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Abstract

Nowadays development and production of microelectromechanical systems is one of the most promising
directions in the world's economy. One of the innovative fields in the development of microsystems is integration of
optical devices as measuring transducers. Goal of the paper is optimization of the optical measuring transducer geometry
for microelectromechanical pressure sensor which provides a required value and linearity of the optical transmission
coefficient. Microelectromechanical pressure sensor comprises the optical measuring transducer represented by a pair of
waveguides that form an optical directional coupler. Linearity of the optical transmission coefficient of the transducer
is provided by the selection of the initial gap between the waveguides at the linear section of the curve representing
dependence of the optical transmission coefficient on the gap. Calculation of the required characteristics of such transducer
requires a combination of the Finite-difference time-domain method and the mode overlapping method. This allows
calculating the magnitude of the optical transmission coefficient for different geometric parameters of the transducer.
Two models of the directional coupler with silicon and silicon nitride waveguides were used to determine dependencies
of the transducer's optical transmission coefficient on the optical coupling length and the waveguide bending radius. The
data obtained were used to plot the dependencies of the transmission coefficient on the gap between the waveguide for
both models. The plots show the optimal initial gaps and the length of the linear section. The results allow designing
a device with predetermined working section at which the optical measuring transducer can measure membrane
displacements that are linearly proportional to an acting pressure. Such working section is characterized by the initial
gap in the middle of the linear section that amounts to 500 nm for silicon waveguides and 600 nm for silicon nitride ones.
The linear section of the transducer's transmission characteristic for the waveguides of both types is estimated as £80 nm
in relation to the initial gap. In this section, the optical transmission coefficient of the transducer with silicon waveguides
alters from 0 to 0.86 which corresponds to a value of 5.375-10° m™. For the waveguide with silicon nitride waveguides
the coefficient varies from 0.09 to 0.53 which corresponds to a value of 2.75-10° m™. The computer aided analysis
methods allow for determining the optimal geometry of the evanescent coupling-based measuring transducer that is used
in the microelectromechanical pressure sensor. The presented models of two transducers with two waveguides made of
different materials demonstrate different characteristics. The optimal parameters for each of the models are achieved at
different waveguide bending radii and optical coupling lengths.
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B Hacrosimee Bpemsi pa3paboTKa M MPOM3BOJCTBO MUKPODJICKTPOMEXAHHYECKAX CHUCTEM SBIISCTCS OJHHM W3 Hamboiee
MEPCIICKTUBHBIX HAMpPABICHUI pa3BUTUS MHUPOBOH OSKOHOMHKHA. OJHMM W3 HWHHOBALMOHHBIX HANpPaBICHUH B Pa3BUTHH
MHKPOCUCTEMHON TEXHUKH SBIACTCS MHTETPALMsS ONTHYECKUX YCTPOWCTB B KauecTBE M3MEPUTEIBbHBIX Mpeodpasopareneil. Llenbio
JTAaHHOI pabOTHI SIBJSIIACH ONTUMHU3ALINS TEOMETPUH ONITHYECKOT0 H3MEPUTEIILHOTO PeoOpa3oBaTesIsi MUKPOJIEKTPOMEXAaHNYECKOTO
JaTdydKa JaBIeHMsT Ui oOecriedyeHHst TpeOyeMoil BeNMYMHBI W JIMHEHHOCTH ONTHYecKoro KoddduumeHTa Imepepadu.
MHKpPO2JIEeKTPOMEXaHNUECKUH JTaTINK JaBICHHS COJACPXKUT ONTHYSCKHII M3MEpHUTENbHBI mpeoOpa3oBaTenb B BHAE MNaphl
BOJTHOBOJIOB, OOpPa3yrOIINX ONTHYECKUI HANpPABICHHBI OTBETBUTENb. JIMHEHHOCTH ONTHUECKOTO KO3()(DUIMEHTa mepeaadn
npeoOpazoBarens 00ecreurnBanach BHIOOPOM ONTUMATIBHOTO HA4aIbHOTO 3a30pa MEXK/Ty BOJIHOBOIAMH Ha JINHEWHOM y4acTKe KpUBOH
3aBHCHMOCTH OIITHYECKOro KoddduieHTa nepeaaydn ot 3a3opa. st pacuéra TpedyeMbIX XapaKTepUCTHK TAKOTo Ipeodpa3oBaTess
HCIIOJIb30BAIaCh KOMOMHAIMS METO/Ia KOHEUHBIX Pa3HOCTEeH BO BPEMEHHOW 00JAaCTH M MEeToJa MEePEeKPHITUS MOA. DTO MO3BOJIMIO
paccuuTaTh BEINYUHY ONTHYECKOro KOd((GHUIHMEHTa Neperadd IpH Pa3iIMYHBIX TeOMETPHUYECKUX MapaMerpax NpeodpasoBatels.
Hcnonb3ys aBe MOJIENIN HAMIPABICHHOTO OTBETBUTENSI C KPEMHHEBBIMU U HUTPHI-KPEMHUEBBIME BOJTHOBOJAMU OBLTH OIPECIICHBI
3aBHCHMOCTH BEIUYMHBI ONTHYECKOTo Kod(dduimenTa mepemadn mpeoOpazoBaTess OT JJIHHBI ONTHYECKOW CBSI3HM WM pajiyca
n3ruda BOIMHOBOAOB. VICHONB3ys moTyyeHHbIE JaHHbBIE, U1 00enX MOJENEH OCTPOSHBI 3aBUCUMOCTH Kod(dduirenTa nepegayn ot
3a30pa Me)K)ly BOJIHOBOJaMH, I'IC 6bIJ'IPI MMOKa3aHbI ONITHUMAJIbHBIC BCJIMYWNHBI HAYAJIbHBIX 3330pOB H auanasoH JIMHEHMHOTO yqaCTKa.
[MpoBenénHble B JaHHOW padoTe MCCIIeJOBaHMUS ITO3BOJIMIIM HA dTalle IPOSKTUPOBAHMS OIIPEICIUTh Pabounii y4acToK, Ha KOTOPOM
ONTHYECKUH M3MEPHUTEIBHBIN MTPeo0pa3oBaTellb MOKET U3MEPSTH IIepPEeMEIIeHNsT MeMOpaHb!l, POIOPIHOHANBHEIE ICHCTBYIONIEMY
JTABJIICHUIO B JTMHEHHOM Jmamna3oHe. Takoil pabodmii ydacTOK XapaKTepH3yeTcsi HadalbHBIM 3a30pOM B CEpEIUHE JMHEHHOTO
y4acTKa, KOTOpslid cocTaBisieT 500 HM Uil KpeMHHEBBIX BOJTHOBOZOB M 600 HM AJIsi HUTPUA-KPEMHHUEBHIX. [Ipu 5TOM ITHHEHHBII
Y4acTOK IepeJaTOuyHON XapaKTepUCTUKHU MpeoOpa3oBaTens Ui 000MX THUIIOB BOJHOBOJOB OLICHMBaeTcA B £80 HM OTHOCHUTEIBHO
HaYaJIbHOro 3a3opa. B aToM nuamazoHe onTHueckuil KOI(GQUIMEHT nepenadu npeodpa3oBarelisi ¢ KPEMHUEBBIMU BOJIHOBOJAMH
MeHsieTcs B auanasome ot 0 0 0,86, uto cooreTcTByeT Bemmunme 5,375 10° M. Jlnanason usmenenns kosdduipenTa nepeaadn
npeoOpa3zoBareNis ¢ HUTPUA-KPEMHHEBBIMU BOJIHOBOJIAMH JIeKUT B mpenenax ot 0,09 mo 0,53, 4TO COOTBETCTBYET BEIUUMHE
2,75-10° m™". Vcronp30BaHHbIE METONBI KOMIIBIOTEPHOTO AHAIH3A IMO3BOMNMIH ONPENCTHTh ONTHMANBHBIE T[EOMETPHUECKIE
XapaKTEPUCTUKH ONTUYECKOTO H3MEPUTEIBHOTO MpPeoOpa3oBaTelisi, OCHOBAHHOIO Ha J(PQEKTe ONTHYCCKOrO TYHHEIUPOBAHUS,
HCTIOJIB3YEMOTO B MHKPOIJIEKTPOMEXaHUYECKOM JaTYMKe JAaBieHUs. [IpencraBieHHble MOAENTH MpeoOpa3oBaTeleld ¢ BOIHOBO-
JTaMH U3 JIBYX Pa3IMYHBIX MaTEpPHUAJIOB MOKA3alH PAa3IHYUe MO CBOMM XapaKTepucTHKaM. ONTHMalIbHBIC MapaMeTphl Ul KaKIoH
MOZECIN JOCTUTAOTCA ITPU Pa3JIMIHBIX paguycax M3FI/I6a BOJIHOBOJI0B U JJIMHAX OHTHHCCKOﬁ CBJI3H.

KnrodeBble ci0Ba: ONTHYECKOE TYHHEIUPOBAHME, ONTHYECKHE BOJHOBOJBI, HANPABJICHHBIH OTBETBHUTEIb, JUIMHA CBS3H,
ko urpeHT nepegayn
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Introduction

Currently microelectromechanical (MEMS)
pressure sensors are highly needed in the oil & gas
and automotive industries, control systems of space
vehicles and launch site ground facilities, in steam
and gas turbines to control pressure fluctuations and
measure dynamic pressure at high temperatures,
in atomic reactors, personalized medicine or smart
home systems. Increased accuracy and sensitivity of
pressure sensors (capability of detecting small pres-
sure fluctuations) allow for early identification of
industrial and natural emergency situations. Depend-
ing on the application field the sensors can be capaci-
tive, piezoelectric, tensoresistive and of other types
described elsewhere [1-5]. However the resolution
and minimal sensitivity threshold of such sensors is
mainly limited by the design concept of the transduc-
ers [6-9]. The destabilizing factors (capacitive cou-
plings, temperature, electromagnetic impacts, etc.)
can be compensated by advanced design and manu-
facturing techniques. An ideal variant is to put all the
electronic components in a single package together
with the MEMS transducer.

Another promising type of transducers are op-
tical pressure sensors [10-13]. The most widely
spread are optical fiber sensors implementing fiber
Bragg gratings. Such sensors provide high noise re-
sistance, fire safety and immunity to electromagnetic
noise. This is conditioned by the fact that optical sig-
nal modulation requires small exposure on the sec-
tion with the Bragg grating, irrespective of it to be
mechanical or thermal.

However this fact induces major impediments
to the application of Bragg grating-based transducers
in high-precision measurements. Therefore, further
miniaturization and cost reduction of optical pres-
sure sensor fabrication require novel types of trans-
ducers possessing the advantages of optical methods,
while lacking some of their drawbacks. The most
promising integral transducer for the pressure sensor
is evanescent coupling-based transducer. It requires
no complex scheme of output signal processing and
expensive equipment, while having lesser sensitivity
to temperature change. Moreover, electromagnetic
noise has no impact on the transmission of optical
signal from a radiation source to the photosensitive
element [14].

Aim of this work was determining the optimal
characteristics of the newly developed evanescent
coupling-based measuring transducer for a MEMS
pressure sensor using computer simulation methods.

This will enable the creation of a pressure sensor
with integrated packaging of the sensor’s compo-
nents (electronics, laser and photodiode) in a single
case, which vastly expands the application field of
such measuring transducers.

Functional scheme of the pressure sensor

Integrated optical pressure sensor is an mi-
crooptoelectromechanical system which functional
scheme is given in Figure 1. The sensing element
of the pressure sensor contains bottom wafer with
membrane 1 and top wafer 2 coupled by stoppers 3
intended for the formation of initial air gap G,,. Both
wafers comprise bottom 4 and top 5 optical integrat-
ed waveguides surrounded by silicon oxide layers 6.
Optical waveguides 4 and 5 form the optical measur-
ing transducer (OMT) implemented as a directional
coupler. Optical radiation from a laser diode is fed
into bottom waveguide 4 with optical power Popt in,
that at working gap G, flows into top waveguide 5
with power P, ;= 0.5-P,, ;, and consequently dis-
sipates. The output optical signal from the sensor’s’
sensing element with power P, ,,(P) hits the photo-
diode and at the output forms 7 ,,(P) which is further
amplified by the electronic unit with the formation of
voltage at the output. Under pressure P, membrane
bends, thus changing gap G(P) between waveguides
4 and 5 of the OMT. This alters the optical power at
the output of the bottom waveguide

%%

P

opt in

. Top waveguide
- Bottom waveguide
|:| Bottom wafer

. Top wafer

|:| Silicon oxide layer
El Stopper for the G

U..(P)

P opt om(P
V '[ aut(‘P )

Figure 1 — Functional scheme of the pressure sensor:
— laser diode; PD — photodiode; EU — electronic unit
P 0udP) proportionally to the membrane bend
and, respectively, applied pressure.
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Geometric characteristics

To optimize the geometric parameter of the di-
rectional couplers, the finite-difference time-domain
(FDTD) method was used. This analysis is applicable
to three-dimensional objects, which is very resource
consuming. Therefore, the number of studied points
was much smaller than in the case of two-dimension-
al analysis by the mode overlapping method in finite
difference eigenmode (FDE). The task of the com-
bined analysis by the FDTD and FDE methods was
to determine the most optimal investigation route
and to build a more accurate mathematical model of
the OMT.

The first stage was to analyze and select the
parameters of the smooth junction of the OMT’s
directional coupler. The coupling length L, in the
analysis was minimal and the gap G was preset. The
geometry under study is exemplified in Figure 2 by
Si;N, waveguides. For the analysis the most useful
is the L,,/H,, ratio, rather than the absolute values
of the height /,, and length L . For Si;N, length L ,
reached 30 um, while for silicon on insulator wave-
guide (SOI) it was 20 um. The analysis results are
presented in Figures 3 and 4.

Figure 2 — Geometry of the smooth junction of the optical
measuring transducer directional coupler

T

A

09 r
0.85
0.8
0.75
0.7
0.65
0.6
0.55

0.5
3

-
Figure 3 — Dependence of the transmission coefficient on
the geometry of the smooth junction for Si;N,
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Figure 4 — Dependence of the transmission coefficient on
the geometry of the smooth junction for silicon on insula-
tor

Si;N, waveguides with dimensions of
3501400 nm had calculated losses of about
3 dB/mm and a minimum permissible bending ra-
dius of 60 um. Therefore, high values of /,, caused
additional losses at bends. Minimum permissible
ratio L, /H,, amounted to 10, which corresponded to
H, =3 pum and L, =30 um. These values were ac-
cepted for further modeling.

For silicon waveguide on the SOI wafer with di-
mensions of 220x550 nm, the bending radius could
reach 5 um, so the smooth junction of the directional
coupler had lesser effect on the additional losses as
compared to silicon nitride. Minimum permissible
ratio L, /H,, was accepted to be 5, which correspond-
edto H,=4umand L, =20 pm.

The FDTD method was used to analyze the ef-
fect of the coupling length on the OMT’s transmis-
sion coeflicient at preset gaps (Figures 5 and 6). For
350x1400-nm Si;N, waveguides, the gap amounted
to 600 nm; for 220x500-nm SOI waveguides that
amounted to 500 nm.

The analysis has shown a considerable effect of
the interaction of the waveguides in real geometry
which occurred not only in the zone of immediate
waveguide interaction, but also in the zone of the
smooth junction. At a coupling length of 1 um, the
transmission coefficient with due consideration of all
losses amounted to 0.68. Taking into account the re-
sults of the smooth junction analysis with maximum
transmission coefficient of 0.85, the contribution of
a single smooth junction to the total coupling coef-
ficient could be calculated as (0.85-0.68)/2 which
amounted to 0.085. Following these results, the cal-
culated length that provided the working point to lie
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in the middle of the output signal alteration range at
a gap of 600 nm should be equal to 15 pm, which
differs from a value of 24 pm obtained by the FDE
method.

z T
0.8

0.7
06
0.5
04
03
02
0.1

0

12 15 18 21 24 27 30
L. pum

0 3 6 9

Figure 5 — Dependence of the transmission coefficient on
the coupling length L. at a gap G = 600 nm for Si;N,

‘T
07 1

0.6 9
0.5
0.4
0.3
02
0.1

0 1 1 1 1 1
35 40 45 50 55 60
L, pm

Figure 6 — Dependence of the transmission coefficient
on the coupling length L_ at a gap G = 500 nm for silicon

on insulator

For the SOI waveguide, at a coupling length of
1 pm, the transmission coefficient with due consid-
eration of all losses amounted to 0.984. Taking into
account the results of the smooth junction analysis
with maximum transmission coefficient of 0.997,
the contribution of a single smooth junction
to the total coupling coefficient amounted to
(0.997-0.984) / 2 = 0.0065.

Following the additional contribution of the
smooth junction, the calculated length at a gap
of 500 nm should be 45 pum rather than 55 um ob-
tained by the FDE method.

Figure 7 presented the final geometry of the
OMT’s directional coupler with SOI waveguides and
designated monitors.

XY monitor2 XY monitor1

/
YZ monitor

XZ monitor

Figure 7 — Geometry of the optical measuring transducer
with silicon on insulator waveguides

Figures 8—11 present the distribution of the op-
tical field in the waveguide in corresponding cross-
sections obtained by the FDTD method.

- 0,92
-30 I0,79
g 32 0,632
M a4 0,474

0,316
36

0,158
) 30 20 -10 0 10 20 30 0

X, um

Figure 8 — Distribution of the optical field in the silicon
on insulator optical measuring transducer (XY monitor 1)
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Figure 9 — Distribution of the optical field in the silicon
on insulator optical measuring transducer (XY monitor 2)
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Figure 10 — Distribution of the optical field in the silicon
on insulator optical measuring transducer (XZ monitor)

27



Tpubopul u memoowt usmeperutl
2026. T. 17. Ne 1. C. 23-30
E.S. Barbin et al.

Devices and Methods of Measurements
2026,17(1):23-30
E.S. Barbin et al.

0,753

0,628

0,502

0,377

0,251

0,126

31,5

-31 30,5 30

Y, jpm
Figure 11 — Distribution of the optical field in the silicon
on insulator optical measuring transducer (YZ monitor)

The dependencies of the OMT's transmission
coefficient on the gap and wavelength at the selected
coupling length were calculated by two methods:
FDTD and an analytic method based on the FDE
results. This required introducing the dependencies
of effective refractive index (n,;) on the wavelength
into equation (1):

o W1 (GA) =nggr2 (G1)) .

Tthrough (an) =C0s A ¢

1
negr1(GM) =g (G)=negrinoco)+ an + bk (1

efy2 (G’}“):(”effz (G)_neﬂ2X0G0)+02 +hy),

where a;+b is the function of n, ; dependence
on the wavelength that was calculated by the FDE
method at different wavelengths; n,, 13060 is the
effective index n; at the gap which was used
to calculate the dependence of n,;; on the wave-
length.

Following the FDTD analysis results, new
coupling length values obtained by the FDE meth-
od were selected to correspond to the dependen-
cies obtained by the FDTD method (Figures 12—14)
for Si;N,.

To correspond to the FDTD analysis results,
the FDE method results should be increased in
terms of the coupling length by 9 um which corre-
sponds to the increase of the coupling coefficient due
to the smooth junction.

Small deviations in the zone of gaps of less than
500 pum are explained by a larger calculation step and
insufficiently small grid of finite elements.

The dependencies of the transmission coefficient
on the wavelength had identical slopes (Figure 13).

T

0.8 r
0.7
0.6
0.5
0.4
03 L U A Teale Le 24 mode
on Li / TFDTD Le 15

' ,,' I ——————— TFDTD L 24
0.1 :/ — = Tealc Lc 33 mode

0 y 1 1 1 Ly

300 400 500 600 700 800 900 1000
G, nm

Figure 12 — Comparison of the transmission coefficient
dependencies on the gap obtained by the different meth-

ods for Si;N,

\ 7
045
TFDTD L15 G600
------------ Teale L24 mode
0.4 : —--—- TFDTD L24 G650
= = = = Tcalc L33 mode
035 P~ T
03 <.
— .;\. \\\
025 e’
\,\.‘\
02 L : ! ! N
1.5 1.52 1.54 1.56 1.58 1.6
A, nm

Figure 13 — Dependence of the transmission coefficient
on the wavelength for Si;N,

Similar analysis was made for the SOI technol-
ogy and 220x500-nm waveguides (Figures 14-15).

— o, o g,

TFDTD Lc55

—-—- TFDTD Lc45
= == = Ttalc Lc50 mode
-------- Teale Le60 mode
700 800 900 1000
G, nm

Figure 14 — Comparison of the dependencies of the trans-
mission coefficient on the gap obtained by the different
methods for silicon on insulator

To correspond to the FDTD analysis results, the
FDE method results should be increased in terms of
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the coupling length by 5 pm which corresponds to
the increase of the coupling coefficient due to the
smooth junction.

Small deviations in the zone of gaps of less than
500 um are explained by a larger calculation step and
insufficiently small grid of finite elements.

The dependencies of the transmission coefficient
on the wavelength had identical slopes (Figure 15).

1 T
TFDTD Lc55
0.9 — -+ —- TEDTD Lc45
0.8 — — — Teale Le50 mode
0.7 Be——_ e Teale Le60 mode

1.5 1.525 1.55

G, nm

1.575 1.6

Figure 15 — Dependence of the transmission coefficient
on the wavelength for silicon on insulator

The analysis of the OMT's transmission coeffi-
cient dependence on the wavelength for both tech-
nologies has shown that wavelength can be used
for more accurate adjustment and selection of the
OMT's working point. Under the variation of the
wavelength from 1.5 to 1.6 um, the transmission co-
efficients changed from 0.3 to 0.7 for SOI and from
0.2 to 0.4 for SizN,.

The transmission coefficients of the OMT
in the linear range of gap variation can be estimated
as:

Tmax _ Tmin

opt opt
K _ P P

" Gmax - Gmin ’ (2)

where 7" and 7" are maximum and minimum
optical power at the coupler output; G,,,, and G,
are maximum and minimum gaps between the wave-

guides.
For the obtained characteristics of the OMT,
the calculated transmission coefficients were

5.375-10°m™ for SOI wafer and 2.75-10°m™ for
Si;N,. Smaller values of the OMT's transmission co-
efficient were primarily conditioned by large losses
in the waveguide.

Conclusions

The optical measuring transducer for the pre-
sented microelectromechanical pressure sensor is
characterized by the optical transmission coefficient
which-as it was shown-depends on the geometric
parameters of the waveguides. Following the results
obtained by the computer analysis methods, it was
established that the topology of the transducer imple-
menting a directional coupler can be built with gaps
of 500 nm in the case of waveguides made of silicon.
The calculated minimum bend radius of the wave-
guide with dimensions of 220x550 nm amounted
to 5 um. The coupling length in this case reached
45 um. The topology of the transducer for silicon ni-
tride waveguides with dimensions of 350%1400 nm
can be built with gaps of 600 nm. As compared to the
silicon waveguides, the coupling length of the silicon
nitride waveguides amounted to 15 um, while their
minimum bend radius reached 60 pm.

The linearity of the optical transducer character-
istics was reached by the selection of the initial inter-
waveguide gap. This value lied in the middle of the
linear section of the dependence of the optical trans-
mission coefficient on the gap. The linear working
section of the dependence lied within 500+80 nm
for silicon waveguides and within 600+£80 nm for
silicon nitride waveguides. The optical transmission
coefficient ranged from 0 to 0.86 for silicon wave-
guides and from 0.09 to 0.53 for silicon nitride wave-
guides, which corresponded to calculated transmis-
sion coefficients of 5.375-10° m™ for the former and
2,75:10° m™! for the latter.
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