths, respectively. Such cladding index
downconversion. Then, within the planar waveguide we deadjustment brings the optimal width of the channel
fine the channelé, B, andP and adjust their parameters to waveguides into the technologically comfortable range of
satisfy Eq.(1). In this example, we use approximate modelssingle micrometers. Technically, a higher index can be
based on the effective index method to describe anisotropigchieved by doping silica with germanium oxide, as is done
planar and channel waveguides. in conventional optical fibers. Another possibility would be

For the crystal cut with the optical axis parallel to the to use silicon oxinitride by mixing silica with silicon nitride
waveguide plane, the extraordinary polarization of the pumgiuring deposition.
corresponds to th&E polarization of the guided wave. The
downconverted waves have bollt and TM polarizations.

For the pump(subscriptp) and downconvertetsubscript
d) wavelengthg\,=400 nm and\4=800 nm), we calculated Let us consider a planar waveguidg. 4 at the left. We
ordinary (subscripto) and extraordinarysubscripte) refrac-  assume that the optical axis is parallel to the plane of the
tive indices of 3-BBO using modified Sellmeier equations waveguide.

[20]: Nnpe=1.692 932, n,.=1.567 836, ny,=1.660 398, and For a given directiory, refractive indices for electromag-
nge=1.544 261. In the barrier, optical indices are smaller. Lit-netic waves polarized normally to the waveguide plane are
erature data on implantation-induced index changes are negual to corresponding ordinary indicag, and nyg, While
very comprehensive. They are available only for thefor the waves polarized parallel to the plane the refractive
He-Ne laser wavelength of 632.8 nm and for a high implan-indices are calculated according to

B. Waveguide structure

Channel waveguide by
effective index method
n=n. n=an° n=n,
n = ng €»
y Planar waveguide
/" /modal mdlcesTM/ tl"Mf ™ ¢ ()
<> TE <> . - .
e hef &> nsw) FIG. 4. Material and modal indices in the pla-
i & nar and channel waveguides.

nC
o2 > e () / (7 / é

(Mb0s 1) = (Mpo, 115(6))
BBBO substrate
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wheren, andn, are wavelength-dependent ordinary and ex-
traordinary indices of the materialgore or barrier. This = -0.0621F 1
formula is applied to the guiding layer and to the barrier I
(indicesnyg and ny,). In a simplified analysis of an aniso- /
tropic planar waveguide, we can use formulas for isotropic
planar waveguides taking ordinary indices to estimate propa- I —
gation constants for th€M modes, anah; indices for theTE ooszol o B L, NG
modes. Accurate but a lot more computation-extensive nu- c 1+ 2 38 4 5 6 7 8
merical methods are available for simulation of guided W, um
modes propagating in a planar waveguide at some angle with
respect to the optical ax[23]. The built-in error in the sim- FIG. 5. Difference between the modal indices T and TM

plified estimation is associated with longitudinal componentgolarized modes as a function of the channel width.
of an electric field in the guided modes supported by the

waveguide. For the weakly guiding structures, the error van- 2 2 2_ 2

. . . . L m [ 2_ Ng¢ Ng—nN

ishes. In this approximation, the modal indiags and ny; —W\ng;— Ng =2 arctan—; > 5, (113
for the fundamental E and TM modes of the thin-film pla- A e Y Ner~Ng

nar structurgsubscriptf) are implicitly defined by

2T 5 n2, —n?
[~2 2 _ M c
27, 5 Neq— N’ Ng¢— NG, wingy — Ny =2 arctany/ 5 ———. (11D
—tynj, — ng; = arcta +arctam/ ———-, A Nyt — NEMm
g ~ Nt 2 _ .2 2
A n Njg — Ng¢
(9a)

n2. —
o TE 19 When the channel width approaches zewo,-0, the
guided mode is mainly localized in the cladding with a van-
ishing low fraction of optical power propagating in the core.
n2Mf_ ng The modal index, consequently, approaches the cladding in-
> 2 dex: ng—n, andny, — n.. When the channel width becomes

P n2
N N5y = Niy¢ = arctan-y

2 _ 2
c ¥ Mog ™ Mus large, the guided mode is localized mainly in the core, so that
N2 |n¢.-n? the modal indices approach the film indiceg— ng; and
+arctan’ H (9b)  ny,—ny; for TE andTM polarizations respectively. Particu-
ob og ' Mf lar ways how the modal indices are varying with the channel

width depend in part on the polarization of light as long as

the boundary conditions are polarization-sensitive. All these

peculiarities are described by Eq&lag and(11b).

1 At the downconverted wavelength, the difference

E[an(Z)\p) +Ngi(2Np) ] = nge(Np) (10 An(w,\g)=ng(w,\g) —ny(W,\y) reaches a negative mini-
mum atw= 2.8 um (Fig. 5. We pick up two valuesv, and

is satisfied for the modes in the planar waveguide is found td' left and nghf[ f“’”? the minimum such thatn(wa, o)
be 6,~46.1°, a few degrees larger than in a bulk crystal=2N(We,Ad), which will automatically satisfy Eq(S). An
0~ 42.4°. example of suc.h a pair would bwA:3.9,um_ and wg
Now we use the effective index methf24] to estimate - 2-3 #M. Modal indices for E\he channel Wavegwd%andE
modal indices in channel waveguides as functions of thd&come the following: rggE:r‘E(WA*7‘d):1-587 624, ny
channel widthw. The channel in the film is treated as an =m(Wa, o) =1.649 786, ng=ne(Wg,A\g)=1.583409, and
effective waveguide with vertical boundari¢gig. 4. The  Nu=Nm(Wg,\g)=1.645570. Note that due to the choice of
claddings of the effective waveguide are symmetric and theiw and wg, the following holds: (nfy+ng)/2=(ng+ng)/2
index isn. as defined previously. The core of the effective=1.616 597, and this must be the modal ind‘é(o\p) of the
waveguide has indice%; andny; for the polarizations par- pump wave. Using Eq(11a, the appropriate width of the
allel and normal to the plane. Because the boundaries of theump waveguide is found to b&p~1.422 um. This con-
effective waveguide are normal to the plane of the film, thecludes the design of the waveguides. Gaps between the
TE mode of the film become3M mode of the effective waveguides should be small enough to provide tunneling
waveguide and vice versa. For clarity, we will keep the origi-coupling. Optimal coupling strength and thus the gap size
nal definition of the polarizatiofthe TE modes are polarized would depend on the waveguide length.
parallel to the plane of the film and thieM modes are po- To illustrate the modal fields and estimate the overlapping
larized orthogonal to the plapeand make necessary correc- integrals in this numerical example, we have chosen the gaps
tions in the formulas for calculation of modal indicgsand  to be 0.2um (betweerA andP) and 0.3um (betweenP and
ny in the effective waveguide, B). As long as the waveguides and B are different, these

Using Egs.(8) and (9), the direction in which the phase-
matching condition

033812-6



DESIGN OF AN INTEGRATED OPTICAL SOURCE OF TWIN. PHYSICAL REVIEW A 71, 033812(2005

Distance (nm)

1 0 1 2 3 4 5 6 7 8 9
1.2

FIG. 6. The modal fields in a thin-film wave-
guide (bottom righy, the in-plane modal fields

Normalized field strength

Normalized field strength calculated using the effective index methoaip),
00 02 04 06 08 1.0 and the cross section of the waveguide structure
Claddi o 1 scaled to fit the distance axes of the graphs rep-
adain . .
g resenting the modal field®ottom lef}.
BBO core —
=]
=
BBO bufter/ g
substrate g
39um Tdpm . 23pm S 5
02pm —i e — =—03pym [/ S U7 }‘:0'8"‘".1’ ™ 5

gaps must also be different to provide similar values of theachieved by varying the channels’ widths. Thus, precise mea-
overlapping integral§6a) and (6b). No careful adjustment surements of modal indices in channel waveguides of differ-
has been done, though. Figure 6 at the bottom right showsnt width at both pump and downconverted wavelengths
the mode profiles for the thin-film waveguides. A graph atwould be required. This could be done, for example, by fab-
the top shows the in-plane modes calculated in accordanagating a weak Bragg grating over the channel waveguide
with the effective index method. The bottom-left drawing and measuring the Bragg wavelengtb], or by measuring
shows schematically the waveguide structure cross sectiaie in-plane angle of light tunnel-coupled from a cannel
scaled to fit the distance axes of the graphs. With modalvaveguide to a planar waveguifi26]. Based on the mea-
fields calculated as described above, the triple overlappingured data, one would be able to choose the widths of the
integrals becomenayee=38 cm! and 7aggu=34 cnil. channel waveguides for final implementation. In addition,
Most of contribution to the overlapping integrals comes frombarium borate is an electro-optic crystal and thus the fine
the area of the waveguide, while contribution from the adjustment of modal indices could be achieved by applying a
areas of waveguide& and B vanishes due to the oscillating dc voltage to control electrodes.
nature of the modal fields. The difference between the over-
lapping integrals is less than 12%, thus one may expect high-
fidelity generation of polarization-entangled photons sepa-
rated to the outputé andB. In a uniaxial crystal, optical indices are defined by the
Phase-matching conditiond) are satisfied so that effi- angle between the optical axis and the direction of propaga-
cient downconversion is expected to generate photons of dition and by the light wave polarization. For the waveguide
ferent polarizations in the output waveguidesand B. The  design described above, it is essential to keep the optical axis
phase mismatches for oth@mndesirablg nonlinear interac- parallel to the substrate surface. Directions of other crystal
tions are as follows|An,=|Ang|=0.002 108,/Ang|=|Any| axes may seem to be not important. Indeed, for analysis of
=0.031 081, |An,|=0.028 973, and|/An_|=0.033189. The phase-matching conditions, it does not matter if the crystal
smallest mismatch corresponds to the case when photons Bfs anx-cut or ay-cut, because linear optical indices have
different polarizations appear in the same waveguide. Whe@xial symmetry with respect to theaxis. On the contrary,
interaction lengthL is considerably larger thanp/(nE|AA|) for the nonlinear opucal_mteractlons, the orientations of all
~117um, the mismatch will effectively prevent downcon- three crystal’s axes are important because the tensor of non-
verted photons from entering the same waveguide. linear optical coefficients has lower symmetry compared to
The above simulations show that the required relationshigh€ €llipsoid of linear optical indices.
between the modal indices is feasible. More accurate simu- In thexyzcoordinates of the crystal lattide is parallel to
lation tools such as the vector beam propagation method dhe optical axis the direction of the pump beam is charac-
various finite-element methods can be used for precise dderized by the polar anglé with respect ta and the azimuth
sign. This, however, would be an academic rather than prac@ngle¢ with respect tac (Fig. 7, lefy. The effective nonlin-
tically important exercise as long as the key material paramear coefficient for type Il parametric downconversion in a
eters such as indices of refraction in the ion-implanted areghombohedral space groupnrystal is given by 27,28
are known with limited accuracy. For practical realization of -
the proposed source, it seems reasonable to rely on the dern1 = dz2 CO3¢)COS 6, (12
choice of the angled and the bottom barrier design as de- whered,, is the primary(the largest nonlinear coefficient.
scribed above. The final adjustment of modal indices is theilzquation(12) defines azimuth angles corresponding to the

C. Crystal orientation
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e B oo FIG. 7. Polar and azimuth angles that define
/iwﬁ: Yy effective nonlinearity of the BBO crystdleft)
/ = sz and schematic view of the crystal cut suitable for
- 4 the proposed integrated optical source of en-
tangled photongright).
maxima of the magnitude of effective nonlinearity=0°, IV. CONCLUSION

60°, and 120° with respect to the axis. In particular, a
favorable configuration is realized with the pumping beam
propagating in thex plane(¢=0°). The extraordinary po-

larization of the pump beam in this case corresponds to th

electric flux density vectoD, being parallel to thex plane.

In contrast, if the pumping beam propagates inzfi@lane,
the effective nonlinearity vanishes so that even with th
phase-matching conditions perfectly satisfied, there will be

no downconversion.

~ We must note that in the technlpal 'Ilterature on BBO there ACKNOWLEDGMENTS

is some discrepancy as to the definition of crystal axaad
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(d1>dyy). In such a case, the conclusions about the effisupport from NSF-ITR program; the Center for Subsurface
ciency of downconversion for the pumping beams propagatSensing and Imaging Systerf@@enSSI$, an NSF Engineer-

ing in thezy andzx planes have to be switched to the oppo-ing Research Center; and the Defense Advanced Research
site. Projects AgencyDARPA).

We propose an integrated optical source of entangled pho-
tons based on type Il degenerated spontaneous parametric
ownconversion in tunneling-coupled channel waveguides.
This device can form a base for designing integrated linear-

eoptical quantum logic circuits.
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