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Abstract

Photonic integrated circuits constitute a vital component of contemporary telecommunications systems,
facilitating traffic management and reducing energy consumption. However, the integration of these compo-
nents presents a significant challenge in the form of high polarization sensitivity, which has the potential to
limit the overall performance of the device. The objective of this study was to develop a design method and
fabrication technology for polarization converters based on silicon nitride-on-insulator. The design of the
polarization converters was optimised through the utilisation of finite element method simulations, conducted
using the ANSYS Lumerical software. The device features an asymmetric rib waveguide, which facilitates
efficient polarisation rotation. The technological implementation comprised plasma chemical vapor deposi-
tion of silicon nitride films, three-dimensional laser lithography, and reactive ion etching. A technological
assessment determined that the reproducibility tolerance was =60 nm. To address this limitation, a mirrored
section was incorporated into the polarization converter design, thereby increasing the allowable fabrica-
tion tolerance to +215 nm without compromising device performance. The optimised polarization converter
exhibited a high level of polarization rotation efficiency, reaching 96.3 %, and an output power of 98.32 %.
The utilisation of an asymmetric rib waveguide was pivotal in attaining these outcomes, facilitating the
transfer of optical power from fundamental transverse electric to fundamental transverse magnetic modes.
The incorporation of a mirrored section enhanced the device's manufacturability, maintaining performance
despite geometric deviations. These findings highlight the robustness of the proposed design under typi-
cal fabrication constraints. This study presents a novel design and fabrication method for silicon nitride
on insulator-based polarization converters. The proposed approach improves efficiency and stability.
These results provide a foundation for future advancements in integrated photonics, with potential applica-
tions in telecommunications and beyond.
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@DOTOHHBIE ~ MHTETPAIBHBIC  CXEMBl  SIBJISIIOTCS  BaKHEHIIMM  KOMIIOHEHTOM  COBPEMEHHBIX
TEJIEKOMMYHHKALMOHHBIX CHUCTEM, YIpoIlasi Mpolecc YIpaBiIeHUs! TpaUKOM M CHIKasl 3Hepronorpedie-
Hue. OHAaKO MHTErpanus MOJO00HBIX KOMIIOHEHTOB MPEJICTABIIAET COO0O0W CEephe3Hylo MpoOieMy B BUC
BBICOKOH MOJIIPU3aLIMOHHON YyBCTBUTEIBHOCTH, KOTOPAsk MOXKET OTPAaHUYNTh OOLIYI0 TPOU3BOIUTEIBHOCTD
ycrpoiictBa. Llenb maHHOrO wHcciienoBaHMs — pa3padoTaTb METOA TPOCKTUPOBAHMS M TEXHOJIOTHIO
M3TOTOBJICHUS TIOJSIPU3ALMOHHBIX KOHBEPTEPOB Ha OCHOBE HHUTPHAA KPEeMHHA Ha H30JATOpe. 3azada
JAHHOTO HCCJIEIOBAaHUSI — YIOBICTBOPUTH clenuduueckue TpeOOBAHMSI POCCHHCKUX CHCTEM IUIOTHOTO
MYJIBTUIUIEKCUPOBAHUS C pa3/ielIeHHeM M0 JUIMHE BOJHBI. KOHCTpYKIMS MOJISpU3aLlMOHHOIO KOHBEpPTOpa
ONTHMHU3HUPOBAHA C TIOMOIIBI0 MOJEIMPOBAHUS METOJAOM KOHEYHBIX 3JIEMEHTOB, MPOBEAEHHOTO C
ncnonszoBanreM ANSYS Lumerical. YcrpolicTBo umeeT acMMMeTpHYHBI TpeOEHYATHI BOIHOBO,
oOecrieunBaloUINid BpalleHUE MOSIpU3alni. TeXHOIOrnYecKas peain3anus BbIIOIHEeHa C HCIOIb30BaHHEM
TUIa3MEHHO-XUMHYECKOTO OCAXK/ICHHUS UIEHOK HUTpHJA KpeMHUs, 3D-1a3epHoll tuTorpaduu U peakTHBHO-
IO MOHHOTO TpaBjeHUs. B pesynbrare ycTaHOBIEHO, YTO TEXHOJOTMYECKAs MOIPEIIHOCTH BOCHPOM3BE-
JIeHUs] TeoMeTpuM coctaBisgeT +60 HM. {1 yBenuueHus AoIycka, B KOHCTPYKIMIO MOJSPU3ALUOHHOTO
KOHBEPTOpa BCTPOCHA 3€PKAIbHO-OTPAKEHHAS CEKITHSI, YTO MTO3BOJIMIIO YBEIMYUTH JOMTYCK HAa H3TOTOBIICHHE
o £215 HM 6e3 yXyAmIeHHusI XapakTepUCTHK yCcTpoiicTBa. ONTUMH3UPOBAHHBINA KOHBEPTOP MOJSIPU3AIIIT
MPOAEMOHCTPUPOBaT 3((PEKTUBHOCT BpALICHUS MOJSPHU3aLUK, AocTUralomyo 96,3 %, ¥ BBIXOIHYIO
MOITHOCTE 98,32 %. Mcmonp30BaHne aCHMMETPUIHOTO TPeOEHIATOr0 BOJTHOBO 1A 00ECIICUHIIO JOCTIKECHUE
3TUX PE3YJNbTaTOB, CIOCOOCTBYsl Nepeaade ONTHYECKOH MOILIHOCTH OT MOIEPEYHOM 3IIEKTPUUECKON
(dbyHIaMeHTaIbHOM MOABI K MOMEpPEeYHOl MarHuTHOU (pyHIameHTanpHOH Moae. B maHHOM mccrnemoBaHuu
MIPEJICTABJIEH HOBBIM METOJ MPOEKTUPOBAHMS M M3TOTOBJICHHS MOJSIPU3ALMOHHBIX KOHBEPTEPOB Ha OCHOBE
HUTpHZA KPEeMHHs Ha u3oisTope. IIpemnokeHHbI moxxox mosbluaeT 3((GEKTUBHOCTh U CTAOMIBHOCTD
KOHTPOJIS MOJISIPU3ALUH, TEM CaMbIM 0OecrieurBast pa3pad0TKy HaAEKHBIX U SKOHOMHYECKH (P PEKTUBHBIX
ONTUYECKUX YCTPONCTB B CHCTEMax IUIOTHOTO MYJIBTUIICKCHPOBAHMS C pa3fiefieHHeM IO JJTUHE BOJIHBI.
OTH pe3ynbTaThl CO3MAIOT OCHOBBI Ul OyIyIIMX NOOCTHKCHMH B OOJIACTM HMHTETPajibHON (DOTOHHMKH
B 00JIACTH TEJIEKOMMYHHUKAIMK 1 32 e€ MpeeaMH.

KuroueBblie cjioBa: KOHTPOJIb, KOHBEPTOP MOJSPU3ALUN, ACUMMETPUYHBINA BOJHOBOJ, HUTPHUJ KPEMHUS
Ha M30JITOpE, (DOTOHHBIE HHTETPATILHBIE CXEMBI
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Introduction

The necessity for more rapid and energy-saving
broadband networks is driving global research policy
in optical transmission [1]. Photonic integrated cir-
cuits are utilised in modern telecommunications net-
works to create networks capable of accommodat-
ing increasing traffic. This approach reduces power
consumption by at least 50 % compared to tradi-
tional integrated circuits [2]. Integrating photonic
integrated circuits elements has led to a new chal-
lenge: high sensitivity to polarisation. This issue can
be addressed by implementing polarisation diversity
or conversion schemes. As a result, there has been a
surge develop passive components designed to meet
the demanding requirements for polarisation sensi-
tivity in circuits [3-5].

The process of polarisation conversion is
achieved through special passive components,
namely polarisation converters. Convertors are con-
structed as asymmetric ribbed waveguides with dis-
tinctive cross-sectional shapes. By the findings re-
ported in [6—8], the lengths of these structures range
from 20 to 150 pm. Furthermore, the devices can
convert transverse electric (TE) versus transverse
magnetic (TM) modes with an efficiency exceeding
90 %. Additionally, this outcome can be attained by
cone waveguides with a length ranging from 200 to
1500 pm, which exhibit a comparable conversion ef-
ficiency but with larger dimensions [9, 10].

The primary challenge is reproducing the geom-
etry of the integral optical polarisation converters,
which causes high lithography precision, many tech-
nological operations, and minimal roughness of both
the waveguide walls and the substrate surface [11].
A comparative analysis of integrated-optical polar-
ization converters on different photonic platforms has
revealed several advantages associated with silicon
nitride on insulator devices. These devices are char-
acterised by low insertion loss, less than 1 dB, high
polarisation conversion efficiency exceeding 95 %,
and a wide range of operating wavelengths [12, 13].
It is also noteworthy that silicon nitride on insulator
polarization converters present fewer challenges to
the lithographic process and that they can be inte-
grated with a variety of photonic platforms based on
thin-film lithium niobate (LiNbO,), silicon-on-insu-
lator, and indium phosphide (InP) [14, 15].

This paper presents new geometrical solu-
tions for integral-optical polarisation converters,
enhancing polarisation conversion efficiency

with reduced dimensions. We also describe a de-
tailed technological roadmap for cheap polarisa-
tion convertor fabrication. This study aims to im-
prove the design and manufacturing capabilities
of Russian dense wavelength division multiplex-
ing systems on any photonic platform by creating a
comprehensive design methodology and technology
for silicon nitride on insulator polarisation con-
verters. This comprehensive design methodology
and technology involve a detailed analysis of the
polarisation converter, modelled and simulated
in ANSYS Lumerical software using the finite ele-
ment and finite difference methods in the time do-
main. Additionally, it includes the technological im-
plementation method, which involves using 3D laser
photolithography and reactive ion etching of silicon
nitride formed by plasma chemical deposition in
high-density plasma.

Section I outlines the main issues related
to polarisation control in modern photonic systems.
Section II, titled "Materials and Methods", com-
prehensively analyses the polarisation converter,
modelled and simulated in ANSYS Lumerical soft-
ware using the finite element and finite difference
methods in the time domain. Additionally, this
section describes the technological implementa-
tion method, which involves using 3D laser pho-
tolithography and reactive ion etching of silicon
nitride formed by plasma chemical deposition in
high-density plasma. Section III, "Results", presents
the observations of the simulations using optimi-
sation and compares the accuracy and error of the
models against the fabricated sample. Section IV,
"Discussion", compares the results with previous
studies.

Materials and methods

The cross-sectional geometry of the polarisa-
tion converter is modelled using the finite element
method [16]. This method offers high accuracy
in the model's convergence with the real world.
Several techniques can fabricate thin films,
with radio-frequency magnetron sputtering [17]
and plasma chemical vapour deposition [18] being
two methods. This work utilises the latter method
in high-density plasma [19]. It can produce
films with a broad spectrum of stoichiometric
compositions with greater precision, which priori-
tises the characteristics of the film.
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Design of polarisation converter

The mathematical model for the integral optical
polarisation converter was created using software
for calculating and designing photonic integrated
circuits, specifically ANSYS Lumerical. This was
achieved through the use of the finite element meth-
od, a technique employed in the analysis of various
photonic devices based on their geometry and prop-
erties of the materials included in their composition.
The principal mathematical apparatus of this method
is concerned with mode profiles, cut-off frequencies,
and effective refractive indices, which enables the
geometry of the waveguide in an integrated photonic
system to be optimised, as shown by Wang Q. [20].

The model of the integral optical converter is a
waveguide rib structure based on silicon nitride on
insulator, comprising a rectangular rib waveguide at
the input, an asymmetric rib waveguide performing
the polarisation rotation function, and a rectangular
rib waveguide at the output (Figure 1).

1

2

SiN
B SiO2
o si

b

c

Figure 1 — A scheme of the integrated optical convert-
er: a —a structure of polarisation converter system top
view; b —a cross-section of the direct ridge waveguide;
¢ —a cross-section of the asymmetric ridge waveguide;
1 — input ridged waveguide; 2 — asymmetric ridged wave-
guide; 3 — output ridged waveguide

This model presents plane-polarised light with a
wavelength of 1.55 um propagates in the crest of the
SixNy-based waveguide with a refractive index of 2.
After that, the light wave passes through the rotation
section, which is an asymmetric waveguide. This
asymmetric waveguide, a key component in the po-
larisation conversion process, is designed to induce a
90° polarisation rotation in the light wave. The light
wave exits the rectangular rib waveguide, complet-
ing the polarisation conversion process.

Fabrication of polarisation converter

The initial stage involves treating the wafer sur-
face to remove organic contaminants (Figure 2a).
A 100 mm diameter Silicon-based wafer with crys-
tallographic orientation (111) is used. It is placed in
dimethylformamide at 150 °C for 20 min. Then, it is
treated in isopropyl alcohol at 25 °C for 5 min. Fi-
nally, it is dried in a nitrogen atmosphere.

Figure 2 — Technological process route for the fabrication
of an integrated-optical polarisation converter: a — wafer
cleaning; b — deposition of SiO,; ¢ — deposition of Si,N,;
d — laser lithography; e — Si;N, plasma etching; f— depo-
sition of SiO,

The second step is the plasma chemical depo-
sition of a silicon dioxide (SiO,) film (Figure 2b).
The wafer is loaded into the working chamber of the
STEICP200D unit. SiO, deposition is performed in
a monosilane (SiH,) and nitrous oxide (N,O) atmo-
sphere. The gas flow ratio is 120/20 cm?®/s, and the
chamber pressure is 1.7 Pa. The inductive coupled
plasma source power is 600 W. The deposition oc-
curs at 300 °C for 4870 s, resulting in a two pum thick
Si0, film.

The third step involves the deposition of silicon
nitride (Si,N,) (Figure 2¢). SixNy deposition is con-
ducted in situ, following the silicon dioxide (SiO,)
deposition, in a monosilane (SiH,) and nitrogen (N,)
atmosphere. The gas flow ratio is 170/5.5 cm?/s, and
the chamber pressure is 3.7 Pa. The inductive coupled
plasma source power is 600 W, and the RIE source
power is 50 W. The deposition occurs at 270 °C for
2000 s, producing an 800 nm thick Si,N, film.

The fourth step is the 3D photolithography pro-
cess to obtain an asymmetric ridge structure (Fi-
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gure 2d). The wafer is calcined at 200 °C for 5 min.
Then, AZ1505 photoresist is applied by centrifuga-
tion on an OPTI Spin SB20 at 1600 rpm with 400
acceleration. This creates an 800+ 10 nm thick resist
layer. The resist is dried at 100 °C for 4 min. Then, it
is exposed under specific parameters.

The fifth step is the plasma chemical etch-
ing of SiyN, on the STEICP200E unit (Figure 2e).
The wafer is loaded into a chamber at 23 °C. Si,N_
etching is performed in an SF6 atmosphere with a
gas flow rate of 50 cm?/s. The chamber pressure is
2.1 Pa, and the reactive ion etching source power is
34 W. Etching occurs for 800 s, monitored by an in-
terferometer. This ensures the complete removal of
SiyN, in the opened field area and the resist. This
process has a selectivity of S=1.

The sixth step is similar to step 2 (Figure 2f).

The abovementioned method represents the
technological approach to realising silicon nitride on
insulator-based integrated optical converters. These
technological operations can also be employed to
fabricate other silicon nitride on insulator-based pho-
tonic devices.

Results

Input/Output waveguides

To achieve maximum efficiency (100 %) in po-
larisation rotation and output power (100 %), the de-
sign of the input rib waveguide must ensure that the
confinement factor for the TE mode (I'"'®) is 100 %
and for the TM mode (I'"™) is 0 %. Additionally, the
design of the polarisation rotation section (asymmet-
ric rib waveguide) must ensure that I'"" and I'™ are
each 50 % for their respective modes. A modal anal-
ysis of a single-mode rib waveguide was conducted
for various crest widths (w), with the height () equal
to w (Figure 3).

1.8
1.75
1.7
1.65

g 16
1.55
L5
1.45

1.4
01 02 03 04 05 06 07 08 09 1

width, pm

Figure 3 — Dependence of the effective refractive indi-
ces n 4 of various modes on the waveguide side width w:
a—TEj; b—TMy; c—TE,; d—TM,; e - TE,

The modal analysis results indicate that the ef-
fective refractive indices of the TE, and TM,, modes
converge at crest widths (w) and heights (%) of the
waveguide starting from 800 nm. However, due to
the maximum silicon nitride film thickness being
limited to 800 nm by the technological capabilities
of the Nanotechnology Research and Educational
Center at TUSUR, further studies were conducted
with 4 = 800 nm. The impact of the waveguide crest
width (w) on the confinement factors of the TE,, and
TM, modes was investigated. The results showed
that I'™" = 100 % and '™ = 0 % are achieved with a
crest width of w = 850 nm.

Polarisation Rotation Section

Subsequently, the impact of the geometric pa-
rameters of the asymmetric rib waveguide on the
efficiency of polarisation rotation, facilitated by the
transfer of optical power from the TE, to the TM,
mode, was investigated. The geometric parameters of
the rotation section that maximise polarisation rota-
tion efficiency were determined. The cross-sectional
geometric parameters of the asymmetric waveguide
are demonstrated in Figure 4. The calculation results
are presented in Table.

SiN
[ sioz2
Si

Figure 4 — Geometric parameters of the polarisation con-
version section with maximum efficiency

Table
Polarisation converter parameters using geom-
etry for maximum efficiency

' % 1™% P,% Lum TE;,to TM,), %

50 50 98.32 57 96.3

Despite the developed integral optical con-
verter design's high polarisation rotation efficien-
cy (96.3 %) and output power (98.32 %), the tech-
nological assessment revealed this geometry's re-
producibility tolerance is +60 nm. Exceeding this
tolerance significantly reduces the device's efficien-
cy. To expand the range of technological error, the
length of the conversion section was doubled, and
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25 % of the length of the asymmetric waveguide was
mirrored (Figure 5).

sio, [ si

Figure 5 — Scheme of a model of an integrated optical
converter with a mirror-reflected asymmetric waveguide:
1 —input rib rectangular waveguide; 2 — mirror-reflect-
ed asymmetric waveguide; 3 —asymmetric waveguide;
4 — output rectangular waveguide

Bl siN

Using the mirrored section, the allowable tech-
nological error increased to 215 nm, maintaining a
polarisation conversion efficiency of 96.3 % and
an output power of 98.32 %. The length of the polari-
sation converter section (L) was 114 pm.

Discussion

The study aimed to optimise the design of a po-
larisation converter in an integral optical waveguide
system, achieving both high polarisation rotation ef-
ficiency and output power. The results indicate that
specific geometric configurations of the waveguide
are crucial in attaining these goals.

Polarisation Rotation Efficiency and Output Power

The modal analysis on the single-mode rib wave-
guide demonstrated that the effective refractive indi-
ces for the TE;, and TM,, modes converge at a crest
width (w) and height (/) starting from 800 nm. This
convergence is critical for ensuring effective mode
confinement and polarisation rotation. Our findings
suggest that a crest width of 850 nm and a height
of 800 nm optimise the confinement factors, with
I'"" reaching 100 % and T'™ falling to 0 %. This
configuration effectively isolates the TE mode,
minimising TM mode confinement, which is es-
sential for maintaining high polarisation purity and
minimising losses.

Technological Tolerance and Reproducibility

A critical aspect of the design is its manufactur-
ability within the technological constraints of avail-

able fabrication processes. The initial design, with
a tolerance of £60 nm, posed significant challenges
for consistent production, as slight deviations could
drastically reduce efficiency. To address this, we pro-
posed a design modification by extending the length
of the polarisation conversion section and incorpo-
rating a mirrored segment.

The mirrored segment works by reversing the
slope direction of the rib waveguide, altering the
phase relationship between the TE and TM modes.
This reversal creates an additional phase shift, allow-
ing the gradual accumulation of polarization rotation
over the extended waveguide length. By redistribut-
ing the phase mismatch along a longer interaction
region, the mirrored segment compensates for geo-
metric variations caused by fabrication errors. As a
result, the extended length to 114 pm, with 25 % of it
mirrored, increases the allowable technological error
to £215 nm while maintaining a polarisation conver-
sion efficiency of at least 95 % and preserving output
power.

This adjustment ensures that the device remains
effective even with variations in fabrication, enhanc-
ing reproducibility and practical applicability.

Conclusion

This study successfully developed a design
method and fabrication technology for polarization
converters based on silicon nitride-on-insulator ma-
terial. The research identified and optimized the key
geometric parameters of the asymmetric rib wave-
guide, achieving a polarization rotation efficiency
of 96.3 % and an output optical power of 98.32 %.
These results highlight the importance of precise
waveguide geometry in maintaining high conversion
efficiency.

A major innovation of this work is the incor-
poration of a mirrored section into the polarization
converter. This section reverses the slope direction
in the comb-like rib waveguide, configured as 25 %
straight section and 75 % mirrored section relative
to the OY plane in the cross-section. The mirrored
section modifies the polarization rotation direc-
tion by altering the phase relationship between the
transverse electric and transverse magnetic modes.
This change increases the variation in the effec-
tive refractive index within the waveguide struc-
ture by approximately 30 %. While the total device
length increased by 15 %, the design significantly
improved fabrication robustness. The fabrica-
tion tolerance expanded from +60 nm to +215 nm,
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maintaining a minimum polarization rotation
efficiency of 95 %.

The silicon nitride-on-insulator platform fur-
ther distinguishes this work by offering compatibil-
ity with widely used integration technologies, such
as silicon-on-insulator and indium phosphide. This
compatibility allows the polarization converters to
integrate seamlessly into modern photonic circuits.
The compact size, high efficiency, and enhanced
manufacturability make the proposed design highly
suitable for dense wavelength division multiplexing
systems and other advanced photonic applications.

Future research should prioritize experimental
validation of the proposed theoretical findings and
explore new materials to enhance the polarization
converter’s performance. Additionally, extending
the design to support broader fabrication tolerances
and additional waveguide platforms could enable its
adoption in diverse areas of integrated photonics.

This study establishes a foundation for future
advancements in photonic integration, paving the
way for the development of reliable, cost-effective,
and high-performance optical devices for telecom-
munications and related domains.
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