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B HacTosLer cTaTbe NpeAcTaB/ieHbl pe3y/ibTaTbl UCCIEA0BAHUS B/IUSHUS LUEPOXOBATOCTU G0KOBbIX
CT@HOK CBETOBOAHOIO C/I0S U3 HUTPUAA KpeMHUs TowwmHOoM 100 1 200 HM Ha onTU4YecKkue nortepu
B WHTErpasibHbiX BOJIHOBOAAX LWMPUHOM 3 M 8 MKM. lpeactaBsieH pacyeT OCHOBHbIX NapameTpoB
LepoXoBaToCTM 6GOKOBbIX CTEHOK CBETOBOAHOIO C/10sl, OKasblBalOWMX Haubosbliee BAUSHUE
Ha onTu4yeckue MNOoTepu B BOJIHOBOAE, MPOBEAEHHbI METOAOM KOHEYHbIX BPeMEeHHbIX pa3HOCTeMl.
Ha ocHoBaHMM AaHHOro pacyeta 6blla YCTaHOB/JEHA ONMTMMAJIbHAS TOJILMHA CBETOBOAHOrO C/10s
M3 HUTPUAQ, NO3BO/IAIOLWANA YAEPXKNBATb CBETOBOM MOTOK. 32 OCHOBY pacyeTa npu NoCTpoeHUu Moaenm
6b1/11 B35Tbl fAaHHbIe, NMOJIyYEHHbIE B XOAE UCC/IeA0BaHUsA PDM-CHAUMKOB, MU3rOTOB/IEHHbIX BOJIHOBOAHbIX
CTPYKTYp. Pe3ynbTaTbl NpUBEAEHHbIX PacYeTOB COr/IACyOTCA C AaHHbIMU, NOJIyYeHHbIMU B pe3yJbTaTe
uccnefoBaHMa MocpeacTBoM pedieKTOMETpUM B 4YacTOTHOM o6nactu pednektomeTpa o6paTHOro
paccesiHUs U3roTOB/IEHHbIX BO/IHOBOAOB C TOJ/ILLMHOMA CBETOBOAHOIO C/1051 U3 HATPUAA KpemMHusi 200 HM
M LULUPUHOW 3 1 8 MKM.

This article presents results of the influence of the side walls roughness of the 100 nm and
200 nm silicon nitride. Calculation of the main parameters of the side walls roughness of
the lightguide layer, which have the greatest effect on the optical loss in the waveguide,
carried out by finite difference time domain method (FDTD), is presented. Based on this calculation, the
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optimal thickness of the lightguide layer of nitride was established, allowing the light flow to be retained.
Calculation of the model was based on the data obtained during the study of SEM images of manufactured
waveguide structures. The results of these calculations are consistent with the data obtained using optical
frequency domain reflectometry (OFDR) in the optical backscatter reflectometer (OBR) of manufactured
waveguides with a thickness of silicon nitride 200 nm and width of 3 pm and 8 pm.

BBEJEHUE

B mocnegHee BpeMsi CTPeMUTe/IbHO HAPACTAIOIUH TeMIT
Pa3BUTHS COBPeMEHHBIX CHCTeM 06paboTKu HHPOP-
MalLlUU IIOPOAKJI TPeH], K COBEePIIeHCTBOBAHHUIO CIIO-
cob0B ux peanu3aluu. [I0oCTOSHHO pacTyuiye 06beMBbl
JNAHHBIX, [IepeJJlaBaeMBbIX 10 BOTOKOHHO-ONITHYEeCKUM
JTHUHHUSIM CBSI3H, CTaIH JBHKYIEN CUI0M O0OIMIHPHBIX
HCC/IeIOBAaHUI U Pa3paboToK B 06/1aCTH TeXHOTOTHH
boToHHBIX HHTerpanpHbIx cxeMm (PHC) [1]. ITo cpas-
HEeHHUIO C OIITOBOJOKOHHBIMH CHUCTeMaMH POTOH-
Hble UHTerpajbHble CXeMbI MOT'YT 06eCIIeuUTh yayu-
IIeHHYI0 IPOU3BOJIUTENIBHOCTh U CTAOMIBHOCTD IIPH
MeHBIIMX rabaputax 1 6omee HU3KOM CTOMMOCTH [2].
Hcnonb3oBaHue OHC 1103BosIsIeT pellaTh BayKHBIE I1PO-
6reMbl B 0671aCTH Iepefauy JAaHHBIX, UCIIONbB3Ys Mac-
mTab MHTErpaluy /sl CHUKeHH I CTOUMOCTH, 3aHH-
MaeMOH IIJIOIAH, MOLUITHOCTH U IIOBBIIIEHH I ITPOU3-
BOAWTENIBHOCTH [3]. XOTsI ONITHYecKas CBSI3b SB/ISIETCS
OZIHUM M3 OCHOBHBIX ITPUJIOSKEHU I K OCHOBHBIM JIBUTa-
TesieM GOTOHHOM MHTerpaliuy, aKTUBHOE HCII0Ib30Ba-
Hue ®HC Tak>Kke MOKHO HAMTH B TAKUX 06/1aCTAX IIPH-
MeHeHHU s, KaK 30HIupoBaHUe [4], criekTpockonus (5],

PaMaHOBCKasl CIIeKTPOCKOIHUS [6], oIITHYecKas Kore-
peHTHas Tomorpadus [7], 6HoXHUMHUYeCKHe CeHCOPHI
[8-10] 1 06opoHHBIN KOMILIEKC [11]. OMHUM M3 3HAYH-
MBIX TpeMyIecTB PHC sIB/IsIeTCSI COBMECTHMOCTD CO
CTaHJAPTHBIMHU KPeMHHEBBIMHU TeXHOIOTUSIMHU. ITO
IiellaeT BO3MOKHBIM U3TOTOBJIEHHE H3/Ie/INH KpeMHHe-
BOH GOTOHHUKH C HCIIONb30BAHHEM CTAaHAAPTHAIX TEXHO-
JIOTHYeCKHUX ITPOLIeCCOB B pAMKAX Y>Ke CYIIeCTBYIONIHX
IIPOM3BOACTBEHHBIX IIIOMA/I0K, ITPEHMYIeCTBEHHO
3arpy>KeHHBIX ITPOM3BOACTBOM 3JIEKTPOHHBIX MHTe-
T'Pa/IbHBIX CXxeM. TaKOM IIOXOZ II03BO/IsieT MUHHUMHU3H-
POBaTb BO3MOXKHBIE PHHAHCOBbIE 3aTPAThI, CBSI3AHHBIE
C 3aI1yCKOM CIIeITHaIM3HPOBAHHOIO ITPOM3BOACTRA [12].
YcnemHas peanusanus OUC B 3HaUUTeTbHOMH CTe-
IeHHU 3aBUCHUT OT HCIIO/Ib3YeMBbIX MaT€PHAJIOB U IIPO-
1leCCOB M3rOTOBJIEHHUS. Hampumep, Ojas NPaBHIIb-
HOI PaboThl YCTPOMCTBA HEOOXOZKUMO TOUHO KOH-
TPOJIMPOBATH II0KA3aTeslb MPeJIOMJIEHHUS U TOJ-
IMHY MaTepuasa [13]. Takue mpoLeccsl, Kak TpaBie-
HUe U OCakK/IeHHe, TOJKHBI OBITh OIITHMH3UPOBAHBI
I/ MUHMMH3ALHUH IePOXOBATOCTH MOBEPXHOCTHU
ONTHYECKHUX BOTHOBOJHBIX CTPYKTYP U IIOITIOIIEeHH S

INTRODUCTION

Recently, the rapidly growing pace
of development of modern informa-
tion processing systems has given
rise to a trend towards improving
the methods of their implementa-
tion. The ever-growing amount of
data transmitted over fiber-optic
communication lines has been
the driving force behind extensive
research and development in pho-
tonic integrated circuit (PIC) tech-
nology [1]. Compared to fiber optic
systems, photonic integrated cir-
cuits can provide improved perfor-
mance and stability with a smaller
footprint and lower cost [2]. The use
of PIC allows you to solve impor-
tant problems in the field of data
transmission, using the scale of

integration to reduce the cost, occu-
pied space and power, and increase
productivity [3]. Although optical
communication is one of the main
applications and the main driver
of photon integration, active use of
PIC can also be found in such appli-
cations as sensing [4], spectros-
copy [5], Raman spectroscopy [6],
optical coherence tomography [7],
biochemical sensors [8-10] and the
defense complex [11]. One of the
significant advantages of PIC is its
compatibility with standard silicon
technologies. This makes it possi-
ble to manufacture silicon photon-
ics products using standard tech-
nological processes within exist-
ing production sites, predomi-
nantly loaded with the production

of electronic integrated circuits.
This approach allows you to mini-
mize possible financial costs asso-
ciated with the launch of special-
ized production [12].

Successful implementation
of FIS is highly dependent on
the materials and manufactur-
ing processes used. For example,
for the device to function prop-
erly, it is necessary to accurately
control the refractive index and
material thickness [13]. The pro-
cesses such as etching and depo-
sition must be optimized to mini-
mize surface roughness of optical
waveguide structures and mate-
rial absorption. Therefore, a care-
ful choice of material and manu-
facturing method is an important
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Marepuasa. [IosToMy TIaTebHBIH BBIOOp MaTepHaia
U criocoba M3roToBJIeHUS SIBASETCSI BASKHBIM [IaTOM
K CepHEHOMY ITpor3BoACcTBY PHC.

ONTHUMANBPHBIMU C TOYKH 3PEHHUS COBMECTHUMO-
CTH C KpeMHHEBbIMHU TeXHOJIOTUSIMHU SIBJISIIOTCS UHTe-
rpajbHble ONTUYECKHE BOJHOBOLHBIE CTPYKTYPHI
(LOBC), B KOTOPBIX B KayeCTBe CBETOBOLHOTO CJI0s
ucronb3yercs Si, SiO, u Si;N,. B To BpeMsi KaK OCHOB-
Hble MaTepHa/bl UHTEeIrPalbHON TeXHOJIOTHH KpeM-
HUH U JUOKCHUJ, KPEMHHUS 06BIYHO CTPALAOT OT BBICO-
KHX IIOTePhb MU AeJIOKATH30BAHHBIX ONTHYECKHUX
peskumos, Si;N, obecrieurBaeT NperMYyIIeCTBa KakK
BBICOKOTO YI,epP>KaHH S CBETOBOIO II0TOKA, TaK M BBICO-
KoM fobpoTHOCTH [14-18]. [IOMKH MO 3TOT0, HUTPHUL,
KpeMHHs obiafaeTr psfioM HelHHEHHBIX CBOHCTB,
TaKHUX KaK IIapaMeTpHyUeckoe ycuieHHe [19], mupoxo-
[10JIOCHASI TeHepallysl CyIIepPKOHTHHYYMa [20] u nipo-
3PavYHOCTb B 6JIHKHEH HHOPAKPACHOM U BUIUMOU
obnactsax crekTpa [21]. Takre CBOKMCTBA IIPeOCTAB-
JISII0T U POKUH CIIEKTP HOBBIX BO3MOXKHOCTEH IIPH-
MeHeHHS HUTPUuIa KpeMHHus B PHC.

Taxum 06pa3om, obocHOBaHUE BbI6OPA TOMIHHEI
CBeTOBOAHOTO Cj0g 200 HM M3 HUTPHUIA KPeMHHUS
JUISL U3TOTOBJIEHUSI CAMMETPUYHBIX BOTHOBOJHBIX
CTPYKTYP C 0607I0UKOM U3 OKCHA KPeMHHUS SIBJISIeTCS
ONHOM M3 aKTyaJIbHBIX 33a7jla4 Ha Ha4daJIbHOM 3TaIle
cospaHus ®HC. ITosToMy, Ha OCHOBAHHH paHee OIlU-
CaAaHHOI'O MeTOJa pacudeTa BIHUSHHUS Pa3IHYHBIX
[MapaMeTpoOB HMIEPOXOBATOCTH [22] MPUBOLKMM HOBBIE
Pe3yibTaThl HMCCAeL0BaHHS BeJIHYHHB ONTHYe-
CKHUX II0TePb /I BOTHOBOJLOB PA3/IMYHOMN TOJIIHHBI
(100 1 200 HM).

METO/1bl U PE3Y/IBTATbI UCCIEAOBAHUA

B pesyibraTe IpoBefieHUs psaaa SKCIIePHMEHTOB, B X0e
KOTOPBIX Ha KPeMHHEBBIX U KBAPLI@BBIX IIOJJIOKKAX
6pLTH COOPMHUPOBAHBI IIJIEHKH U3 0CaskAeHHoro LPCVD
HUTPHUA KPEMHHUS Pa3TUYHON TONIIUHBI, OB CHe-
JIaH BBIBOJI O TOM, UTO JaHHBIE IVIEHKH 00/1a1af0T BBICO-
KHM OIITHYECKHUM KauyecTBOM. IIeHKKU HUTPHUIA KpeM-
HUS C HU3KHMM YPOBHEM MeXaHHYeCKOro HallpsKeHM s
MOTYT OBITH BBIpAIEHBI C TIOMOIIBIO I1JIa3MeHHO-yCH-
JIEHHOT'0 XMMHYEeCKOI0 OCa>KAEeHH S U3 IIapoBoH $a3bl
(PECVD) 1 MoLHGUIIMPOBAHHBIX IIPOLECCOB XMMHUe-
CKOTO OCa’KAEeHUS U3 MapoBoi dpa3bsl HU3KOTO aBile-
Hud (LPCVD), HO IIJIeHKHU IIPH 3TOM IIOIY4aI0TCS C 6oiee
BBICOKHMM YPOBHEM IIOIJIONIE€HHS, BEI3BAHHBIM 000-
pBaHHBIMU cBsI3iMH H 11 O ¢ Siu N B MOBC [23]. B cBsi3U
C 3TUM, [J1s OIpefie/IeHH s ONTHUMaJIbHON TOMLHUHBI
IJIEHKU HUTPUZAA KPeMHUS, 0becrieqnBaomen Mak-
CHMAaJIbHYIO JIOKQJIM3ALIHIO CBETOBOIO II0TOKA, He0bx0-
JHMO KOMIIJIEKCHOE MCC/IeJOBAHMe Psifla KOHCTPYKTHUB-
HBIX U TeXHOJIOTMYeCKUX [IapaMeTPOB.

Ha mepBoM 3Tarie MCCaeL0BAHUS C LIeJIbIO OIIpeferie-
HUS TeKYILero COCTOSHU S TeXHOJIOrMYeCKOro IIporiecca
GOpMUPOBaHU S CBETOBOLHOIO CJIOSI M3 HUTPHUAA KpeM-
HUS 6BIIM U3TOTOBJIEHBI TeCTOBbIe 06Pa3IIbl CHMMe-
TPUYHBIX HHTETPAJIbHBIX BOJTHOBOJOB CO CBeTOBOIHBIM
CJI0eM K3 HUTPHU/Ia KpeMHHUS Ha KBapLIeBOM MOJIOKKe.
Ha Bcex 3Tamax HM3roToB/JIe€HHU S JaHHBIX BOTHOBO/IOB,
JIJIS1 OCYILeCTBJIHM I KOHTPOJISL Ka4eCTBa BBIIIOTHEHHBIX
OIepalki, OLHOBPeMeHHO C Pab0OYNMHU CTPYKTypaMU
Ha KBapLIeBbIX [I0[JIOKKAX BCe TeXHOJIOTMYeCKHe oIepa-
LI H BBIIIOJIHSIMCh TAK>Ke M Ha KOHTPOJIBHBIX KPeMHHUe-
BBIX IVIACTHHAX. DTO II03BOJIMJIO IIOJIYYHUTh HAI/IAAHBIE

step towards the serial production
of FIS.

Integral optical waveguide struc-
tures (IWFs), where Si, SiO,, and
Si;N, are used as the fiber layer, are
optimal from the point of view of
compatibility with silicon technol-
ogies. While the main materials
of the integrated technology - sil-
icon and silicon dioxide - usually
suffer from high losses or delocal-
ized optical modes, Si;N, provides
the advantages of both high lumi-
nous flux retention and high Q
factor [14-18]. In addition, silicon
nitride has a number of nonlin-
ear properties, such as paramet-
ric amplification [19], broadband

supercontinuum generation [20],
and transparency in the near infra-
red and visible spectral regions [21].
These properties provide a wide
range of new possibilities for using
silicon nitride in FIS.

Thus, the substantiation of the
choice of the 200 nm silicon nitride
fiber layer thickness for the fab-
rication of symmetric waveguide
structures with a silicon oxide clad-
ding is one of the urgent problems
at the initial stage of creating a
PIC. Therefore, on the basis of the
previously described method for
calculating the influence of vari-
ous roughness parameters [22], we
present new results of studying
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the magnitude of optical losses for
waveguides of different thicknesses
(100 nm and 200 nm).

RESEARCH METHODS AND RESULTS

As a result of a series of experi-
ments, in the course of which films
of various thicknesses of depos-
ited silicon nitride LPCVD were
formed on silicon and quartz sub-
strates, it was concluded that these
films have high optical quality.
Low stress silicon nitride films can
be grown using Plasma Enhanced
Chemical Vapor Deposition
(PECVD) and Modified Low Pressure
Chemical Vapor Deposition (LPCVD)
processes, but these films result in
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CHUMKH HPOUIIA SUIIEKTPUYe-
CKOM CTPYKTYPBI IIPH IIOMOIIH pac-
TPOBOT0 3JI€KTPOHHOTO0 MHKPO-
CKoIla, KOTOphIe IIpelCcTaBjIeHbl
Ha puc.l [22]. laHHBIe 0 IepoX0oBa-
TOCTH, [I0JIy4YeHHBbIE B XO/e aHa/IK3a
3TUX POM-CHUMKOB, JIETJIH B OCHOBY
pacyera, MpoBeJeHHOT0 METOL0M
KOHEYHBIX BpeMeHHBIX Pa3HOCTeH.

ITompobHoO mporecc popMUPOBa-
HUS CUMMETPHUYHOIO UHTeIpaJib-
HOTO BOJIHOBOZA, a TaKXXe MeTO[,
pacyeTa KPUTHYECKH 3HAUYKUMBIX
IapaMeTpOB II€POX0BATOCTH H0KO-
BOHM CTEHKH CBeTOBOJHOIO CJIOS
M3 HUTPHUOA KPpeMHHS OBIT Omu-

-

300 HM | nm

200 HM | Nnm
e ——

Puc.1. PoM-cHumok 60okogoli nogepxHoCcmu cmeHoK npoguAsi HUmpudd KpemHusl no-
cAe onepayuu nAAaMoxuMu4eckozo mpasaeHus: sud c6oky (a); 8ud ceepxy (6) [22]
Fig.1. SEM image of the silicon nitride side surface profile after plasma-chemical etching:

side view (a); view from above (b) [22]

caH paHee B pabore [22]. Haubonee 3HaYUMBIM, C TOUYKH
3peHHUs MUHUMH3AOUU 3pPeKTa paccessHUSA CBETO-
BOT'O [TI0OTOKA KM3-3a HECOBEPIIEeHCTBA PAHMUI] Pa3iea,
SIBJISIETCSI CI10C06 GOPMHUPOBAHMUS CBETOBOLHOIO CIIOSI
Y3 HUTPHUJA KpeMHHUs. [I03TOMY /ISl OLleHKH TeKy-
I[ETO COCTOSIHU S TeXHOIOTMYeCKOro ITpoLiecca ero gpop-
MUPOBAHUS O6bUI IPOBeJeH aHaIN3 60KOBOM IIOBEPX-
HOCTHU CTE@HOK HUTPHUA KPEMHHUS CXOKHUX KOHTPOJIb-
HBIX CTPYKTYp, IIOJIy4eHHBIX Ha KPeMHHEBBIX IIJIa-
CTHHaX B OJJHOM IIpoliecce C UCC/IeyeMbIMU 06pas-
IIaMH, Ha PaCTPOBOM 3JIeKTPOHHOM MHKPOCKOIIE
(POM). Tako# criocob orLleHKH 6bL1 BEIOpaH BBUAY TOTO,
YTO [IPU HCCIeJOBAHUH JUINTEKTPHUUECKUX CTPYKTYP,
KaKOBBIMH I10 CyTH SIBJISIIOTCSI OITUCBIBAaeMble HAMH
BOJIHOBOJIbI, B PACTPOBOM 3JIeEKTPOHHOM MHKPOCKOIIE
IIPOMCXOOUT HAaKOIUIEHHE 3apsi/ia B AUIIEKTPHUUECKUX

CJIOSIX, YTO BBI3BIBAeT '3aCBETKY" Kajpa U IPemsT-
CTBYyeT ITPOBe/IeHHMIO aHA/IK3a. B pe3ysbraTe 651710 BBISB-
JIeHO, YTO IIepOXOBATOCTh HOKOBOM CTEHKU MPOPLIIS
TpaB/IeHHSI HUTPHAa KPeMHHUS UMeeT BOJIHO06pa3-
HYI0 $opMYy C IIepruogoM mopsaKka 30 HM ¥ aMIIIUTY-
ot 10-20 um [22].

Jly1s pacdeTa BIMSTHHS IIEPOXOBATOCTH HOKOBBIX CTe-
HOK CBETOBOJHOIO C/IOSI HUTPHU/IA KPEMHUS Ha OIITHYe-
CKHe II0TepH B MHOIOMOJOBOM OIITHYECKOM BOJIHOBOJZE
OBL/I CITI0JIb30BaH METO/] KOHEUHBIX BpeMeHHBIX Pa3HO-
creti (FDTD). 3a ocCHOBY ObLIM B3SIThI JAHHBIE, IOy 4YeH-
HblIe IIPH UCC/IeOBAHHH IIEPOXOBATOCTH CBETOBOLHOIO
CJ10s1 paHee M3TO0TOBJIEHHBIX BOJTHOBOZOB. [1apameTpsl
0 (cpeHeKBaAPaTHUHOe OTKJIOHEHHE IIePOXOBATOCTH)
1 § (IpOOIBHBIE pa3Mep IIEPOXOBATOCTH), UCIIONb3Yye-
MBle IJIs pacyeTa, YeTKO IIpe/iCTaB/IeHbl Ha puc. 2 [22].

higher absorption levels caused by
dangling bonds of H and O with Si
and N in IOBS [23]. In this regard,
to determine the optimal thickness
of the silicon nitride film, which
provides the maximum localiza-
tion of the light flux, it is necessary
to comprehensively study a num-
ber of design and technological
parameters.

At the first stage of the study, in
order to determine the current state
of the technological process of the
silicon nitride fiber layer formation
test samples of symmetric inte-
grated waveguides with a silicon
nitride fiber layer on a quartz sub-
strate were made. At all fabrication

stages of these waveguides, in order
to control the quality of the opera-
tions performed, simultaneously
with the working structures on
quartz substrates, all technologi-
cal operations were also performed
on the control silicon wafers. This
made it possible to obtain visual
images of the dielectric struc-
ture profile using a scanning elec-
tron microscope, which are shown
in Fig.1 [22]. The roughness data
obtained during the analysis of
these SEM images formed the basis
for the calculation carried out by
the finite time difference method.
The process of forming a sym-
metric integral waveguide as well

as a method for calculating the
critical parameters of the side
wall roughness of a silicon nitride
fiber layer were described in detail
in [22]. The most significant from
the viewpoint of minimizing the
effect of light flux scattering, due to
the imperfection of the interfaces,
is the method of forming a fiber
layer of silicon nitride. Therefore,
to assess the current state of the
technological process of its forma-
tion, we analyzed the lateral sur-
face of the silicon nitride walls of
similar control structures obtained
on silicon wafers in the same pro-
cess with the samples under
study using a scanning electron
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Puc.2. ModeauposaHue 80AH0800d C Wepoxo8ambimu
cmeHkamu. Mamepuaa 80AH0800a — HUMPUD KpemMHUS
(n=2,00), mamepuana okpyatouieli cpedbl — 0KCUD KpemHUs
(n=1,46)

Fig.2. Modeling of a waveguide with rough walls. The light-
guide material is silicon nitride (n=2.00), and the cladding
material is silicon oxide (n=1.46)

JIJ151 OLIeHKH I0CTOBePHOCTH IIPeJJIO’KeHHOT0 MeTozia
HM3TOTOBJIEHHBIe MHTerpaJbHble BOJIHOBOABI OBIIH
KICCJIeJOBAHBI IIPH ITOMOIITH pedieKTOMEeTPUU YaCTOT-
HoH obnactu (OFDR) pednekTomeTpa 06paTHOro pac-
cessHus (OBR). MeToz 06paTHOroO paccestHUsI OCHOBAH
Ha BBeJleHHUH B BOJHOBOAHYIO CTPYKTYPY HMIIYJIbC-
HOTO OIITHYeCKOro HU3/1y4YeHHs U [OoCAeAyIOeM aHa-
JIM3e TOM MaJIOH YacTH CBETOBOIO II0TOKA, KOTOPas
BO3BpalllaeTCs Ha IIPHEeMHHUK B pe3yjbTaTe ob6pat-
HOI'O pacCesiHUS U OTPaskeHUH PaCIIPOCTPAHSIOLIEHCS
B BOJIOKHE CBETOBO BOJIHEI [24]. [JaHHBIF METOZ, SIBJISI-
€TCsI OIITMAJIPHBIM IIPU PellieHHH 3a7a4, TPeOyIonux,
KaK B HallleM CJIy4ae, COUeTaHMS BHICOKOIM CKOPOCTH,

YyBCTBUTE/IBHOCTH U pa3pellleHH sl IIPU aHa/IKh3e KOpOT-
KHX W IPOMe>KYTOYHBIX JJIMH JTHUHUH Iepefadu [25].
PacyeTHbIe JaHHbBIE U JaHHbBIE, II0/Iy4eHHEIe B pe3y/ib-
TaTe OLIeHKH pedIeKTOrpaMM XOPOILO COIVIACYIOTCS, UTO
I103B0JIsSIeT TOBOPUTB O IOCTOBEPHOCTH I1peIJIOSKEHHOI0
MeToza [22]. B CBS3U C 3THM J1J1s1 OIIpe/ie/IeH U s BAUSHUS
aHAJIOTMYHBIX [TapaMeTPOB HIePOXOBATOCTH HOKOBBIX
CTeHOK B BOJIHOBOZe C TOJIIMHOM CBeTOBOJHOTO C/I0s
M3 HUTpHUZAA KpeMHHUs 100 HM 6bUI IIpOBe/ieH pacyeT
yKa3aHHBIM MeTOZIOM.

Tak>Ke 1151 oIIpefie/leHU sl CTelleHU JIOKA/IM3aLl i K CBe-
TOBOI'O IIOTOKA B HCC/IelyeMbIX BOTHOBOJAX Pa3/HMYHOM
HIMPHHBI U C Pa3/IMYHOM TOIIKHOL CBETOBOLHOIO CJIOST
OBL/I ITPOBE/IeH pacueT pacIpe/ie/ieH s HallpsKeHHOCTH
3/IeKTPHUYECKOr0 I10/11 MeTOJ0M KOHEUHOIO 3JIeMeHT-
HOTO aHa/K3a. JlaHHBIN pacyeT HeobXOAUM /IS OIIpe-
JeleHHs ONTHUMaJbHON KOHCTPYKLIUK HHTeIrpajb-
HOT'O BOJIHOBOJIA C TOUKHU 3PeHHS yIep>KaHUs CBeTO-
BOT'O IIOTOKA BHYTPH CBETOBEAYILEr0 C/1051, HHBIMH CJI0-
BaMHU - obecriedyeHH I MaKCUMaJIbPHOTO BpeMeHU SKU3HHU
$oTOHA BHYTPH BOIIHOBOJA. ITO SIBJISIeTCS] BasKHEHM UM
KpUTepHeM, B YaCTHOCTH, JJISl peaIM3allii Ha OCHOBe
TaKHUX BOJIHOBOZOB BBICOKOJOOPOTHBIX Pe30HAHCHBIX
CTPYKTYP.

Pe3y/IpTaThl pacyeTa MeTO[OM KOHEUHBIX BpeMeH-
HBIX Pa3HOCTeH I1peJICTaB/IeHbl B CBOAHOM Tab1.1, BKIIIO-
YalollleHd 3Ha4deHUsl, [o/lydeHHEbIe /IS BOJIHOBOJA CO
CBETOBeAyIIUM CJIOeM K3 HUTPH/A KPeMHHUS TOJIIH-
HoM 100 11 200 HM.

Hcxopst U3 IOJy4YeHHBIX JaHHBIX MOXKHO CIe/aTh
BBIBOZ, O TOM, 4YTO IPH CHHXK€HHH TOJIIHUHBI CBe-
TOBOJHOIO C/I04 M3 HUTPHJA KPeMHHS BeIHYHHA

microscope (SEM). This method of
assessment was chosen due to the
fact that when studying dielectric
structures, which are essentially
the waveguides we are describing,
in a scanning electron microscope,
a charge accumulates in the dielec-
tric layers which causes the frame
to be "exposed” and interferes with
the analysis. As a result, it was
revealed that the roughness of the
side wall of the silicon nitride etch-
ing profile has a wavy shape with a
period of about 30 nm and ampli-
tude of 10-20 nm [22].

The finite time difference
method (FTDM) was used to cal-
culate the effect of the sidewall

roughness of the silicon nitride
fiber layer on optical loss in a mul-
timode optical waveguide. The data
obtained in the study of the fiber
layer roughness of the previously
fabricated waveguides were taken
as a basis. The parameters o (root-
mean-square roughness deviation)
and § (longitudinal roughness size)
used for the calculation are clearly
shown in Fig. 2 [22].

To assess reliability of the pro-
posed method, the fabricated inte-
grated waveguides were studied
using frequency domain reflectom-
etry (OFDR) of a backscatter reflec-
tometer (OBR). The backscattering
method is based on introduction
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of pulsed optical radiation into the
waveguide structure and the sub-
sequent analysis of that small part
of the light flux that returns to
the receiver as a result of backscat-
tering and reflections of the light
wave propagating in the fiber [24].
This method is optimal for solv-
ing problems that require, as in
our case, a combination of high
speed, sensitivity and resolution
in the analysis of short and inter-
mediate lengths of transmission
lines [25]. The calculated data and
the data obtained as a result of
evaluating the reflectograms are
in good agreement, which allows
us to speak about the reliability of
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Tabauua 1. CpasHeHUe U3MEpPeHH020 U pacCyumManHo20 3amyxanust Moobl TE,, 8 UHMe2panbHblX 60AH0800AX CO CEEMO0800HbIM
cAoem U3 HUmMpuda kpemHust moaw,uHot 100 u 200 HM, 0 — cpedHek8adpamuyHoe 0mKAOHeHUe Wwepoxosamocmu, & = Npo00AbHbIL

pasmep wepoxosamocmu

Table 1. Comparison of the measured and calculated attenuation of the TEOO mode in integrated waveguides with a silicon nitride fiber layer
100 nm and 200 nm thick, o is the root-mean-square deviation of the roughness, 6 is the longitudinal roughness size

LupuHa BenanumHa TonwwmHa Si;N, TonwwmHa Si;N,
BOJIHOBOAA, OMNMTUYECKUX NoTepb CBETOBOAHOrO €108 200 HM CBETOBOAHOrO €108 100 HM
MKM (v3mepeHHas), Thickness of Si;N, lightguide Thickness of Si;N, lightguide
Waveguide AB/cm 200 nm layer 100 nm layer
width, pm Optical loss
(mzalet::d), O, HM S, Hm BenanuuHa O, HM 8, Hm BennumHa
nm nm ONTUYECKMUX NoTepb nm nm OMTUYECKUX NoTepb
(pacuetHas), ab/cm (pacuetHas), ab/cm
Optical loss Optical loss
(calculated), dB/cm (calculated),
dB/cm
3.00 1.43 30.00 20.00 1.63 30.00 20.00 5.19
10.00 20.00 0.22 10.00 20.00 4 .35
8.00 0.31 30.00 20.00 0.n 30.00 20.00 1.91
10.00 20.00 0.01 10.00 20.00 1.85

OIITHYeCKHUX II0Tepb BO3pacTaeT B pa3sl. Ilo cyTH,
MOSKHO CKa3aTh, YTO CBETOBOH IIOTOK IIOJIHOCTBIO Ilepe-
XOUT B 000/7104KYy. [JaHHBII BBIBOZ, TAKKe IO TBEPSK A"
eTCsl pe3yJbTaTaMU pacdyeTa MeTOAOM KOHEUHBIX 3/1e-
MeHTOB, HAIVISITHO ITPeJCTaBIeHHBIMH Ha PHUC.3.

B pe3ysbTaTe IIpoBeleHHBIX PacyeToB OO YCTaAHOB-
JIEHO, YTO CHI>KeHHe BeJTHYHHBI CpeJHeKBaApaTHU-
HOT'0 OTKJIOHEHH I IIePOXOBATOCTH ke IIPH YCIIOBUH

COXpPaHEeHM I BeJIMUHHEI ee [IPOA0IbHOIO pa3Mepa IIpU-
BOAUT K CHHU KEHHUIO BeJIMYHHBI OIITUYECKHUX 3aTyXa-
HHUU B BOJTHOBOJIE CO CBETOBOAHBIM CI0€M U3 HUTPHUAA
KpeMHMUS TONIIKUHON KaK 200 HM, Tak 1 100 HM. IT0
BHOBb IIOATBEP>KAaeT BbIBOZ, O BIMSHUHU LIePOX0BATO-
cTH HOKOBBIX CTEHOK CBETOBOJHOTO CJIOSI HA BeJIMUHHY
ONTHYeCKHUX 3aTyXaHUH B BOJTHOBoZe. OIHAKO, B C/Iydae
HCII0JIb30BAHU I BOJIHOBOA C TOIIIIHMHOM CBETOBOIHOIO

the proposed method [22]. In this
regard, in order to determine the
effect of similar parameters of the
roughness of the side walls in a
waveguide with a silicon nitride
fiber layer thickness of 100 nm, a
calculation was performed using
the indicated method.

Also, to determine the degree of
the light flux localization in the
studied waveguides of different
widths and of different thicknesses
of the fiber layer, the electric field
strength distribution was calcu-
lated by the finite elemental analy-
sis method. This calculation is nec-
essary to determine the optimal
design of the integral waveguide

from the viewpoint of keeping the
light flux inside the light guide
layer, in other words, ensuring the
maximum photon lifetime inside
the waveguide. This is the most
important criterion, in particular,
for the implementation of high-Q
resonant structures based on such
waveguides.

The results of the calculation by
the finite time difference method
are presented in the summary Table
1, including the values obtained for
a waveguide with a light guiding
layer of 100 nm and 200 nm thick
silicon nitride.

Based on the data obtained,
it can be concluded that with a

decrease in thickness of the silicon
nitride fiber layer, the magnitude
of optical losses increases signifi-
cantly. In fact, we can say that the
luminous flux completely passes
into the shell. This conclusion is
also confirmed by the results of the
calculation by the finite element
methods, which are clearly shown
in Fig.3.

As a result of the calculations,
it was found that a decrease in the
value of the root-mean-square devi-
ation of the roughness, even if the
value of its longitudinal size is pre-
served, leads to a decrease in the
value of optical attenuation in a
waveguide with a silicon nitride

Vor.13 No. 7-8(101) 2020 NANO INDUSTRY
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Puc.3. PacnpedeneHue HOpMUPOBAHHOU amnaumyodbl 3AeKmpu4yeckozo noas
(moda TE,) 8 80AH0800AX PA3AUYHOL WUPUHbI € pa3Au4Hol moAauuHol SisN, cee-
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moAuuHot 200 HM, € = WuUpUHOU 3 MKM U moAWuHol 100 HM, d — WupuHoU 8 MKM

U moauuHot 100 Hm

Fig.3. Allocation of the normalized amplitude of electric field (mode TE,) in waveguides
of different widths with different thicknesses of the Si;N, lightguide layer: a - 3 pym wide
and 200 nm thick, b - 8 ym wide and 200 nm thick, ¢ - 3 ym wide and 100 nm thick,

d - 8 ym wide and 100 nm thick

cost 100 HM CBETOBOH IIOTOK He 6y[eT JIOKaJIM30BaH

B IOCTaTOYHOH CTeIleHH, BHe 3aBUCHMMOCTH OT XapaKTe-

PUCTUKU OOKOBBIX CTEHOK.

3AK/TIOYEHME U BNIATOAAPHOCTHU

[IpoBefleHHBIe pacyeThl MOATBEPAMUIU CHeNaH-
HBII paHee [22] BBIBOA, O IOJOXKUTEJIBHOM BIHSHUU

fiber layer with a thickness of both
200 nm and 100 nm. This confirms
the conclusion about the effect of
roughness of the side walls of the
fiber layer on the value of opti-
cal attenuation in the waveguide
too. However, in the case of using
a waveguide with a 100 nm light
guide layer, the luminous flux will
not be sufficiently localized regard-
less of the characteristics of the
side walls.

CONCLUSIONS AND
ACKNOWLEDGEMENTS

The performed calculations have
confirmed the conclusion made
earlier in [22] about a positive effect

CHHUSKeHHSI CpeJJHeKBaJPaTUIHOI0
OTKJIOHEHH I IIePOXOBATOCTH HOKO-
BBIX CTEHOK Si;N, CBETOBOJHOIO
CJ10s1 IasKe IIPU YCJIOBHUU COXpaHe-
HUS BeJIMUKHBI ee IIPOJOTIbHOIO
pasMepa Ha BeJIMUUHY OITHYECKUX
[I0TepPb B MHTErPaJbHOM BOJIHO-
Bozie. OTHOBPeMEeHHO C 3TUM bb1/I0
YCTAHOBJIEHO, UYTO YMeHbIIeHHue
TOJILIMHBI IIJIEHKH SisN,, U3 KOTO-
poM BHOCIeACTBUU GOPMHUPYeTCs
CBETOBOAHBIM C/I0H, 0 100 HM IIpH-
BOJIUT K JIe/IOKa/IM3aLIUK CBETOBOI'O
II0TOKa. DTO TOBOPHUT O TOM, UTO
17151 GOpMUPOBaHH I HHTEI Pa/IbHBIX
BOJIHOBOZIOB C MUHHUMAaJIbHOH BeJIH-
YMHOM OIITHYeCKHUX ITI0TePb Heobxo-
IOYIMO COBEPIIEHCTBOBATh CIIOCOOEI
bopMHPOBaHH S CBETOBOLHOTO CJI0S,
a Tak>Ke yIensiTh 0coboe BHUMaHHLe
€ro TONIIHHe.

Hacrtosgmas cTaTbsi IMOAIO-
TOBJIeHa NPpHU QHUHAHCOBOH IIOA-
oepkke MuHHCTepcTBa obpa-
30BaHUSI U HayKH PoccuIICKOH
denmepanu B paMKaX rocygap-

CTBEHHOTO 3aJlaHu s Ha 2019 rof, (npoeKT Ne 0H59-2019-

0020) "TeopeTH4ecKHe K 3KCIIEPHMeHTaIbHbIe HCCIIe0-
BaHUS KOHCTPYKTHBHO-TeXHOJIOTUECKHX METOJ0B CO3-
OaHHA HHTeI'pa/JIbHBIX OIITHUYECKHUX 3/IEMEHTOB, COBME-

of reducing the root-mean-square
deviation of the sidewall rough-
ness of the Si;N, fiber layer even if
the value of its longitudinal size
is preserved on the value of optical
losses in the integrated waveguide.
At the same time, it was found that
a decrease in the thickness of the
SisN, film, from which the light
guide layer is subsequently formed,
to 100 nm leads to delocalization of
the light flux. This suggests that
in order to form integrated wave-
guides with a minimum optical
loss, it is necessary to improve the
methods of forming the fiber layer,
as well as to pay special attention to
its thickness.
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