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CTaTbs NOCBSLLEHA TEXHONOM N U3rOoTOBIeHUS
onTUYeCckKUX MMKpOBOJIHOBOA,0B U3 HUTPUAA
KpeMHuS. N5 N3rotoB/ieHUs BOJIHOBeAYLLINX
CTPYKTYp UCMO/1b30Ba/INCb KpeMHUeBble
noAJI0XKMU C NOAC/I0EM OKCUAA KPEMHMUSL.

Ha noBepxHOCTU oKCHUAa KpeMHUs
HaHOCUJINCb NMNIEHKU HUTPpUAA KpeMHUS
MeToAaMU N1asMOXUMUYECcKoro rasodpasHoro
ocaXxaeHus 1 rasopasHoOro ocaxxgeHus npu
MOHUXXEHHOM AaBieHNN. TONLWMUHbI NJ1IeHOK
HUTpUJA KpeMHUS U3MeHs1ach B npegenax

o1 710 po 730 HM B 3aBUCMMOCTU OT TEXHOJI0TUN
rasogasHoro ocaxaeHus. insa cosgaHus
BOJIHOBeAYLWUX CTPYKTYP UCNO/b30Balach
¢oTonutorpadus n naasmoxmmmyeckoe
TpaBneHue. LLiInupnHa BoNHOBeAYLWNX

CTPYKTYp BapbupoBasacb oT 140 5 MKM

c warom 500 HM. Ha NoBepXHOCTU CTPYKTYp
ocaxpaasncs NoKpbIBHOM C/IOM OKCMAA KPeMHUS.
B paboTe npoBeaeHO uccnegoBaHme nNoTepb

Ha AJINHE BOJIHbI 1,55 MKM B BOJIHOBEAYLUX
CTPYKTYypax, U3roToBJIeHHbIX 060MMU MeTOAAMU
raszogasHoro ocaxpgeHus. NpuseaeHo
CpaBHeEHMe MeTOoA0B 0CaXAEeHMUS, B pe3y/ibTaTe
yero nokasaHo, 4YTo pa3paboTaHHbI MeTop,
N/1Ia3MOXMMMUYECKOro razopasHoOro ocaxaeHus
obecne4ymBaeT CywWweCTBEHHOE YMeHbLUeHue

296 ®OTOHMUKA TOM 16 N2 4 2022

Study of Silicon Nitride
Film Deposition
Technology for
Application in the
Photonic Integrated
Circuits

A.A.Nikitin!, K. O. Voropaev?, A. A. Ershov', I. A. RyabceV',

A.V.Kondrashov', M. V. Parfenov?, A. A. Semenov!,

A.V.Shamrai? E.1.Terukov?, A. V. Petrov3, A. B. Ustinov'

I Saint Petersburg Electrotechnical University «LETI», Saint-
Petersburg, Russia

2 Ioffe Physical-Technical Institute of the Russian Academy of
Sciences, Saint-Petersburg, Russia

3 OKB-Planeta JSC, Veliky Novgorod, Russia

The article is devoted to the production
technology of optical micro-waveguides
made of silicon nitride. The silicon substrates
with a silicon oxide sublayer were used to
produce the waveguide structures. The
silicon nitride films were deposited on the
silicon oxide surface by plasma-enhanced
chemical vapor deposition and low-pressure
chemical vapor deposition. The silicon
nitride film thickness varied from 710 to

730 nm, depending on the chemical vapor
deposition technology. Photolithography
and reactive-ion etching were used to
produce the waveguide structures. The
waveguide structure width varied from 1

to 5 pm with a pitch of 500 nm. A cladding
layer of silicon oxide was deposited on the
structure surface. This paper describes

the study of losses at a wavelength of 1.55
Km in the waveguide structures made by
both chemical vapor deposition methods.

A comparison of the deposition methods
demonstrated that the developed method of
plasma-enhanced chemical vapor deposition
provided a significant reduction in the losses
in structures compared to the low-pressure
chemical vapor deposition.

Keywords: microwave photonics, photonic
integrated circuits, silicon nitride, LPCVD, PECVD
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notepb B CTPYKTYpaX Mo CpaBHEHMUIO C METOA0M
rasogasHoro ocaxaeHus npyv NOHUXXEHHOM
AaBJIeHUN.
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1. BBEAEHMUE

OOHMM M3 IIPOPHIBHEIX HaIPaBIeHHWH pa3BU-
THSI COBPEMEHHOM CBepXBBICOKOYACTOTHOH (CBY)
3JIeKTPOHUKH SBJISI€TCS HHTerpajbHasi paguodoro-
HuKa [1, 2]. B HacTosilllee BpeMsi ITPUHIIMIIBI pajiyi-
OPOTOHUKH aKTHBHO MCIIONB3YIOTCSA [/ CO3JaHUS
pasnuuHblx CBY-TprOOPOB K yCTPOMCTB B UHTErPaJIb-
HOM HCIIOJTHeHHUH, HalphMep, OUIBTPOB, JHHUH
3a/1epP>KKH, TeHePATOPOB, CHHTE3aTOPOB M CTAHJaPTOB
4acToTHI [3-7]. [103TOMy aKTyaJIbHOM IIPO6IeMOM SIBIIS-
eTcsi pa3paboTka TEXHOJOTHM H3TOTOBIEHHS (POTOH-
HBIX HHTerpanbHbeix cxem (PHC). Cpemu pasnuy-
HBIX IIePCIeKTUBHBIX TEXHOJIOTMYeCKHX ILIaTGopM
usrorobneHusa PHC, TakMX KaK KpeMHHI Ha H30-
nsitope [8-10], docoun mHmms [11], ocobelii HMHTe-
pec BbI3bIBAeT HUTPHUJ KpeMHUs [12-15]. DToT Mate-
pHas obecriedrBaeT HOCTATOYHO BBICOKHE KOHTPACT,
HeOOXOAMMBIH IS BBICOKOM ILIOTHOCTH 3/1€MEHTOB
Ha OMC; cBepXHU3KHE II0TePH, BeJIHYHHA KOTOPBIX
nocturaer 0,01 nb/cM mpu paguyce 3aKpyIjleHHS
80 MKM B IOJIOCe MOPSAAKA OLHOM OKTaBbl OTHOCH-
TeJIbHO TeJTeKOMMYHHKAIIHOHHON [JJIHHBl BOJHBI
1,55 MKM; BBICOKYIO KEPPOBCKYIO HEeIHHEHHOCTb
(n,=2,4-10" M?/BT); Manoe HeJIHHENHOe 3aTyXa-
HHe, B YaCTHOCTH OTCYTCTBHE IBYX(POTOHHOIO II0IJIO-
LIeHHA; KPOMe TOro HUTPHJ KPEeMHHS IIOJTHOCTBHIO
coBMecTUM ¢ KMOII-TexHONIOTHEHN H3TrOTOBIEHHUS
MHTeTPpaJbHBIX CXeM. biaromaps Iepedyrc/IeHHBIM
[IpeMMYyLIeCTBAaM HUTPUJ, KPeMHHS IIepCIIeKTHBeH
He TOJIBKO /IS CO3aHUS IIAaCCUBHBIX TMHEMHBIX pafu-
0bOTOHHEIX YCTPOMCTB, HO U /51 HeJIMHeMHBIX IIpHU-
MeHeHMI, TaKKX Kak [peobpa3oBaHue IJIMHBL BOIHBI,
reHepanus MOHOXPOMAaTHYeCKOTO CHMIHAajaa, CeTKH
YacToT, Xaoca U CyIlepKOHTHUHYyyMa [16-19].

B HacTosmee BpeMms IIMPOKOe PaCIPOCTpaHe-
HHe IIOJNIyYMIH [BA CII0coba M3roTOBIEHHUS IIIEHOK
HUTPHAA KpeMHHs. IIepBBIF — MeTOZ, XHMHUYeCKOro
OCaKAEeHHU S U3 ra30BOk Ppaskl B peaKTOpaX IIPOTOYHOIO
THIIa HU3KOIO AaB/eHUs (B 3apybekHOM JIHTepaType
3TOT MeToJ M3BecTeH Kak LPCVD - axea. Low Pressure
Chemical Vapor Deposition) [15, 20]. [loHM>ReHHE 1aB-
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1. INTRODUCTION

One of the breakthrough aspects to develop in the
modern microwave (MW) electronics is integrated
microwave photonics [1, 2]. At present, the microwave
photonics principles are actively used to develop vari-
ous MW devices and integrated devices, for example,
filters, delay lines, oscillators, synthesizers, and fre-
quency standards [3-7]. Therefore, the topical issue
is the development of production technology for the
photonic integrated circuits (PICs). Silicon nitride is
of particular interest [12-15] among various promis-
ing technological platforms for the PIC production,
such as silicon-on-insulator [8-10], indium phos-
phide [11]. This material provides a sufficiently high
contrast required for a high density of elements on
the PICs; ultra-low losses, the value of which reaches
0.01 dB/cm at a bending radius of 80 microns in
a band of the one octave order relative to the telecom-
munication wavelength of 1.55 microns; high Kerr-
type nonlinearity (n,=2.4-10"° m?/W); low nonlinear
attenuation, in particular, absence of two-photon
absorption. In addition, silicon nitride is fully com-
patible with CMOS integrated circuit technology. Due
to the above advantages, silicon nitride is promis-
ing not only for the development of passive linear
microwave photonic devices, but also for the nonlin-
ear applications such as the wavelength conversion,
monochromatic signal generation, frequency combs,
chaos, and supercontinuum [16-19].

At present, two production methods for the silicon
nitride films are widely used. The first method is the
chemical vapor deposition in the low-pressure flow
reactors (in foreign references, this method is known
as LPCVD - Low Pressure Chemical Vapor Deposi-
tion) [15, 20]. A decrease in pressure (1-1000 mT) dur-
ing the LPCVD process leads to an increased diffusion
rate of reagents in the gas phase, as a result of which
the film is formed in the kinetic control mode that
ensures high uniformity and quality of the growing
film. The limiting factor of this method is the need
to use a high substrate temperature (450-1000 °C)
providing the occurrence of chemical reactions on the
growing film surface that leads to a decreased growth
rate (2-5 nm/min), as well as to the need for precise
temperature control on the substrate. The second
method is the plasma-enhanced chemical vapor depo-
sition (in foreign references, this method is known
as PECVD - Plasma Enhanced Chemical Vapor Depo-
sition). PECVD, in contrast to the expensive LPCVD
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nenus (1-1000 mTopp) B mpouecce LPCVD mpuBoO-
OUT K IOBBIIIEHHIO CKOPOCTH OIHPPY3HH peareHTOB
13 ra3oBoil ¢asbl, B pe3y/abTaTe 4ero IjieHKa GopMH-
PYeTcs B peSKUMe KHMHEeTHYeCKOro KOHTPOJIs, 4To obe-
CIle4yrBaeT BBICOKYIO OJHOPOJHOCTDb M Ka4ecTBO pacTy-
mer IUIeHKU. OTpaHUYMBAIOMUM (aKTOPOM 3TOrO
MeTofa SBJSeTCS HeoOXOLHMOCTb HCIIO/NIb30BaHMUS
BBICOKOM TeMIIEPATyphl IIOMIOKKHU (450-1000 °C), obe-
CIleYHBaKOIIel IMPOTeKaHHe XHMHYEeCKHX peaKLHH
Ha II0BEPXHOCTH PaCTyIlleH IUIEHKH, UTO NPHUBOAUT
K CHIDKEHHUIO CKOPOCTH pocTa (2-5 HM/MHUH. ), a TaKKe
K HeoOXOOMMOCTH TOYHOIO KOHTPOJIS TeMIIepaTypsl
Ha IIOJJIOKKe. BTOPEIM MeTOZOM SIBJSIeTCSl IUIa3MO-
XMMHUYeCKOT0 OCaKIeHHe K3 Ta3oBoH ¢assl (B 3apy-
6esxHOM nuTepaType MeTon PECVD - aHea. Plasma
Enhanced Chemical Vapor Deposition). PECVD B oTu-
YHe OT goporocrositero LPCVD-MeToa siBisieTcst 6oree
JOOCTYIIHBIM MeTOLOM OCKAEHHS IUIEHOK HUTPHIA
KPeMHHSI CO CHSTBIMKU BHYTPeHHHMH HaIlpsDKeHU-
SIMH BIUIOTb 10 1 MKM IpH 3HAUHUTe/NIbHO 6osiee BBICO-
KOM CKOPOCTH OocakieHUs (25-350 HM/MUH.) u bosee
HH3KOM TeMIlepaType okono 25-500 °C [14, 21]. Ilos-
TOMY LIeJIbI0 HACTOSIIIEH PaboThl SIB/ISIOCH U3TOTOBIIE-
HHe [IJIEHOK HUTpHJA KPeMHHS Ha MOJIO0XKKaX KpeM-
HHUS C IIOACI0EM OKCHJIA KpeMHHs meTomamu PECVD
U LPCVD, a TakKe COIIOCTaB/IeHHEe KauecTBa I10/Iy4YeH-
HBIX IIJIEHOK ITyTeM H3MepeHHs oc/abreHHs ONTHYe-
CKOTO CHTHAJIa, PacIpOCTPAHSIOLIErocsi B HHTEIpalb-
HBIX BOJIHOBOZIAX, M3TOTOBJIEHHBIX M3 3TUX IIEHOK.

2. TEXHOJOIrnd N3rotoBJIEHUA
MNKPOBOJIHOBO4OB

TexHOMIOTHUeCKHUHN IIPOLIeCC HU3TOTOBIEHHUS ONTHUe-
CKUX MHKPOBOJTHOBOJOB Si;N, IMIMPHUHOM OT 1 MKM
o 5 MKM IIpefCTaBieH Ha puc. 1. Ha mepBoM 3Tame
(cM. puc. 1.I) Ha TpPeXAIOMMOBBIX KPeMHUEBBIX IIO-
JIOKKaX MEeTONOM TepPMHUYeCKOro OKHCIeHHUS BO BIasK-
HOM KHCJIOpOZe BhIpalllMBajachk IUIEHKA OKCHIA
KpeMHHs. TolIMHaA M II0Ka3aTe/lb IIPeJIOMJIeHHS
BBIPAIIeHHOTO /1051 Si0, 6bITM U3MEPEHHI C IIOMOIIBI0
3JUIMIICOMETPUH Ha JJIHMHe BOJHBI 1550 HM M COCTaB-
asnu 2,8 MKM U 1,44, cooTBeTcTBeHHO. Ha BTOpOM
sTame (cm. puc. 1.II) metomamu LPCVD unu PECVD
IIPOMCXOIUIIO OCAKAeHUe HUTPUIA KPeMHUS.

a) IIpouecc PECVD ocaskgeHUs IIPOBOOMJICS Ha
ycraHoBke Sentec SI 500D. B sTom mpoiecce
HCIIONb30Banach 5% cmech cunana SiH, ¢ aso-
ToM (200 cM3/MUH) U YUCTBIF a30T (5 cM3/ MUH).
TeMIlepaTypa MOMIOXKKH B IIpoLiecce OCaKOeHHs
coctasisia 250 °C, a gJaB/ieHHe IIOAAeP>KUBAIOCh
Ha ypoBHe 4 Ila.Ilpolecc ocCa’kmeHHUs IPOBO-
OHJICS Ha 4YacToTe 13,56 MI'LI IpU MOIIHOCTH pas-
psama 1000 Br. TommuHa ¥ IOKa3aTeb IIPeIoM-
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method, is a more accessible method for the silicon
nitride film deposition with the released internal
stresses up to 1 pm at a much higher deposition rate
(25-350 nm/min) and a lower temperature of about
25-500 °C [14, 21]. Therefore, the objective of this
paper was to produce the silicon nitride films on the
silicon substrates with a silicon oxide sublayer by the
PECVD and LPCVD methods, as well as to compare the
obtained film quality by measuring the attenuation of
optical signal propagating in the integral waveguides
made from these films.

2. PRODUCTION TECHNOLOGY
OF MICROWAVE GUIDES

The production process for Si;N, optical micro-
waveguides with a width of 1 pm to 5 pm is shown in
Fig. 1. At the first stage (see Fig. 1.I), a silicon oxide
film was grown on the three-inch silicon substrates
by thermal oxidation in wet oxygen. The thickness
and refractive index of the grown SiO, layer were mea-
sured using ellipsometry at a wavelength of 1550 nm.
These values were equal to 2.8 pm and 1.44, respec-
tively. At the second stage (see Fig. 1.1I), silicon nitride
was deposited using the LPCVD or PECVD methods.

a) The PECVD deposition process was performed
using a Sentec SI 500D setup. This process was
performed with 5% mixture of silane SiH, with
nitrogen (200 cm?/min) and pure nitrogen
(5 cm?/min). The substrate temperature during
deposition was 250 °C, and the pressure was
maintained at 4 Pa. The deposition process was
carried out at a frequency of 13.56 MHz with
a discharge power of 1000 W. The thickness and
refractive index of the deposited film were mea-
sured using ellipsometry at a wavelength of 1550
nm. These values were 730 nm and 2.01, respec-
tively.

b) In the LPCVD process, a low-pressure flow reactor
and a diffusion furnace were used. The silicon
nitride film was obtained by the following chem-
ical reaction of silane and ammonia:

3SiH, + 4NH; - Si;N, + 12H,.

The following technological parameters were used in
the deposition process: substrate temperature - 850 °C;
pressure in the reactor - 45 Pa; the ratio of SiH,/NH,
flows - 1/3. As a result, a silicon nitride film with the
thickness of 712 nm was obtained. To measure the thick-
ness and refractive index of the grown film, we used the
ellipsometry method at a wavelength of 1550 nm. The
selected process parameters provided the same refrac-
tive index of 2.01 as in the previous case.
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1. OxucneHue Si
Si oxidation

II. Ocaxpenue Si;N,
Si;N, deposition

V. IlposiBIeHHEe
Development
of photoresist

VI. I[In1a3smMoxXuMHYecKoe
TpaB/IeHHe
Reactive-ion etching

Puc. 1. TexHono2U$ noAy4eHus onmu4eckux MuKpo8onHo80008
Fig. 1. Production technology for optical microwave guides

IV. KoHTakTHas
doTonuTorpadpus
Contact photolithography

III. Ha"eceHHe GoTOpe3ucTa
Photoresist deposition

VII. OcakneHue
TIOKPBIBHOTO Si M OTSKUT
Cladding layer deposition
and annealing

VII. YaaneHue poTopesrcTa
Photoresist removal

JIeHUSI OCAKAEHHOM IIJIEHKH OBUIM HM3MepeHBI
C IIOMOIIBIO 3JIMIICOMETPUY Ha [JIMHE BOJIHBI
1550 HM U coctaBuau 730 HM U 2,01 cooTBet-
CTBEHHO;

6) B mponjecce LPCVD KCII0/Ib30BaJICSL IIPOTOYHBII
PeaxkTop HM3KOTrOo JaB/leHus U meub Thuna CAOM.
[I1eHKa HUTpUJA KpeMHHs ObUIa IIONydeHa
B pe3y/IbTaTe CJIefyOlel XMMUYeCKOH peaKLHuU
CH/IaHA M aMMHMaKa:

3SiH, + 4NH; - Si;N, + 12H,.

B mpomecce ocCakOeHMs HCIIOAb30BATIUCh CJle-
AyIoliye IlapaMeTpbl TeXHOJOTHYEeCKOTo IIpoliecca:
TeMIlepaTypa HOAIOXKHK - 850 °C; maBjieHHe B peak-
Tope - 45 Ila; COOTHOLIeHHe IT0TOKOB SiH,/NH;-1/3.
B pesynbTaTe 6bL1a MoydeHa IJIeHKA HUTPUIA KpeM-
HHSI TONIIMHOMN 712 HM. [ M3MepeHMs TOJIIHHBI
M IIOKa3aTessl IPeJIOMJIeHHS BHIPALeHHOU IUIeHKH
HCIIO/Ib30BAJICS METOJ, 3/UIMIICOMETPHUH Ha [IJIHHe
BOJIHBI 1550 HM. BrI6paHHBIe TeXHOIOIHYeCcKHe I1apa-
MeTpbl obecredMBaJM TaKyl0 >Xe BeJIHYHHY IIOKa-
3aTess IpejomiaeHus 2,01, 4To M B IIpeAblAylleM
cryyae.

Ha cnenyromem stame (cm. puc. 1.III) Ha mosepx-
HOCTh IJIEHKHM HHTPHJA KPEeMHHS MeTOLOM LieH-
TpUPYTUPOBAaHUSI HAHOCHIICS C/I0H II03UTHBHOIO
dortopesucta S1813 G2 SP-15 TonmuHoM 1,8 MKkM. PoTo-
Pe3UCT OTBepKAAJICA IIpU TeMiepaTtype 90-110 °C.
Janee IpoBOAMIACHE KOHTAaKTHas YAbTpadHOIeTO-
Basi nuTorpadus (cm. puc. 1.IV) Ha ycTaHOBKe Suss
MAG/BAG. Hcrone3yeMeln A1 nuTorpaduu doroma-

At the next stage (see Fig. 1.1II), a layer of positive
photoresist S1813 G2 SP-15 with a thickness of 1.8 pm
was deposited on the silicon nitride film surface by
the centrifugation method. The photoresist was cured
at a temperature of 90-110 °C. Then, the contact ultra-
violet lithography was applied (see Fig. 1.IV) using
a Suss MA6/BAG unit. The mask work used for lithog-
raphy consisted of ten strips with a width of 1 pm to
5 pm and a pitch of 0.5 pm. The photoresist develop-
ment (see Fig. 1.V) was performed in a 0.6% KOH solu-
tion. After development, the photoresist was dried at
a temperature of 90-110 °C.

The next stage was the reactive-ion etching of sili-
con nitride on a photoresist mask (see Fig. 1.VI). Etch-
ing was performed at a pressure of 5 Pa in a mixture
of CF, and O,. The CF, flow was equal to 80 cm?/min
and the O, flow was equal to 16 cm?/min. The plasma
discharge power was 50 W. After etching, the masking
photoresist was removed using SPR-01F (see Fig. 1.VII).
As a result of the etching process, the silicon nitride
strips were obtained. The waveguide morphology was
verified using the atomic force microscopy. As a result,
it was found that the waveguides obtained have the
sufficiently steep and even walls. The wall steepness
of the micro-waveguides was at least 70°. The widths
of the waveguides at the base were greater than the
width of the waveguides on the mask work by 340 +140
nm. The width values of the waveguides on the mask
work will be used to describe the results obtained in
this text.

At the final stage (see Fig. 1.VIII), a silicon oxide
cladding layer was deposited on the substrate sur-
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67I0H COCTOSUI U3 IeCSATH II0TI0COK IMIHUPHUHOM OT 1 MKM
0 5 MKM ¢ marom 0,5 Mrm. IIposiBieHHe $oTOpesu-
cta (cM. puc. 1.V) npoBoauiocs B pactBope KOH 0,6%.
Ilocne mposiB/IeHHS IIPOBOOMI/IACH CYIIKa HOTOpe3UcTa
mpu TemIiepatype 90-110 °C.

CrenyonMM 3TaIlOM SIBJIS/IOCH [/IA3MOXHUMHYeCKoe
TpaB/leHHe HUTpHUAA KpPeMHHUS 10 Macke U3 doTope-
3ucTa (cM. puc. 1.VI). TpaBneHue IPOBOAMIIOCH IIPH
masineHuH 5I1a B cmecu CF, u O,. ITotok CF, cocTaBisan
80 cm?/MuH, a motok O, - 16 cM?/MHH. MOLIHOCTE
paspsanma 1iasmel coctabisna 50 Brt.Ilocime Tpasiie-
HHS QOTOPe3UCTHUBHASA MacCKa yJaisijaack C IIOMOIILIO
CIIP-01® (cM. puc. 1.VII). B pe3ynbTaTe IpoLiecca TpaB-
JIeHHUs OBUTH I107y4YeHbl [10JIOCKH HUTPHUA KpeMHUS.
Mopdonorus BOTHOBOLOB IIPOBEpsiiach C IIOMOIIBIO
ATOMHO-CHJIOBOM MHUKPOCKOIIMH. B pe3ynbrare 6b17I0
obHapykeHO, YTO IIOJNy4YeHHBIe BOJHOBOABI HMEIOT
JOCTaTOYHO KpYyThle U POBHBIe CTeHKU. KpyTH3Ha
CTeHOK MHKPOBOJIHOBOZOB COCTaBjIsiia He MeHee 70°.
HIypHHBEL BOJIHOBOAOB B OCHOBAHHM Ha 340+140 HM
IIpeBbIIIATHN LNIMPHHY BOJIHOBOZOB Ha ¢oTomabioHe.
Janee B TeKCTe MMEHHO 3HaYeHUsI IIMPUH BOJTHOBO-
IOB, 3aJI0KeHHBIX Ha ¢oTomabnoHe, 6yayT HUCIIONB30-
BaThCA [JIs OIIMCAHMSA II0/IyYeHHBIX Pe3y/IbTaToB.

Ha sakmtoumuTenbHoM 3Tame (cm. puc. 1.VII)
Ha II0BEPXHOCTb IIJIACTHHBI HAHOCHUIICS IIOKPBIBHOM
CJIOM OKCHAA KpeMHHS. IIpolecc ocaskAeHHUsI COCTOSI
M3 IBYX CTaguM. Ha mepBol craauu ciaou SiO, Ton-
IIMHOM 2 MKM HaHOCHIICS MeTogoM LPCVD mpu cie-
AYIOIMX [apaMeTpax: Temmepatypa 250 °C, Bpems
18 muHyT, HaBneHue 4,5 I[la, IIOTOK CHIAHA W KHUCJIO-
pora 266 cm?/MuUH U 400 cM3/MHH COOTBETCTBEHHO.
910 0becriedrBaso BHICOKYI0 KOHQOPMHOCTH IIOKPBI-
THSI MHUKPOBOJHOBOAOB. Ilo pesyjbTaTaM 3JIIHIICO-
MeTpHH Ha 1550 HM I10Ka3aTesib [IPeJIOMJIEHHS 3TOrO0
cjosl cocTaBasl 1,42, Ha BTOpoH CTafUH MeTOAOM
PECVD ¢opmMupoBa/icsS BHENIHUMN CJI0HM TOJIIMHOH
1,13 MkM. B mporiecce IJIa3MOXHMHUYECKOIO OCaKIe-
HUSI OKCHJA KPeMHHMS MCIIONIb30BAIUCh CIeAyIOIre
rmapamerpsl: TeMmiepartypa 250 °C, MOIIHOCTB pas-
pana 50 Bt, maBneHue 4 Ila, IMOTOK CHIaHA KM KUCJIO-
poma 700 cm?/MuH M 50 cM3/MHH COOTBETCTBEHHO.
Ilo pe3synbTaTaM 3/UIMIICOMETPHUM Ha 1550 HM IIOKa3a-
TeJIb IIPe/IOMJIEHIS 3TOr0 CJI0SI COCTaBJIAN 1,45.

[71aCTUHBI C BOTHOBEAYIIMMU CTPYKTYpPaMH II0oCjie
M3TOTOBJIEHUS OBUIH pa3ziesleHsl IomonaM. [1oroBrHa
IUIACTUH IIOABEprajiach BBICOKOTEMIIEPATYPHOMY
OTKHUTY ITpu TemriepaType 1100 °C B TeueHre 90 MHUHYT
B aTMocdepe N,. PparMeHT MacCHBa MU3TOTOBI€HHBIX
BOJIHOBOJIOB IIPe/ICTaB/IeH Ha pHc. 2(a).

15 mpoBeleHUS U3MEPeHHH BHOCHMBIX IIOTEPb
IUIACTUHBL C MHMKPOBOJIHOBOJAMH Hape3aJlUCh
Ha IPSIMOYIOJIbHbBIE YHIIbI C IVIOMIAbI0 II0BEPXHOCTH
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face. The deposition process consisted of two stages.
At the first stage, a SiO, layer with the thickness of
2 pm was deposited by the LPCVD method with the
following parameters: temperature - 250 °C, time - 18
minutes, pressure - 4.5 Pa, silane and oxygen flows -
266 cm?/min and 400 cm?/min, respectively. This
ensured high conformity of the micro-waveguide coat-
ing. According to the ellipsometry results at 1550 nm,
the refractive index of this layer was equal to 1.42. At
the second stage, an outer layer with the thickness of
1.13 pm was grown by the PECVD method. During the
plasma-enhanced chemical deposition of silicon oxide,
the following parameters were used: temperature -
250 °C, discharge power - 50 W, pressure - 4 Pa, silane
and oxygen flows - 700 cm?/min and 50 cm?/min,
respectively. According to the ellipsometry results at
1550 nm, the refractive index of the cladding layer was
equal to 1.45.

The substrates with the waveguide structures were
split in half after the production process. Half of the
substrates were subjected to the high-temperature
annealing at a temperature of 1100 °C for 90 minutes
in an N, atmosphere. A fragment of the produced
waveguide array is shown in Fig. 2(a).

To measure the insertion loss, the plates with
micro-waveguides were cut into the rectangular chips
with a surface area of 5x5 mm?. In order to reduce
the number of splits and scratches that occur when
cutting the plate into chips, the samples were subse-
quently polished. Polishing was performed at an angle
of 90 degrees using a KrellTech device.

3. STUDY OF A TRANSMISSION FACTOR

OF THE STRAIGHT WAVEGUIDES

MANUFACTURED USING THE LPCVD

AND PECVD TECHNOLOGY
The measuring equipment consisted of a laser with
a wavelength of 1.55 pm, a polarization controller,
input and output lensed fibers, differential transla-
tors, and a power meter. The input laser power applied
to the fiber was 21.4 mW. The polarization control-
ler was used to maintain the TE polarization of the
input radiation, providing the minimal propagation
losses. Each chip contained 4 identical series consist-
ing of 9 micro-waveguides with a width of 1 to 5 pm.
The radiation was introduced and received using the
lensed fibers with a focal length of 12 pm and a focal
spot size of 2 pm.

Figure 2(b) demonstrates the averaged measure-
ment results for 4 series of micro-waveguides produced
using the LPCVD technology without any high-tem-
perature annealing (red lines and symbols), LPCVD
with annealing (black lines and symbols), PECVD
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5x5 MM?. C L[e/IbI0 YMEeHBIIeHHs YK CJIa CKOJIOB U Ijapa-
IIMH, BO3HUKAMOIIUX IIPH pe3Ke IIACTUHBI Ha YHIIBI,
IIPOM3BOJIM/IACEH IIOC/IeAYIOIasl IIOJIMPOBKa 06pa3IioB.
[TonKpoBKa IIPOM3BOAMIACK IO, YyraoM 90 rpasycoB
IIpU IIOMOIIY YCTaHOBKH ¢rpMsl KrellTech.

3. WCCIEAOBAHUE KOOOULIMEHTA
NMEPEOAYU NMPAMbIX BOJIHOBO OB,
MN3rOTOBJIEHHbLIX MO TEXHOJNOI'MKA
LPCVD " PECVD

H3mepuTenbHas yCTaHOBKa COCTOsI/Ia M3 JIasepa

C IUIMHOK BOMHEL 1,55 MKM, KOHTpo/epa MOJISpH3a-

LIMH, BBOOHOI'O M BBIBOJHOIO JTHH3HMPOBAHHBIX BOJIO-

KOH, IHoepeHIIMANIFHEIX TPAHCIATOPOB, a TaKkKe

M3MepHUTeIsI MOIIHOCTH. MOIIHOCTE M3IyYeHUs

Ha BXOZe B BOJIOKHO cocTaBiasaa 21,4 mBt. C mmomo-

b0 KOHTpOJIepa IIONSPH3aALMNU IIOALepsKHBaIach

TE-mionsipyU3aLiusl BXOAHOIO H3/IydeHHsI, obecIieuu-

Baplllasg MHHHMaJbHBIe IIOTePU Ha PaCIpOCTpaHe-

Hue. KaKOpll YMII cofiepskal 4 ofMHaKOBBle CEepUU

o 9 MHKPOBOTHOBOAOB LIMPHHOM OT 1 0 5 MKM.

H3nydyeHre BBOOMJIOCH U IMIPUHHMMAJIOCh C IIOMOIIBIO

JIUH3UPOBAHHBIX BOJIOKOH C POKYCHBIM PacCTOSSHHEM

12 MKM H pa3smepoM OKYCHOIO IITHA 2 MKM.

Ha puc. 2(b) mpencTaBieHbl yCpegHEHHbIE Pe3yIib-
TaThl M3MepeHUM 4 cepUM MHKPOBOIHOBOLOB, H3IO-
TOBJIEHHBIX I10 TeXHonoruu LPCVD 6e3 BBICOKOTEM-
[lepaTypPHOIO OTKUTA (KpacHble JHHHUM M 3HAYKH),
LPCVD c oTskurom (4epHble TUHUU U 3Ha4UKu), PECVD
6e3 omkura (3ereHble JHHHUU

=

without annealing (green lines and symbols), PECVD
with annealing (blue lines and symbols). Based on the
measurement results, the following conclusions can
be drawn:

1. The waveguide structures made using the LPCVD
technology demonstrate rather high losses, the
level of which is decreased almost linearly with
the increased width of the waveguide structures.
The high-temperature annealing has almost no
effect on the level of losses. One of the most
probable reasons for such behavior is the high
level of defects developed as a result of mechani-
cal stresses generated during the silicon nitride
film growth with a thickness of 712 pm. It is
known that during the Si;N, growth using the
LPCVD method, the tensile stresses occur that
make it difficult to obtain the films with a thick-
ness of more than 400 um. To reduce stresses,
the grooves can be made in the Si;N, film [22-24],
and the two-stage deposition with intermediate
high-temperature annealing at a temperature of
1200 °C for 3 hours in an argon atmosphere can
also be used [15]. The multilayer deposition with
periodical annealing and grooving relate to the
additional processing stages that greatly slow
down the production process and increase the
production costs. As can be seen from the results
presented in Fig. 2(b), the selected annealing
mode did not provide the stress relaxation.

U 3Hauku), PECVD cc OTXU-
rom (CMHHe JUHUMU U 3HAUYKHU).

[lo pe3ynbTaTaM H3MepeHHUM
MOXHO  CZenaTh CleJyIoliHe
BBIBOJIbL:

1. BonHoBenmymue CTIPYKTYPHI,
M3rOTOBJIEHHBIE 110 TEXHOJI0-
ruu LPCVD, neMOHCTPHPYIOT
JIOCTaTOYHO BBICOKHE IIOTEPH,
YPOBEHb KOTOPBIX IIPaKTHYe-
CKHA JIMHEHMHO YMeHBIIAeTCs
C yBeJIMYeHHEeM LIHPHUHBI
BOJITHOBeAYIIUX  CTPYKTYP.
BricokoTeMIOepaTypHBIH
OTKUI IIPAaKTHYECKU He BJIK-
seT Ha YypOBeHb II0TEpb.
OpHoM u3 Hauboiee BeposIT-
HBIX IPHUYKMH TaKOTO II0Be-
OeHUsl SIBASEeTCS BBICOKUM
ypoBeHb nedeKkToB, obpasye-
MBIX B pe3yjbTaTe MeXaHH-
YeCKHX HAIIpSUKeHHH, TeHe-

5 MKM
5pm

a)

Puc. 2. ®pazmeHm maccusa 80AH080008 U3 HUMPUOA KpeMHUS (a); 3a8UCUMOCMb
Ko3ppuyLeHma nepedaqu MuKpo8oAH0B80008, U320MOBAEHHbIX N0 pa3AU4HOL
mexHoAozuU, om wupuHsl (b)

Fig. 2. Fragment of an array of silicon nitride waveguides (a); dependence of the
transmission coefficient of micro-waveguides produced using various technolo-
gies on the width (b)
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IIJIEeHKU HUTPHUAA KPeMHHUS TONUIMHOM 712 MKM.
H3BecTHO, YTO B IIpOLiecce pocTa Si3N4 METOZIOM
LPCVD BO3HMKAIOT PacTATHBAIOLIME HaIIpsDKe-
HUS, KOTOpHIE 3aTPYAHSIOT IOJIyYeHHe IIEHOK
TONIMUHON 6onee 400 mrMm. Jng YMEHBIIIEH U
HaIlpsDKeHUH B IUIeHKe Si;N, MOIYT CO34aBaThCs
KaHaBKU [22-24], a TakoKe HCIIONB30BAThCS ABYX-
3TAllHOE OCKAEHHEe C IIPOMEXKYTOUYHBIM BBICO-
KOTeMIIEPATYPHBIM OTKMIOM IIPH TeMIlepa-
Type 1200 °C B TeyeHHe 3 4YacoB B aTMocdepe
aprosa [15]. MHOIOC/TIOKMHOe OCaKAeHHe C IIepU-
OJHYECKHUM OTKUIOM M CO3LAHKE KaHaBOK CBS-
3aHO C [OIIOJIHUTEIbHBIMH TeXHOJIOTHYeCKUMU
3TalaMH, KOTOpPhle 3HAYHTEJIBHO 3aMeIJISIoT
IIPOLIeCC HM3TOTOBJIEHMS M IIOBBIIIAIOT CTOM-
MOCTh IIPOM3BOACTBA. Kak BHAHO M3 pe3yjbTa-
TOB, IIPeACTaBAeHHbIX Ha pUc. 2(b), BEIOpaHHBIN
PeKHMM OTKHTra He obeclledyMBal peaKCalLlHIo
HaIpsDReHUH.

2. TexHonoruss PECVD obecreunBana IolydeHHe
BOJIHOBEAYIIUX CTPYKTYP CO 3HAYMTEIbPHO MEHb-
IIMM YPOBHEM BHOCHMOIO 3aTyXaHHMs. YCIOBHO
IpenCTaBAeHHYK 3aBHCHMOCThH MOXKHO pas-
JelIuTh Ha [Ba y4dacTKa. Ha mepBoM ydacTke
10 3 MKM I10TepH OBICTPO YMEHBIIAIOTCS C POCTOM
IIMPUHBL BOJIHOBOJA. IloTepu Ha 3TOM ydacTKe
CBSI3aHBI C MCII0/Ib30BAaHHEM KJIaCCHYeCKoM $oTo-
TUTOrpaduU U MOTYT OBITh YMEHBIIEHEI 32 CUET
0TpaboTku IporeccoB GOTOMUTOrpadUU U TPaB-
neHus. Ha BTopoM y4yacTke, HAYMHas C IIMPUHEI
3 MKM, IoTepu c71ab0 3aBUCAT OT MIMPHUHBI BOJ-
HOBoJa. Ms3BecTHO, YTO GakKTOpOM, OLpaHHU-
YMBAIOIIUM IIpHUMeHeHHe MeToma PECVD mig
usroropineHuss ®HMC Ha HUTPULE KpPeMHHA,
SIBJISIETCSL 3HAUUTETbHO b0ee BHICOKHEI YPOBEHb
[IOTePh Ha PaCIIpOCTpaHeHHe H3aydeHus. [Ipu-
YMHOI 3TOTO SIBJIEHHUS SIBJISIeTCSl IOIJIOIIeHHe
Ha Si-H u N-H KoMIIercax, OCTaBIIHXCS B IIPO-
1ecce pocTa IJIEHKU [25]. OCHOBHBIM METOIOM
YMEHbIIEHHS BHOCHMMBIX IIOTePh B 3TOM CJIy-
4Jae SBAFeTCS TePMHYeCKHH OTKUI, KOTOPBIK
obecrieurBaeT paspyuleHue cBs3el B Si-H, N-H
KOMILIeKCAaX K BbIBeleHHe CBOOOLHOI0 BOJO-
porna 13 IUIeHKH [26, 27]. Kak BugHo u3 puc. 2(b)
OTKUT CTPYKTYphl obecriednBaeT yMeHbIIeHHe
noteps Ha 1 aB, uTo Hanbosee BepOSITHO CBA3aHO
C pasjokeHHeM Si-H u N-H KOMIIIeKCOB U Bble-
JleHHeM cBOBOJHOTO BOZOPOJA.

3AKJTKOYEHUE

B cTaTke IpOM3BENeHO CPaBHEHHE OITHYECKHUX
CBOMCTB MHUKPOBOJTHOBOLOB K3 HUTPHUIA KpPeMHHUS,
HM3TOTOBJIEHHBIX MeTOAAMM ILJIAa3MOXMMHYECKOI0
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2. The PECVD technology provided the waveguide
structures with a significantly lower level of
insertion attenuation. The provided dependence
can be conditionally divided into two sections. In
the first section up to 3 pm, the losses are rapidly
decreased with the increased waveguide width.
The losses in this area are related to the use of
classical photolithography and can be reduced
by fine-tuning of the photolithography and etch-
ing processes. In the second section, beginning
from a width of 3 pm, the losses weakly depend
on the waveguide width. It is known that the
factor limiting the use of the PECVD method
for the PIC production on silicon nitride is a sig-
nificantly higher level of propagation losses. The
reason for this phenomenon is the absorption on
Si-H and N-H complexes remaining during the
film growth process [25]. In this case, the main
method for reducing insertion loss is thermal
annealing that ensures the bond disruption in
Si-H, N-H complexes and free hydrogen removal
from the film [26, 27]. As can be seen from Fig.
2(b), the structure annealing provides a 1 dB loss
reduction that is most likely due to the decom-
position of the Si-H and N-H complexes and free
hydrogen release.

4. CONCLUSION

The paper compares the optical properties of silicon
nitride microwave guides produced by the plasma-
enhanced chemical vapor deposition and chemical
vapor deposition in the low-pressure flow reactors.
Moreover, special attention is paid to the possible
transfer of the results obtained to the mass produc-
tion of photonic integrated circuits using the classical
lithography. It is shown that the developed method
of plasma-enhanced chemical deposition using pho-
tolithography provides the losses in structures with
a cross section of 0.7x3 pm? at a level of 12 dB, includ-
ing the losses for the optical signal input and output.
Moreover, the developed production methods for the
waveguide structures can be used for mass produc-
tion of the photonic integrated circuits. To further
reduce insertion losses, it is necessary to study and
refine the annealing methods, as well as to refine the
photolithographic methods in order to improve the
waveguide quality that will make it possible to reduce
the waveguide width to a level of 1.5 pm.
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OCaKAEeHHUS U3 ra3oBol $as3bl U XHMMHYECKOIO0 OCaK-
JOeHHs] U3 Ta30BoH (aspl B peakTopax IMIPOTOYHOIO
THIIA HU3KOTO JaBieHHUs. IIpu 3Tom ocoboe BHHMa-
HUe yIe/s/10Ch BOSMOXKHOCTH IePeHOoca MOTy4eHHBIX
pe3y/IbTaTOB Ha MaCCOBOe IIPOM3BOACTBO (POTOHHBIX
HMHTerpajbHbIX CXeM C HCIIO/Ib30BaHHEeM KjlaccHye-
ckol nuTorpaduu. IIoKasaHO, YTO pa3paboTaHHBIN
MeTOoJ, IUIAa3MOXHMMHYECKOIO OCaKAeHHS C HCIIO/Ib-
3oBaHHeM doronuTorpadum obecriedyrBaeT IOTEPHU
B CTPYKTypax ceueHueM 0,7x3 MKM? Ha ypoBHe 12 1B,
BK/IIOYasd IIOTEPH Ha BBOJ U BbIBOJ OIITHYECKOI'O CHUI-
Haza. I[Ipu 9ToM pa3paboTaHHbIe MeTOABI IIONTyUYeHUs
BOJIHOBEIYIIUX CTPYKTYP MOTYT ObITh KCIIOTb30BAHBL
IUIS MaCcCOBOTO IIPOM3BOACTBA QOTOHHBIX HMHTEIrpPaslb-
HBIX CXeM. JIJIl Ja/JbHEeNIIero IIOHMKeHHS BHOCH-
MBIX IIOTEPb HeOOXOAMMO HCCIeJOBaHHe U 0TPaboTka
METOJIOB OTKMIA, a TakKe 0TpaboTKa MeToIoB $oTO-
TATOrpadHH C Lie/IbI0 IIOBBIIIEeHM S KauecTBa BOJTHOBO-
JIOB, YTO I103BOJIUTh YMEHBIINTh IIUPHHY BOJTHOBOAOB
IIo YPOBHS 1,5 MKM.
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