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YCTPONCTBA BBOJJA-BbIBOJIA
ONTUYECKOIO U3NNYYEHUA
ANA CYBBOJIHOBbDIX
BOJIHOBOAOB

YACTb 2°

A. Audpuesckuii, 000 "Jlazepckom”, Beaapyc;
Hamckuil Texnuueckuil Yrusepcumem, laHus

B nepBOW YacTu CTaTbX Mbl paCCMOTpeNn
pasHoo6pasHble JIMH3bI KaK YCTPOMCTBA
BBOAa-BbiBoAa (YBB) onTUYECKOro nsyyeHms

B Cy6BO/IHOBbIE BOJIHOBOAbI. BTOpas YacTb nocsseHa
yCTponcTBaM BBOAA-BblBOJA HA OCHOBE CBSA3aHHbIX
BOJIHOBO/,0B M AUCKPETHbIX paccemBaTesen.

YCTPOWCTBA BBOAA-BbIBOJA

HA OCHOBE CBA3AHHbIX BOJIHOBOA4OB
JdderTHBHBIE TeXHOJIOTMH BBOJA U3/IyUeHHS B HEKO-
TOpble THUIIBI IIHMPOKUX HeCcyOBOTHOBBIX BOTHOBOIOB,
HaIIpHMep B OIITHYeCcKOe BOJIOKHO /1M B KpeMHUeBbIe
HHTEerpajbHble BOMTHOBOABI, Pa3paboTaHbl JOCTATOUHO
xopouio. COOTBETCTBEHHO, MOKHO ITPeJBapUTENIbHO
BBOLUTH OIITUYECKOe H3IyUeHHe B IIUPOKUH BOJIHO-
BOJI, a iaJiee [TIepeiaBaTh ero B Cy6BOIIHOBOL BOITHOBO,
B03MOXKHEL pa3in4Hble QH3HMUeCKHe MeXaHHU3MBI pea-
JH3aLUU JAHHOM upeu (puc.l), a UMeHHO:

1) mpsMas CTBIKOBKA,

2) pe30oHAHCHAas BOJIHOBOLHAS CeKIIHS,

3) IIABHO Cy’KaIONIAsCsl BOTHOBOAHAS CEKLIMS,

4) HampaBJeHHBIN OTBETBUTEb.

1. BBOA, M3/1y4eHuns NpU NpsAMO CTbIKOBKe
BOJIHOBO4 0B

B ciiydae mpsiMOM CTBIKOBKHU (pHcC.1a) BOTHOBOIBI IIPH-
BOJSITCSI B HeIOCPe[CTBeHHBIN GU3UYeCKHN KOH-
TaKT JPYT C APYroM. DTOT BUJ, CTBIKOBKH BOTHOBOJOB
IIHMPOKO MCIIONB3YeTCsl O/ BOJIOKOHHO-OIITHYECKOro
060pyOBaHUS IIPH CTBIKOBKE ONTHYECKHUX BOJIOKOH
IIPH [TIOMOIIY KOHHEKTOPOB U aJanTepoB. OgHaKO IIpU
BBOZIe M3/Iy4eHHUS B CyOBOTHOBBIE BOTHOBOABI H3Jy-
YyeHHe He TOJbKO IPOXOAMUT M3 IIepBOr0 BOJTHOBOAA
BO BTOPOM, HO TaKkske OTpa’kaeTcsl Ha3aj M paccerBa-
€TCSI B CTOPOHBI HM3-3a PA3/IMYHBIX HMIIeJaHCOB BOJIHO-
BOJOB U Pa3/IMYHOIO pacIpefe/neHus 31eKTPOMarHuT-

*  Yactb 1cMm.: doToHMKa, 2016, Nel, c. 98-110.
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IN- AND OUT-COUPLING DEVICES
FOR SUBWAVELENGTH
WAVEGUIDES

PART 2

A. Andryieuski, LasersCom, LLC, Belarus;
Technical University of Denmark, Denmark

In the first part of the article we considered various
lenses as in — and out-coupling devices (10Ds) for
optical radiation to subwavelength waveguides. The
second part is devoted to the in - and out-coupling
devices on the basis of coupled waveguides and
discrete scatterers.

IN- AND OUT-COUPLING DEVICES

ON THE BASIS OF COUPLED WAVEGUIDES
Efficient technologies for coupling light into certain
types of wide non-subwavelength waveguides (for
example, optical fiber or silicon waveguide) are
developed quite well. It is therefore possible to launch
optical radiation first into a wide waveguide and then
to a subwavelength waveguide. This can be realized in
various ways (Fig.1), namely as:

1. End-fire coupling,

2. Resonant waveguide section,

3. Gradually tapered section,

4. Directional coupler.

1. End-fire coupling

In case of the end-fire connection (Fig. 1a) the
waveguides are brought into a physical contact. This
type of the waveguides connection is widely used in
optical communication equipment for connecting
optical fibers with connectors and adaptors. However,
upon propagation the radiation is not only transmitted
from the first into the second waveguide, but is also
reflected and scattered due to different waveguides
impedances and mode field spatial profiles (Fig. 2). The
closer the electromagnetic modes field profiles resemble
each other, the larger is the coupling efficiency (CE).
Theoretically calculated CE for coupling a silicon
waveguide into a plasmonic waveguide of a similar size
is around 50% [1], but for a certain combinations of the
waveguides CE can reach 90% [2]. In practice, however,
experimentally measured values are sufficiently
smaller. For example, in the work [3] CE=30% at the
wavelength 1.55 pm was demonstrated.

DOI:10.22184/1993-7296.2016.58.4.10.126.133



RERRR RN RN R N AR R AR R R R R N N AR N AR A AR RN NN
NN OPTICAL DEVICES AND SYSTEMS m
RERRR RN RN R N AR R AR R R R R N N AR N AR A AR RN NN

HOT'O II0JISL MOJI,, PACIIPOCTPAHSIIONINXCS B HUX (PHC.2).
Yem Oosee IIOXOKHM paclpefeseHHs 37eKTPOMarHUT-
HBIX MOJ, CTBIKyeMBbIX BOJTHOBOZIOB, TeM BbILIe KO3PPU-
LHeHT BBoja (KB) usnydeHus. TeopeTHUeCKH pacCuu-
TaHHBbIe 3HaueHUs Ko3HIIMeHTa BBOJA HU3/TyUeHHUSs
13 KpeMHHEeBOI'0 BOJIHOBOJA B [1JIa3MOHHBII BOJTHOBO/
CXOJHOTO pa3Mepa 0ObIYHO KMEIOT BeIMYKHY IIOPsiAKa
50% [1], omHako A7 oIpefeneHHBIX COYETAHHI BOJ-
HOBOJOB 5Ta BeJIMYMHA MOMXKET JOCTUTraTh maske 90%
[2]. Ha mpakTHKe >Ke 3KCIIEPUMEHTAJIBHO H3MepeH-
Hble 3HaueHHS CYLIeCTBEHHO MeHbllle, HaIIpUMep,
B pabote [3] 6bUI IPOAEMOHCTPUPOBAH KOIGOULIMEHT
BBOJIa OKOJIO 30% [IsL IJIMHBI BOJHBI A=1,55 MKM.

2. Ucnonb3oBaHMe pe3oHaHCHOMN
BOJIHOBOAHOW CeKLUU

Vest UCIIONIb30BAHUSI PE30HAHCHOM BCTaBKU (puc.lb)
CXOIHA C HIESIMH HCIIONb30BAHUS IIPOCBET/ISIOIIUX
IIOKPBITHH C IIOKa3aTesleM IIPeJIOMJIeHUS N1 U TOJIIH-
HO¥ A/4n (A - AyiKHa BOJIHBI B BaKyyMe) B OIITUYECKOM
JHaIa3oHe M 4YeTBEPTHBOJIHOBBIX TPAaHCHOPMATOPOB
B CBU-nmuamnasoHe. PU3HMYeCKH, BHICOKOE IIPOIyCKAHHE
OOCTUTaeTCs 6yaromaps COIJIACOBAHHUIO HMMIIEJAHCOB
BOJTHOBOJOB IIPH ITOMOIIM pe30oHaTopa. HemocTaTKoMm
HCIIO/Ib30BAHU S PE30HATOPA SBJISIIOTCS CyskKeHHe pabo-
Yero JUarla3oHa [JIMH BOJIH U BO3PACTaHHE IIOTeph
B CJly4yae MCIIOJB30BAHHUS MaTepHana C IMOTepsIMH
B pe3oHaTope. Pe3oHaHCHas BCTaBKa MOXeT OBITh
MCIIONb30BaHa KaK [JIsg COIJIAaCOBAHHS ITJIAa3MOHHBIX
BOJIHOBOZIOB PA3/IMYHBIX CeUeHUH [4], Tak U 15 corna-
COBAaHUS OU3TeKTPHUYECKOr0 BOJHOBOJA C IUIA3MOH-
HBIM BOJIHOBOJOM. Hampumep, IpH ITOMOIIY YHC/IeH-
HOI'O MOJIeTUPOBAHMS OBLIO NMPOAEMOHCTPHUPOBAHO
cornacoBaHue HIMPoKoro (500 HM) M y3Kkoro (50 HM)
[IJIAa3MOHHBIX BOJIHOBOJOB C KO3QOUIIMEHTOM BBOLA
86% [4].

3. Ncnonb3oBaHMe NJIABHO CYXXAKOLLLencs
BOJIHOBOHOM CEKLLUU
IIaBHO Cy>KAIOIIAsICsl BOJTHOBOAHAS ceKUMs (puc.lo),
BCTaBJIeHHAsl MEXJY OBYMS BOJIHOBOJAMHU Pa3iny-
HBIX CeYeHHH, OTYACTH [10X0Ka Ha Ipebl Ay i TUII
VBB, 0ofHAaKO OCHOBHOE ee OT/IHYHKe — OHA He SBJIA-
eTCsl pe30HaAHCHOM. OHM3WYeCKUN IIPUHIUI PaboThl -
MHHHMH3AIMsI 06PaTHOrO OTPAsKEHUSI U PACCesTHUS
NpU IJIABHOM anuabaTuyeckoM mnpeobpa3zoBaHUU
BOJIHOBOJHOM MOJBI. [IJisl Cy>KaloIIeHcsi ceKUHU 6e3
IIOTepb CAMBIM BBICOKHUI KO3QPUIIMIEHT BBOAA JOCTU-
rascs 6pl pu OeCKOHEUHOM [JIMHe 3TOM CeKLIMH.
Ha mpaKkTuKe 5ke OIITHMaJjbHasl JJIMHA OIlpelesiseTcs
banancoM [5] MeXkAy MOIJIOIEeHEM 1 PaccesiHHUEM.
I[171aBHO CY>KAIOMIASICSI CEKI[USI MOKeT ObITh BBIIIOJN-
HeHa M3 TOro >Ke MaTepHhaJia, YTO MU CaM BOJIHOBOZ

i
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Puc.1. Ycmpolicmea 8800a-8bi800d Ha 0CHO8e a) npsamoll
CMblKOBKU, b) pe3oHaHcHol 80AH0B80AHOL ceKyUU, C) NAd8HO
cysarouelics 80AH080dHolI cekuuu, d) HanpasneHHo20
omeemaumens

Fig.1. In- and out-coupling devices on the basis of a) end-
fire connection, b) resonant waveguide section, ¢) gradually
tapered section, d) directional coupler

b) 0 d)

2. Resonant waveguide section

The concept of using a resonant waveguide section
(Fig. 1b) is similar to the ideas of using antireflection
coatings with the refractive index n and thickness
M4n (X is the wavelength in vacuum) in optics and

quarter-wavelength transformers in microwaves.

Physically, a large transmission is reached by using

a resonator for matching the waveguide impedances.

The drawback of using a resonator is the working
wavelength range narrowing and losses increase due

to a lossy material employment inside the resonator.

The resonant section may be used for matching
plasmonic waveguides of different cross-sections [4]
as well as for matching a dielectric waveguide with
a plasmonic waveguide. For example, numerical
modelling demonstrated matching of a wide (500
nm) and narrow (50 nm) plasmonic waveguides with
CE=86% [4].

\

/ \

Puc.2. Mpu 8800e u3ayyeHus u3 WuUpoko2o 80AHOB00A 8 CyH-
80/1HOB0L, 8 MeCme CMbIKOBKU U3Ay4eHUE He MOAbKO NPOX0-
oum, Ho Mak>ke 4YaCMU4HO OMpaAXKaemcs Ha3ao u pacceusa-
emcs 8 CMOpOHbl

Fig.2. Upon radiation coupling from a wide waveguide into
a subwavelength waveguide in the point of connection the
radiation is not only transmitted, but also partially reflected
and scattered
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(DM3MeKTPUK, METAsI), a MOXKeT OBITh IOJMydeHa
M3 CTPyKTYPHPOBAHHOrO MaTepuasna (MeTaMaTepH-
ana). JusneKTpUYecKye IJIABHO CY>KAIOIIHeCs BOJ-
HOBOZIBI MOTYT OBITH CHe/aHBl IIyTeM BBITITHBAHMUS
Pa30rpeToro OIITHUYEeCKOro BOJIOKHA [6], omHAKO maske
Cy’kast TOHKHUI BOJTHOBOZ [0 CyOBOTHOBBIX pa3MepoB,
HEBO3MOYXKHO JOCTHYb Cy6BOTHOBOrO pa3mepa MOJBI
B CHJIy eCTeCTBeHHOro NUGPAKIIMOHHOIO OrpaHHYe-
Hus. KopoTkue obpaTHbIe JU3TeKTPUUYECKHE CY’KaIo-
IIMecs CeKIMH HallUTK CBOe TP MeHeHHe U IS BBoZA
H3/1y4eHHs] B GOTOHHOKPUCTA/I/IMYECKHE BOTHOBO/BI,
IJle UX NpHMeHeHUe I103BO/IseT CHU3UTh OTpPaskeHHe
IIpH BBOJIe U3Ny4UeHus 10 1% [7].

TeopeTuueckyd OBLIM II0Ka3aHBl BO3MOXKHOCTH
Iepefavyy M3/y4deHHs] MeKIy IIa3MOHHBIMH BOJIHO-
BomaMu ¢ KB okoso 70% Ha IJIMHEe BOJHBIL 1,5 MKM [1].
DKCIIEPUMEHTANbHO HK3MEPEHHBIN KO3QOUIIUEHT
BBOZIA M3 BOJIHOBOAA IIHPUHOU 1500 HM B MeTa/Ih4Ye-
CKUM HaHOIIPOBOA MIKMPUHOM 30 HM COCTaBUI 56% [5]
Ha JIJIMHe BOJIHBGI 1,425 MKM.

Hcronp3oBaHKe CTPYKTYPHPOBAHHBIX MeTamare-
PHAJIOB B CY>KAIOIIENCS CeKLIUK CO3[aeT KaK JOIOMIHHU-
TeJIbHBbIe TPYAHOCTH IIPH U3TOTOBJIEHUU CTPYKTYP, TaK
U [IOTIO/IHMTe/IbHBIE [I0TepH, IPUCYILIHe MeTaMaTepu-
ajaM BBHJY PE30HAHCHBIX JIEMEHTOB, M3 KOTOPBIX
OHH COCTOSIT. Hamprmep, B pabore [8] 6b11a TeopeTHye-
CKHY II0Ka3aHa KOHLIEHTPALKS U3/1ydeHHs [0 pa3mepa
A/30, ogHAaKO IIPOITyCKaHHE COCTABHJIO BCETO JIMIIb
13%.

Hcnonp3oBaHHe IIJIABHO CYy>KAIOIIEMNCSl BOJIHO-
BOZHON CEKLIMHU II03BOJISIET AOCTHUIATh UPEe3BBIYANHO
BBICOKMX 3HAUeHUH HAIIPSISKEeHHOCTH IeKTPUIeCKOro
10711 KaK B OIITUYeckoM [9] Tak U B TeparepresoM [10]
JHaIa3oHax.

4. YBB Ha ocHOBe HarnpasJ/IeHHOro
oTBeTBUTENSA

PaboTa HampaBJIeHHOTO OTBeTBUTeNsl (PHC.3) OCHO-
BaHAa Ha THOPUIM3AIIMH MOJ OTAEIBHBIX BOTHOBO-
IOB IIPU [OCTAaTOYHO CHJIBHOM CBSI3M M MaJIOM pac-
CTOSIHUM MeXJy HUMHU. PacIIpOoCTPaHSIOMASCS MO
BXO/THOTO BOJTHOBOZA B IMOPUHOM CeKLIUM IIpeBpa-
I[AeTCsl B JTHHEHHYI KOMOWHAIIMIO CO6CTBEHHBIX
MoJ THOpHUIHOM ceKLMH. IIpU pacIpoCcTpaHeHUU
MOJI, TPOUCXOAST IIPOCTPAHCTBEHHBIE OHeHHUS U MaK-
CHMYM SHepPruHy HabonaeTcs To B OLHOM, TO B Jpy-
rOM BOJHOBOJAX. BeIbupas ANHHY THOPHIHOM Cek-
LIUH OoIlpeJeleHHBIM 06pa3oM, BO3MOKHO IOOHThCS
MaKCHMaJIbHOH Ilepe/lady SHePrUH U3 I1epBOTO BOJI-
HOBOJIa BO BTOPOI. IIof0OHbIe yCTPOCTBA IPUMEeHS-
I0TCSl KaK B CBY TeXHHKe, TaK M B ONTHKe (HAaIIpH-
Mep, CIIIaBHble MYJIBTHUIIIIEKCOPHl B BOJIOKOHHOM
OIITHKE).
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3. Gradually tapered waveguide section
Cradually tapered waveguide section (Fig. 1c) between
the waveguides of different cross-sections resembles
the previous type of IOD, however, the main difference
is that the gradually tapered waveguide section is
non-resonant. The physical principle of its operation
is minimization of the back - and side - scattering
upon a gradual adiabatic mode transformation.
For a tapered section without losses the largest
CE would be reached for an infinite length of the
section. In practice, however, the optimal length is
determined by the balance [5] between absorption and
scattering.

Gradually tapered section can be made from the
same material than the waveguide itself (dielectric,
metal), but can also be made of a structured material
(metamaterial). The dielectric tapered waveguides
can be fabricated by pulling a heated optical fiber
[6]. Nevertheless, even narrowing down the fiber to
a subwavelength size it is not possible to reach the
subwavelength size of the mode due to the natural
diffraction limit. Short inverse tapers have found
their application for light coupling to the photonic
crystal waveguides [7]. Their application allows for
reducing reflection down to 1%.

It has been shown theoretically the possibility
for light transmission with the CE around 70% at the
wavelength 1.5 pm [1]. Experimentally measured CE
from a waveguide of the width 1500 nm to a metallic
nanowire of the width 30 nm was 56% [5] at the
wavelength 1.425 pm.

Employment of the structured metamaterials in
the tapered section creates additional difficulties
in the devices fabrication as well as additional
losses related to metamaterials due to the resonant
consisting elements. For example, in the work [8] it
was demonstrated theoretically light concentration
down to the size of A/30, however, transmittance was
only about 13%.

Employment of the gradually tapered waveguide
section also allows for reaching enormously large
electric field strength in optical [9] as well as
terahertz [10] ranges.

4. In- and out-coupling devices on the basis
of a directional coupler

The action of the directional coupler (Fig.3) is based
on different waveguides modes hybridization under
a sufficiently strong interaction between them. The
propagating mode of the input waveguide hybridize
in the interaction region and is converted into a linear
combination of the hybrid eigenmodes. Upon the
modes propagation the spatial beatings occur and the
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[TomobHbIe YCTPOMCTBA MAJIsS BBOLA H3JIyUYeHHUS
U3 [OUIeKTPUUYEeCKHX B IUIa3MOHHBIE BOJIHOBOZBI
OBIIM IIPOAEMOHCTPUPOBAHBI KaK TEOPeTHYeCKH, TaK
U 3KcIlepuMeHTanbHO [11-13]. [JauHa 06/1acTU CBSA3U
B Pa3IMUHBIX CHUCTEeMaX BapbHPOBaach OT HECKOIb
KHX MHKpPOMeTpoB [12] 1o JecsiTkoB U JAaske COTeH
MHKPOMETPOB [14], B 3aBUCUMOCTH OT THUIIOB B3aHMO-
JeHCTBYIOUUX BOJHOBOLOB. TeopeTH4YeCKH PacCUM-
TaHHBIN U 9KCIIePHUMEHTaJIbHO H3MepeHHBIN Ko3bdu-
IIMeHT BBOAA H3JIyYeHHs Ha JJIHHe BOJAHEH 1,55 MKM
13 KPeMHHEeBOT0 BOJIHOBO/IA B Ie/IeBOM [VIA3MOHHBIN
BOJIHOBOJI, COCTaBHI 60% [12].

B HeKOTOPBIX C/Iy4asiX BO3MOXKHO He TOJIBKO TPaiu-
LIMOHHOEe PacIlo/No’KeHHe BOTHOBOMOB PSIOM APYTOM
C OpyroM, HO U TaKas CHUTyallHsl, KOIZla OOUH BOJIHO-
BOZ, IIPOHHUKAeT B JPYTroM. B YacTHOCTH, BO3MOXKHO
BCTaBUTb KPeMHUEBBIH BOJIHOBOA B IUIA3MOHHBIN
IlesIeBOM BOJIHOBOZ,. TeopeTHuecKkoe 3HaueHHe KO3d-
dunmeHTa BBoAa 88% Ha IIPaKkTHKe COCTABHJIO BCErO
JIUIIb 35% [15].

YCTPOWCTBA BBOJA-BbIBOLA

HA OCHOBE PACCEUBATEJIEN

PaccMOTpeHHBIe B IIePBOL YacTH JAHHOI CTaThH [16]
YCTPOKCTBA BBOJAa-BBIBOJA Ha OCHOBe OINTHYe-
CKH 6ONBIIMX JMH3 ([OIlepedyHble pasMepbl MHOIO
Oobllle AJIMHBI BOJIHBI) II03BOISIOT BBOAUTD M3Jyde-
HHe B CyOBOJTHOBBIe BOJTHOBOJBI M3 CBOOOZHOrO IpoO-
cTpaHcTBa. CXOXY0 QYHKIMIO BBIIIOTHAT U YBB
Ha OCHOBe JUCKPeTHBIX paccerBaTeslel, OT/IMYasiCh
TeM, YTO OTHAe/JbHBIE pacCerBaTe/lId HMeEIOT Xapak-
TepHble TreoMeTpHUYeCKHe pa3Mephl, CpaBHUMEIE
¢ AIKHOM BOMHBEL. KpoMme Toro, YBB Ha ocHOBe pac-
ceMBaTeslel, KaK IIPaBHJIO, XOTs M Heobs3aTelbHO,
MHTEIPUPOBAHBI C CAMHM BOJTHOBOLOM, B OTIHYME
OT JIMH3. PacCCMOTPHUM [Ba OCHOBHBIX THIIa YBB Ha
OCHOBe pacceHBaTeslen:

1) VBB Ha 0OCHOBe HaHOAHTEeHH;

2) VBB Ha oCHOBe IUQPaKIMOHHBIX PelleToK.

1. YBB Ha 0CHOBe HQHOAQHTEHH

AHTeHHa - 3TO YCTPOHCTBO, KOTOpoe IIpeobpasyeT
cBo6OHO pacHpocTpaHsIomeecss 31eKTPOMarHUT-
HOe M3/lyuyeHHe B JIOKaJIH30BaHHYI0 popMy U Haobo-
port [17, 18]. B TakoM Ka4yecTBe aHTEHHEI KCIIONb3Y-
I0TCSL y>Ke 6osee CTONETHS AJISL Tejle- U PafHOCBSI3H,
nipeobpa3sys 371eKTPOMArHUTHbBIE BOTHBI B MOABL Cyb-
BOJIHOBBIX BOJIHOBOJOB (HaIlpHUMep, KOAaKCHAJIBHBIX
Kabesei1). OgHAKO HCIIONb30BaHHE AaHTEHH B OITHU-
YeCKOM [Halla30He HadajoCh BCEro Iapy HecsTKOB
JeT Hasaf, 4To OBIJIO CBSI3aHO C IIPOIPeccoM Tex-
HOJIOTMH HaHOQAOPUKALMK MeTa/VIMYeCKUX U JU3-
JIeKTPUYeCKHUX CTPYyKTyp. CTporo rosops, 6onbliue

=

PNy SR
SR TER

Puc.3. HanpaeneHHbIll omeemaumens 0CHO8AH HA 2UbpudU-
3ayuu mod 08yx 80A1H080008 Npu 83aumodelicmauu Mexxoy
HUMU, Hanpumep npu ux coauxxeruu. Mpu onpedeneHHol
0AUHe 2ubpuUOHO20 Y4ACmKa u3ny4eHue MoXKem 6bimb NOAHO-
CMbto NepedaHo U3 00H020 80AH0800d 8 dpyzol

Fig.3. Directional coupler is based on the modes hybridization
of two waveguides upon their interaction, for example, when
bringing them close to each other. At a certain length of the
hybrid section the radiation can be fully transferred from one
waveguide into another

power maximum is observed consequently in the first
and then the second waveguide. Appropriate selection
of the hybrid section length allows for maximal power
transfer from the first waveguide into the second one.
Similar devices are applied in microwave engineering
as well as optical communication (for example, fused
multiplexor in fiber optics).

Similar devices for light coupling from dielectric
to plasmonic waveguides were demonstrated
theoretically, as well as experimentally [11-13]. The
length of the interaction region in various systems
varied from a few micrometers [12] to tens and even
hundreds of micrometers [14], depending on the types
of the interacting waveguides. Numerically computed
and experimentally measured coupling efficiency at
the wavelength 1.55 pm for coupling from a silicon
waveguide to a plasmonic slot waveguide was 60%
(12].

In certain cases, it is possible to employ not only a
traditional placement of the waveguides "one next to
another”, but also the situation when one waveguide
penetrates into another. For example, it is possible
to insert a silicon waveguide into a plasmonic slot
waveguide. The theoretical CE=88% was much more
modest in experiment (35%) [15].

SCATTERERS BASED

IN- AND OUT-COUPLING DEVICES

The I0Ds considered in the first part of this article [16]
based on optically large lenses (the transverse size is
much larger than the wavelength) allow for coupling
the radiation into subwavelength waveguides from
the free space. A similar function can be played by
IODs on the basis of discrete scatterers with the
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ONTHYeCKHe JIMH3bl TaK>Ke MOLYT PacCMaTpPHBATbCS
B KayeCTBe aHTeHH, OJHAKO B [NAaHHOM pasfeile
Mbl OymeM IIOHMMATh II0 AHTEHHOH OIITHYeCKH
HebOJIBIIYI0 Pe30HAHCHYI0 YacTHULy. M3HadaapHO
B KaueCTBe aHTEHH pPaCcCMaTPHUBAJIMCh MeTaJlIU-
YyeCcKHe YacCTHIbI, OAHAKO B IIOC/IeJHHE HEeCKOJIbKO
neT 6onplIoe BHUMaHMe IIPUBJIEKIN K cebe U gua-
JIeKTpUYeCcKHe 4YacTHLBl C BBICOKMM IIOKa3aTejeMm
npenoMueHus [18]. ONTHYecKHMe HAHOAHTEHHBI
HaxoAsT IPUMEHeHHe B CIIeKTPOCKOIIHMH, CEeHCOp-
HBIX YCTPOMCTBAX, $OTOraibBaHUYECKHUX 3/IeMeHTaX
1 MHUKpocKonuu. Ilagaronjee OmTHYeCKOe H3Jiyye-
Hue B030ysK[aeT JIOKAJIN30BaHHBIE IIA3MOHBI-TIONS-
PHATOHBL B IJIa3MOHHBIX YaCTHILAX HU/IHM Pe30HAHCHI
MU B OH3/IeKTPHUYECKHUX YACTHLAX, YTO II03BOJISIET
KOHIIeHTPUPOBATh 3JIEKTPOMAarHUTHYIO 3SHEPruio
B MaJIBIX 06BeMax IMPOCTPAHCTBA (HallpuMep, B pas-
pe3e IUII0NBHON aHTEeHHBI), JOCTUTATh OOMBIIKUX 3HA-
YeHUU HAIPSKeHHOCTH 3JIeKTPOMArHUTHOIO IIOJS
Y MCII0JIb30BaTh 3TO SIBJIeHHE [JIS1 BBOLA U3J1y4YeHHUs
B BOJIHOBOZ, (pHc.4a).

B YMC/IeHHOM »3KCIIepuMeHTe ObUI IIPOJeMOH-
CTPUpPOBaH KO3QPUILIMEHT BBOAA OKojao 10% pmis
OUIIOJIHOM aHTEeHHBl Ha IJIMHEe BOJHBI 1,55 MKM,
[IOJKJIIOUeHHON K IIJIa3MOHHOMY IIeJeBOMYy BOJ-
HoBogAy [19], a TakXXe MMOKa3aHO, YTO KO3$OUIIMEHT
BBOJIa MOSKeT OBITh yBeJIHMUYeH A0 26% 3a CUeT HCII0/b-
30BaHUS [NOIOJHUTEIBHBEIX OTpa’kaTeser [20]. 32xkc-
IIepUMEHTa/bHO M3MepeHHBIN K03QPUIIHMEeHT BBOJA
cocTaBua 15% [21].

HecmoTps Ha HeBBICOKHH K03QOUIIMEHT BBOJA
HU3Jy4YeHHSI B BOJIHOBOJ, OITHYeCKHe AHTeHHEI
MMEIOT BasKHBIe JOCTOMHCTBA. BO-TIepBHIX, OHU KOM-
MIaKTHBI, YTO CYIIeCTBEHHO MAJIS1 IJIOTHOM HMHTerpa-
LIMHA ONTHUYECKHUX 3JIeMEHTOB. Bo-BTOPBIX, U3MeHIq
reoMeTpUYeCKUU AHU3aMH, MOXHO Je/laTh aHTeHHBI
KaK HalpaBJAeHHBIMH, TaK U HeHaIlpaBJIeHHBIMH,
a TaKkKe HACTpPaWBaTh HX Ha Tpebyemyio MIHHY
BOJIHBL B COOTBETCTBHH C TPeOOBAHHUSIMHU OIIpefie/eH-
HOI'O [IPUMEHeHU.

2. YBB Ha ocHOBe AndpaKkLUOHHbIX peleToK
Ecnu Oﬁ'bQ,/II/IHI/ITI: HeCKOJIBKO MeTa/l/IM4YeCKHX
HJIIN OHUJJIEKTPHUYEeCKHX aHTEHH B ynOpHILO‘-IEHHbII;I
MacCHB, IIOJIYyYHTCS CBOEro poAa ,E[I/I(l)paI(LII/IOHHaﬂ
penieTka, KOTOpas TaK>Xe MOXXET HCIIOTIb30BaThbCA
B KayecTBe YBB (pHc.4b). B ornmn4yue OT CTaHAAPT-
HOM OIITHUYeCKON ,ILI/I(I)paKLII/IOHHOﬂ penieTKkM, CoCTosA-
H_[efl U3 6OJIBIIOrO YKMCIA Hepe30HAHCHBIX 3JIEMEHTOB
(HanpuMep, JIMHHBIX TUHUMN), pelleTKa U3 aHTeHH
COCTOUT H3 HECKOJIPKHX MaJ/IEHbKHX PE€30HAHCHBIX
3JIeMeHTOB. I[IJ1a3MOHBEI, Bo36y>I<J1aeM131e B Ka>KI0H
MeTaJI/IM4YecKOM aHTeHHe, [ajiee PacIpoCTpaHsi-
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Puc. 4. Ycmpolicmea 8800a-8bi800a Ha 0CHO8e ducKpem-
HbIX pacceugameneli: a) HAHOGHMeHHd, b) duPPaKULOHHAS
pewemka

Fig.4. In- and out-coupling devices on the basis of discrete
scatterers: a) nanoantenna, b) diffraction grating

difference that the individual scatterers are of the
size comparable to the wavelength. Moreover, 10Ds
on the basis of scatterers are, as a rule, integrated
together with the waveguide, contrary to lenses. We
consider two types of the scatterers based IODs:

1. IODs on the basis of nanoantennas,

2. 10Ds on the basis of diffraction gratings.

1. I0Ds on the basis of nanoantennas

Antenna is a device that converts a freely propagating
electromagnetic radiation into a localized form and vice
versa [17], [18]. For such application the antennas are used
for more than a century for TV and radio communication,
converting electromagnetic waves into the modes of
subwavelength waveguides (for example, coaxial cables).
Employment of antennas in the optical range began only
a couple of decades ago as the progress in nanofabrication
technology allowed for creating fine metallic and
dielectric structures. Strictly speaking, large optical
lenses can also be considered as antennas, but in this
article section we willunderstand antenna as an optically
small resonant particle. Initially, metallic particles
were considered as antennas, but in the recent years a
great attention is attracted to dielectric particles with
large index of refraction [18]. Optical nanoantennas find
their application in spectroscopy, sensing, photovoltaics
and microscopy. An incident optical radiation excites
localized plasmons polaritons in plasmonic particles
or Mie resonances in dielectric particles that allows for
concentrating electromagnetic energy in small volume
(for example, in the slit of the dipole antenna), reaching
large values of the electric field strength and coupling
radiation into a waveguide (Fig. 4a).

CE around 10% was demonstrated in numerical
experiment for a dipole antenna at the wavelength of
1.55 pm, connected to a plasmonic slot waveguide [19].
It was shown that CE can be increased to 26% by using
additional reflectors [20]. Experimentally measured
CE was 15% [21].
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I0TCS B IUIa3MOHHOM BOJIHOBoAe. O4YeBHIHO, YTO
1151 3¢ PeKTUBHOr0 BO30Y KAeHH I MOJbI He06X0I MO
cobmroneHre $a30BOro ycaoBHUS MeXIy aHTeHHAMH,
4TO OIlpefie/isieT BeJIMYUHY [Iepruoa PelleTKH.

CTOMT 3aMeTUTh, UTO JUPPAKIIMOHHAS pelIeTKa -
ONWH K3 Haubosee IOMYISIPHBIX CIIOCOOOB BO36YsK-
JeHHS IHMPOKUX KPeMHHUEBBIX BOJTHOBOJOB K3 OITH-
YeCKOT0 BOJIOKHA C AHaMeTPOM MOIBI 0K0JIO 10 MKM
Ha AJaWHe BOJHBH 1,55 MKM. IIpy 3TOM H3/IydeHHUe
mmajaer Ioj HeOOJIBIIMM YIJIOM K HOPMaJIM K ILJIO-
CKOCTH BOJIHOBOAA. MaKCHMAa/bHBIH IIPOLEMOH-
CTPUPOBAHHBIM KOIPOUIIMEHT BBOAA COCTABUI
oKkojio 70% [22]. PemeTku 6osiee CJIOKHOrO IpoduIs,
HeXe/IH JIMHUU C PaBHBIM IIepHOIOM (aIlOLHU3HPO-
BaHHBbIe pellleTKH), NPOJeMOHCTPHPOBAIU TeOpeTHU-
YeCKU U SKCIIePUMEHTAIbHO KO03$PHUIIMEeHT BBOAA
no 87% [23].

JrdpaKIHOHHBIE PeHIeTKH MOIYT OBITH TaK>Ke
KCIIONIb30BaHbl [Jis IIAa3MOHHBIX BOJIHOBOZOB.
71 MHPOKOTO BOJHOBOAAa Obla IpensoskeHa
pelieTka ¢ Ko3gpPuIeHTOM BBoAa 68% [24]. CucTeMa
M3 HeCKOJIbKHUX COeJMHEeHHBIX [VIA3MOHHBIX aHTeHH
ObI7Ia pacCUMTaHA YHCJIEHHO M 3KCIIepHMEHTAJIBHO
M3MepeHa IIPH MOMOIIM CKAHHUPYIOIEro 6arKHeIo-
71eBOr0 OIITUYeCKOro MHUKPOCKoIIa [25].

JudpakHOHHBIE PENIeTKU IIPeHuMYLIeCTBeHHO
NpefCTaBaAS0T U3 cebsi mepuoAMYecKHe MacCCHBBI
OUCKPeTHBIX paccenBaTesieM. BpIJIo Takske IIOKa-
3aHO, YTO IIPHU HEKOTOPBHIX YC/IOBHUSX MACCHUBBI CJIy-
YaKHO PaCIIONIOKeHHEBIX PaccerBaTe/Ier Tak>Ke MOTYT
HCII0JIb30BaThCS AJ1s1 POKYCHUPOBKH H3/TyUeHHUs [26] U,
COOTBETCTBEHHO, KakK YBB. OueBHOHO, OMHAKO, YTO
OOCTHUYb TaKUM 00Pa3oM BBICOKHX KO3QPHUIIMEHTOB
BBOJIA BPS/I I BO3MOXKHO.

i1

Despite of a low CE the optical antennas have
important advantages. First of all, they are compact
that is crucially important for dense integration of
optical elements. For the second, by changing the
geometrical design the antennas can be tuned to
a certain wavelength and made directive or
omnidirectional, corresponding to a specific
application.

2. 10Ds on the basis of diffraction gratings
Connecting several metallic or dielectric antennas
in an ordered array, one can get a kind of diffraction
grating that can also be used as an IOD (Fig. 4b).
Contrary to the common optical diffraction grating
consisting of a large number of non-resonant elements
(for example, long lines), the antennas grating consists
of a few small resonant elements. Plasmons excited in
each metallic antenna then propagate in a plasmonic
waveguide. Obviously, the phase condition should be
satisfied for the efficient mode excitation and this
determines the period of the grating.

It is worth mentioning that a diffraction grating
is one of the most popular methods of excitation of
wide silicon waveguides from an optical fiber with
the mode diameter of 10 pm at the wavelength 1.55
pm. The radiation is incident under a small angle
to the normal to the waveguide plane. The maximal
observed CE was about 70% [22]. The grating of a more
complicated profile than lines with a constant period
(apodized gratings) demonstrated theoretically and
experimentally CE up to 87% [23].

The diffraction gratings can be also used for exciting
plasmonic waveguides. For a wide waveguide the
grating with CE=68% was suggested [24]. The system of
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3AKJ/TKO4EHUE

Mbl paccmoTpenu TpH Kjacca YCTPOMCTB BBOJA-
BBEIBOJA Ha OCHOBE JIMH3, CBSI3aHHBIX BOJIHOBOZOB
U OUCKPeTHBIX paccerBaTesier. [l TOPHU30HTAJIb
HOTO BBOJA M3/yueHHUs (U3/1yUeHHUe PAacIpOCTPaHsI-
eTcsl BIO/Ib BOJNIHOBOAA) Haubonee 3pPpeKTHUBHBIMU
M YaCTO HCIIO/Ib3YyeMBbIMH SBJISAIOTCS YBB Ha oCHOBe
IJIABHO Cy>KaIOMIeHcs BOJHOBOJHOM CeKLHH,
B TO BpeM4 KaK /15 BePTHKaAbHOro - YBB Ha ocHOBe
IUPPaKIHOHHBIX peleTok. ONTHYeCKHUe aHTeHHBI
B KavecTBe YBB HMMeEIOT XOTh M HEBBICOKYIO 3Qdex-
TUBHOCTb, HO, YTO HeMaJIOBa’)KHO, KOMIIAKTHBIH
pasMep. YBB Ha oCHOBe OH3IeKTPHUYECKHX JIMH3
XOTSI U HMEIOT BBICOKHH KO03QOUIIHMEHT MPOIycKa-
HUs, HO He IO3BOJIAIOT SOCTATOYHO CHOKYCHPOBATH
u3nydeHue ansi 3¢PeKTHUBHOTO BBOAA B Cyb6BOIHO-
BOM BOJIHOBOJ. JIMH3BI M3 MaTepHasa ¢ rumepbonu-
4eCKOM JUCIIepCHer, HallPOTHUB, II03BOJISIIOT JOCTU-
raTbh Cy6AuGPaKIHOHHON GOKYCHPOBKH, HO UMEIOT
MaJbll KO3QOUILIHEeHT IIPOIYyCKAHUS.

Ha mpakTuke [Js1 BBOJa H3/l1y4eHHs B CyOBOJ-
HOBOK BOJHOBOJ, MOTYT OLHOBPEMEHHO HCIIOb30-
BaThCd HECKOJIBKO THIIOB YBB. Hampumep, u3ny-
YyeHHe, IIpeJBapUTeIbHO CHOKYCHPOBAHHOE IIpU
IIOMOIIIM JIMH3bI, MOXKeT BBOAUTLCS B I1JIa3MOHHBIM
BOJIHOBOZ, ITPH IIOMOIIY AUGPAKIIMOHHOU pelIeTKH,
a Jajee COKMMAaThCA MPU IOMOIIHM IIABHO Cy>Kalo-
mercst cekuuH [5]. Kpome KOMOMHAIIUH OTAEIbHBIX
THUIIOB YBB BO3MOKHO U co3AaHUe YBB Kak eqUHOTO
YCTPOHCTBA CO CJIOKHOM TreoMeTpHeH. JleHCTBH-
TeJIbHO, MOXKHO 3a[aTh yCJIOBUS Ha paclipefeieHue
BXOJHOTO (HallpHMep, MoJa ONTHYECKOr0 BOJOKHA)
M BBIXOLHOTO (HaIpHMep, MofAa MeTa/I/IMYecKoro
HaHOIIPOBO/Ja) 3/IeKTPOMAarHUTHOIO IONS K IOPYy-
YKUTh KOMIIBIOTEPY OIlpelejieHHe FeoMeTPHYeCcKOro
pacmoyioKeHHsI MeTajajla U OU3JIeKTPUKA BHYTPHU
YBB, KoTopoe obecreunBaeT TpebyeMbili Ko3dpdH-
LIMeHT BBoJa. [lofmobHBle 3aJauu pellaeT TOIOJIO-
rudecKkas oNTHMH3anus [24], IpyU 3TOM ONTHMasb-
Has reoMeTpHUsl YCTPOHMCTB MOXeT OBITb BechbMa
3aMBICJIOBATOM, HO PeaTUCTUYHOMN C TOUKH 3peHH S
M3rOTOBJIEHH S,

[ToMHMO IIPOCTO BBOZAA M3/Iy4YeHHUS B HAHOBOJI-
HOBOJBI, BEBIIIEIIepevYMCIeHHble YBB, comepskaliie
HeJIMHeHHble MaTepHajbl C IlepecTpaMBaeMBIMH
CBOMCTBAMH, MOTYT paboTaTh B KadecTBe aKTHUB-
HBIX 3JIEMEHTOB, TAKMX KaK IepeKaryaTe/ I, MOAY-
nATOpHI, Ipeobpa3oBaTeNu MOA U Ip. JTa HAes
COOTBETCTBYeT I706a7bHOMY HaIlpaBIeHHUIO Pa3-
BUTHSL KakK YBB, Tak M MNPOYHX HaIlpaBIeHHH
HaHOQOTOHMKH, a MMEHHO YIY4YIIeHHI TEeXHOJIO0-
TUM HaHO(PAaOPHUKALMK M HCIIOTB30BAHHIO HOBBIX
MaTepHasoB.
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several connected plasmonic antennas was modelled
numerically and characterized experimentally with a
scanning near-field optical microscope [25].

The diffraction gratings are predominantly regular
arrays of discrete scatterers. It was shown that under
certain conditions the arrays of randomly placed
scatterers can also be used for light focusing [26] and,
consequently, as IODs. It is, however, obvious, that
large CE cannot be reached in this way.

CONCLUSIONS

We considered three classes of in- and out-coupling
devices on the basis of lenses, coupled waveguides
and discrete scatterers. For the horizontal radiation
coupling (theradiation propagates along the waveguide)
the most efficient are the IODs on the basis of a
gradual tapered section, while for the vertical coupling
the I0Ds on the basis of diffraction gratings. Optical
antennas as I0ODs even not being the most efficient are
the most compact. The IODs on the basis of dielectric
lenses have the largest transmission, but do not
allow for focusing radiation for efficient coupling to a
subwavelength waveguide. Contrary to this, the lenses
with hyperbolic dispersion allow for subwavelength
focusing, but have a small transmission coefficient.

In experiment, several types of IODs can be
simultaneously used for the radiation coupling to a
subwavelength waveguide. For example, the radiation
initially pre-focused with a lens can be coupled to
a plasmonic waveguide with a diffraction grating
and then compressed with a gradually tapered
section [5]. Except for combining various IODs it is
possible to create an IOD as a single device with
a complex geometry. For example, it is possible to
set the conditions for the input (for example, the
mode of an optical fiber) and output (for example, the
mode of a metallic nanowire) electromagnetic field
profiles and then to ask a computer to determine
the geometric distribution of metal and dielectric
inside the 10D that provides the desired coupling
efficiency. Such problems can be solved with the
algorithms of topological optimization [24] and the
optimal geometry can be very sophisticated though
realistic for fabrication.

Except for the light coupling to nanowaveguides,
the abovementioned IODs containing nonlinear
materials with tunable properties can work as
active elements such as switches, modulators, mode
converters etc. This idea corresponds to the global
direction of the IODs development as well as the whole
nanophotonics development, namely, the fabrication
technology improvement and employment of new
materials.
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