Tpubopwvr u memoowl usmepeHul Devices and Methods of Measurements
2025.T. 16. Ne 4. C. 306-314 2025;16(4):306-314
E.S. Barbin et al. E.S. Barbin et al.

DOI: 10.21122/2220-9506-2025-16-4-306-314
A Concept of an Integral Optical Pressure Sensor

E.S. Barbin', P.F. Baranov’, D.P. Ilyaschenkoz, T.G. Nesterenko'?, S.E. Vtorushin',
A.A. Talovskaya'

"Tomsk State University of Control Systems and Radioelectronics,
Lenin Ave., 40, Tomsk 634034, Russia

’National Research Tomsk Polytechnic University,
Lenin Ave., 30, Tomsk 634050, Russia

Received 06.10.2025
Accepted for publication 01.12.2025

Abstract

Today, an expanding application of automatic systems demands research and development of novel
types of sensors suitable for special conditions. Specifically, microelectromechanical pressure sensors are
among of the most widely implemented devices. A pressure sensor comprises a silicon membrane that
deforms under pressure of the medium and a measuring transducer that converts the deformation into electrical
signal. The most promising and technologically advanced type of transducers for microelectromechanical
pressure sensors are evanescent coupling-based transducers that implement light intensity passing through
the gap between two optical waveguides varying under membrane deformation. Such scheme provides high
sensitivity and extended dynamic range of the sensor. The paper is aimed at developing a design concept
for the sensing element of a microelectromechanical pressure sensor with an evanescent coupling-based
transducer. The technology for micro-optoelectromechanical sensor fabrication bases on a stepwise formation
of the structures on two silicon on insulator wafers with their consequent bonding. The membrane is formed
on the bottom wafer. The top wafer comprises stoppers. The waveguide structures are formed on both
the wafers. We consider two methods of waveguide fabrication. First, they can be built up from silicon nitride
by plasma-enhanced chemical vapor deposition. Second, they can be etched directly in the silicon wafer.
The main characteristics of the pressure sensor are determined: losses, dependencies of the transmission
coefficients on the length and width of the waveguides, gap, coupling length. The working range,
where the optical transducer can measure membrane displacements proportional to the acting pressure
reached 500+80 nm for the silicon on insulator waveguide and 600+80 nm for the Si;N, waveguide.
The optical transmission coefficient ranges from 0 to 0.86 for the silicon on insulator waveguide and from
0.09 to 0.53 for the Si;N, waveguide. The main requirement to the membrane is assumed that its deformation
does not exceed 80 nm.
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Pacmmpenne oOmacTH TpUMEHEHHWs aBTOMAaTHU3WPOBAHHBIX CHUCTeM TpeOyeT pa3paboTku u
WCCIICJIOBAHNH HOBBIX THIIOB JAaTYMKOB, CIOCOOHBIX pabOTaTh B CHENHUANBHBIX YCIOBHUAX. OTHUMH
M3 pacIpoCTPaHEHHBIX CEHCOPOB SBISIOTCS MHKPOIJICKTPOMEXaHWYECKHE NATYWKH JdaBieHus. JlaTdank
JTABJICHUS COJIEPKUT MeMOpaHy W3 KpeMHUs, KoTopas nehopMupyeTcs MpH MPUIOKEHUN K HEW JAaBIEHUS
Cpenmsl, W W3MEpPUTENbHBIA TIpeoOpa3oBarens aedopMmarii B JIeKTpudeckuil curHan. HawmbGonee
MEPCIIEKTUBHBIM M TEXHOJIOTHYHBIM HWHTETPAIbHBIM THUIIOM TIpeo0pa3oBaTeisl Il MUKPOIJIEKTPOMEXaHH-
YEeCKUX JaTYNKOB JABJICHUS SBISIETCS H3MEPUTENBHBIA MpeoOpa3oBaTesb Ha OCHOBE d(h(eKTa ONTHYECKOTO
TYHHEITUPOBAHMs, KOTOPHIH OCHOBaH Ha M3MEHEHWH HHTEHCHUBHOCTH CBETa, MPOXOIIIErO 4Yepe3 3a30p
MEXJTy ABYMs ONTHYECKHMH BOJHOBOJAMH TpH jaedopManiu MeMOpaHBI, YTO OOECIIEYHBAET BBICOKYIO
YYBCTBUTEIBHOCTh M IIUPOKAN TUHAMHYECKUH AManazoH aartduka. Llempio paboTsl sBisimack pa3zpaboTka
KOHIIETIIIMA TOCTPOSHUSI YyBCTBUTEIHHOTO AJIEMEHTa MHKPOIJIEKTPOMEXaHHYECKOTO JaTYMKa JIaBICHHS
C ONTHYECKUM TYHHENBHBIM TIpeoOpa3oBareieM. TEXHONOTHS CO3JaHHs MHKPOOITO3JIEKTPOMEXaHH-
YEeCKOTO JaT4YMKa JABJICHUS TPEACTaBIsAeT co00M mo3TtanmHoe GOPMHUPOBAHHS 33aJaHHBIX CTPYKTYp Ha JBYX
TUTACTHHAX C MOCIEAYIONINM WX coennHeHneM. Ha HkHel iacTiuae hopMupyeTcst MeMOpaHa W BOTHOBOJI-
HBIE CTPYKTYpHI, HA BEpPXHEH — CTOMIEpPHl W BOJHOBOAHBIE CTPYKTYphl. PaccMoTpeHO nBa BapuaHTa
BEITIOJTHEHUST BOJTHOBOJIOB: M3 HUTPHUIA KPEMHHS METOIOM TIA3MOXUMHUYECKOTO OCAXKIEHUS MM U3 KPEM-
Hus Ha ToTroBOoM SOI mmarmHe. OmpeneneHbl OCHOBHBIE XapaKTEPUCTUKU (TTOTEpH, 3aBUCHMOCTH
KOA(PUIIMEHTOB TIepeaadu OT JUTUHBI U IIMPHHBI BOJHOBOOB, 3a30pa, JUTUHBI CBSA3H) JAATUHKA JaBIICHHS.
Pabounii yuyacTok, Ha KOTOPOM ONTHYECKHH JAaTYMK MOXKET HW3MEpSATh IMepeMeleHns MeMOpaHBbI,
MPOMOPLMOHATIBHBIE ACUCTBYIOIIEMY JaBICHUIO, ISKUT B npeaenax oT 500+80 um mis SOI, u 600+80 um
s SizN,. Ontuueckuit koaddunment nepegaun Menserca B quanasone ot 0 go 0,86 s SOI u ot 0,09
no 0,53 nma SisN,, coorBercTBeHHO. TpebGoBaHHMEM K MeMOpaHE MOKHO CUMTaTh, 4yTo €€ aedopmarius
BO BCEM JHaIla30He JaBJICHMI JOJDKHA JIeKaTh B quana3oHe 10 80 HM.
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Introduction

As of today, an expanding application of auto-
matic systems demands the research and develop-
ment of novel types of sensors suitable for specific
conditions and fields, including areas with explo-
sion and fire hazard, elevated or low temperatures,
increased radiation levels, strong electromagnetic
fields, and invasive/non-invasive medicine as well.
Among the most commonly used are pressure sen-
sors. Microelectromechanical (MEMS) pressure sen-
sors are used in the oil and gas and automotive indus-
tries, 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. In-
creased accuracy and sensitivity of pressure sensors
(capability of detecting small pressure fluctuations)
allow for early identification of industrial and natural
emergency situations.

The working principles of the majority of mi-
croelectronic pressure sensors are based on the
membrane deformation under measured pressure
that can be detected as an electrical signal using vari-
ous measuring transducers. Depending on the ap-
plication field, the sensors can be capacitive, piezo-
electric, tensoresistive and of other types described
elsewhere [1-3]. The said pressure measurement
mechanisms determine the required characteristics
of the device, such as measured pressure range,
accuracy, non-linearity, sensitivity, etc.

The capacitive measuring transducers are a
compromise between the working range and sensi-
tivity due to an incorporated feedback system and
cover the overwhelming majority of market demands
in various application spheres. However, the resolu-
tion and minimal sensitivity threshold of such sen-
sors is mainly limited by their design concept [4-7].
The sensor's capability to detect displacements, that
in capacitive terms correspond to units of femtofar-
ads is limited by the noise threshold of electronic
components and, to larger extent, by stray capaci-
tances inside the sensor. To compensate the desta-
bilizing factors (capacitive couplings, temperature,
electromagnetic impacts, etc.), complex design and
fabrication approaches are used. An ideal option is to
arrange all the electronic components immediately in
a single package with the MEMS transducer.

In terms of elimination of the above-mentioned
drawbacks, the most promising types of measuring
transducers are tenso- and piezoresistive [8—11], res-
onant, optical and piezoelectric [12] systems.

Piezoelectric MEMS pressure sensors [12] pos-
sess the following advantages: small weight, high
reliability, simple design, high signal-to-noise ratio,
high sensitivity and bandwidth, fast signal change
response, resistance to shock impacts and vibrations,
low hysteresis effects, capability to measure the pres-
sure in various aggressive media. However, some
piezoelectric materials require hydroprotection,
implementation of a charge amplifier or a scheme
with high input resistance. They are also inapplica-
ble to measure static pressure. To reduce the sensor's
dimensions  while retaining high accuracy,
the piezoelectric MEMS pressure sensor should
be fabricated using thin-film technologies, which
would enable its application in invasive and non-
invasive medicine.

The resonant sensors [13—17] provide high mea-
suring accuracy in extreme operating conditions.
Thanks to absolute elastic properties of monocrystal-
line silicon, it has no hysteresis (<0.001 % of mea-
sured value) and is almost perfectly linear (<0.003 %
of measured value). The eigenfrequencies of the
resonators are far beyond the spectrum of industrial
noise, which makes them immune to vibrations. The
resonance sensor lacks drift factors, because mono-
crystalline silicon is chemically inert and exhibits no
fatigue, which ensures is nearly absolute stability.
The frequency output signal of the sensor requires
no analog-to-digital conversion. However, the only
manufacturer of such transducers is Yokogawa Elec-
tric Corporation (Japan).

Another promising type of transducers are opti-
cal pressure sensors [18—22]. The most investigated
and marketed among them are optical fiber sensors
implementing fiber Bragg gratings. Sensors based on
fiber Bragg gratings have high noise resistance, fire
safety and small dimensions. This is conditioned by
the fact that optical signal modulation requires small
exposure on the section with the Bragg grating, irre-
spective of it to be mechanical or thermal. However,
this induces major impediments to the application of
Bragg grating-based transducers in high-precision
measurements. They require a special case that trans-
mits measured pressure to the optical fiber section
with the grating and either protects it from thermal
impact, or contains an additional temperature sensor
for consequent correction of the measured pressure
value. Moreover, they need expensive equipment
to ensure accurate and fast processing of initial and
reflected light signals. This increases the mass and
dimensions of both sensor and necessary equip-
ment. Therefore, further miniaturization and cost
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reduction of optical pressure sensor fabrication re-
quire novel types of transducers possessing the ad-
vantages of optical methods, while lacking some
of their drawbacks.

Over the recent years, the development of micro-
and nanoelectronics has induced increasing interest
in the field of photonic integrated schemes. The most
promising and technologically advanced integrated
type of transducers for pressure sensors are eva-
nescent coupling-based systems that possess lower
thermal sensitivity and require no complex out-
put signal processing scheme or expensive equip
ment [23].

In world literature, the research works on in-
tegrated optical methods applied to pressure sen-
sors are scarce. However, it is beyond a doubt that
schemes based on optical transducers considerably
overpass conventional schemes and are suitable
for mass production. The technological elabora-
tion of integrated optical waveguide coupling with
movable microelectromechanical structures is to
be investigated as well. Therefore, such research
works are valuable on both fundamental and practi-
cal levels.

This treatise is aimed at investigating a novel
type of the measuring transducer of a MEMS pres-
sure sensor based on evanescent coupling. This
makes feasible a pressure sensor with not only re-
mote light input to and output from the measured
object through optical fiber. Moreover, such scheme
allows for integrated packaging of the sensor’s com-
ponents (electronics, laser and photodiode) in a sin-
gle case, which vastly expands the application field
of such measuring transducers.

Pressure sensor design

Functional scheme

The pressure sensor (Figure 1) comprises an
electronic box (EB) for data processing and power
supply. The sensing element consists of a membrane
and a measuring transducer. The membrane converts
applied pressure into displacement, while the mea-
suring transducer converts the membrane displace-
ment into another form of data (current, voltage, fre-
quency, etc.) that is fed to the EB.

Integrated optical pressure sensor is an micro-
optoelectromechanical system which functional
scheme is given in Figure 2.

Figure 1 — Pressure sensor design: 1 — pressure sensor;
2 —sensing element; 3 — membrane; 4 — measuring trans-
ducer; 5 — electronic box

P opt out(P ) UO“‘ (P)

[ out(P )

Figure 2 — Functional scheme of the pressure sensor:
1 — bottom wafer; 2 — top wafer; 3 — G, stopper; 4 — bot-
tom integrated waveguide; 5 — top integrated waveguide;
6 — Si0, layer; 7 —laser diode; 8 — photodiode; 9 — elec-
tronic box

The sensing element of the micro-optoelectro-
mechanical (MOEM) pressure sensor contains bot-
tom 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 integrated waveguides surrounded by silicon
oxide layers 6. Optical waveguides 4 and 5 form the
optical measuring transducer (OMT) implemented
as a directional coupler. Optical radiation from a
laser diode 7 is fed into bottom waveguide 4 with
optical power P,, ;,, that at working gap G, flows
into top waveguide 5 with power P, ;. = 0.5-P,,
., and consequently dissipates. The output optical
signal from the sensing element of the MOEM pres-
sure sensor hits a photodiode 8 with power P, ,, (P)
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at which output signal 7, ,,, (P) forms that is then
amplified by the EB 9 and consequently transformed
into voltage. 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 7, ,,, (P) propor-
tionally to the membrane bend and, respectively,
applied pressure.

Technological process

The technology for microoptoelectromechani-
cal sensor fabrication lies in the stepwise formation
of structures on two silicon on insulator (SOI) wa-
fers with their consequent bonding. The membrane
is formed on the bottom wafer. The top wafer com-
prises stoppers. The waveguide structures are formed
on both the wafers (Figure 3).

2R Wai
RIS \fﬁ IR Vi s,

Figure 3 — Wafers of the micro-optoelectromechanical
pressure sensor: a —bottom wafer (1 — pressure applica-
tion area, 2 — waveguide, 3 — air channel); b — top wafer
(1 — stopper, 2 — waveguide)

The first step of pressure sensor membrane for-
mation involves the application of a protective mask
on the silicon wafer surface by etching the dielec-
tric through a photoresistive mask. Then, liquid or
plasma-enhanced chemical etching of silicon is per-
formed with further removal of the protective mask
(Figure 4).

Si

Figure 4 — First silicon wafer after membrane formation

The waveguide structures are formed identi-
cally for both wafers. First, a stepwise plasma-en-
hanced chemical vapor deposition of SiO, and Si;N,
is performed. Then, waveguide structures are
formed in the silicon nitride layer by plasma-en-
hanced chemical etching along the photoresistive
mask (Figure 5).

ﬂ rSiO2 ] " Si;N, F
Si a
L SizN,
SiO,
Si b

Figure 5 — Wafer after waveguide formation: a — bottom
wafer; b — top wafer

After that, stoppers are formed on the second
wafer by electron-beam sputtering of aluminum
oxide along a two-layer photoresistive mask with
its consequent removal (explosion) in an organ-
ic solvent. First, stoppers are built up that prevent
the contact of the two waveguides at critical loads.
Then, the stoppers forming the initial air gap are built
up (Figure 6).

ALO;  SiN,

Si0,

Si

Figure 6 — Second silicon wafer after stoppers buildup

The final step in MOEM pressure sensor fabri-
cation is the adjustment and bonding of the wafers
by an adhesive (Figure 7).

S
ALO,

g I 7 - =1
T = 1 B
—.\/ SIOZ & SI3N2 -—/
Adhesive Adhesiv

Figure 7 — Scheme of the micro-optoelectromechanical
pressure sensor

Geometric parameters of waveguide

The waveguides can be fabricated from silicon
nitride by plasma-enhanced chemical vapor deposi-
tion or from silicon directly in the SOI wafer. Fol-
lowing the principle of minimal losses, let us select
height 4 and width w of a single waveguide from
Si;N, by the mode overlap method (Figure 8).
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Figure 8 — Losses in the waveguide depending on the
height and width of the waveguides

The width of the waveguides can be increased
while increasing their height. Following the tech-
nology of silicon nitride film deposition, the layer’s
height should be decreased to prevent cracking of
the films and reduce internal stresses after deposi-
tion. The cracking can occur at a height exceeding
400 nm. Therefore, in further research we used a
height of the Si;N, layer of 350 nm. The increased
width of the waveguide lowered the losses: the mini-
mum value was observed at a width beyond 1.2 um
and amounted to 2.8 dB/mm (Figure 9).

—
L T o]

Loss, dB/mm
=

[T}
'

0.5 1 1.5 2
w, um

Figure 9 — Dependence of losses on the waveguide width
for the 350-nm Si;N, layer

For the silicon waveguide, the width and height
were typical, and the minimal losses at a wave-
length of 1550 nm were reached at their dimensions
of 220x500 nm.

Optical error meter

The sensing element of the MOEM pressure
sensor consisted of the membrane and the OMT

represented by the directional coupler (Figure 10).
The ports are designated in the figure.

~ — Si0, 2 um

4-Reflect 3-Drop
Si > 300 um -
> SiO, h um
1-In T]\mu gh -
i AN — Si0, 2 um
_

Figure 10 — Model of the directional coupler of the opti-
cal measuring transducer

Optical transmission coefficients of the direc-
tional coupler on the corresponding ports were deter-
mined as follows:

P TAn
_ through ZCOSZ( xﬁff Lcj’ (1)

input

P TAn,
Tdrop = P-dVUP = Sinz[ 7\‘&/‘7 Lc]a (2)

input

Tthmugh

where P, 1s the output optical power at the
«Through» port; P,,, is the output optical power
at the «Drop» port; Pmpm is the input optical power
at the «Input» port; A is wavelength; L_ is the cou-
pling length; An, is the difference between the ef-
fective refraction indices of the in-phase (n,4,) and
antiphase (n,,) harmonics of the carrier mode in the
waveguides.

The coupling length L, at which the optical
power completely flowed from one waveguide into
another one in the directional coupler was calculated
as per equation (3) and corresponded to the maxi-
mum output power at the output of the «Drop» port:

A
.= . 3
2Aneﬂ 3)

Figures 11 and 12 demonstrate the distribution
of the optical field in the coupled waveguides at dif-
ferent air gaps between them.

Following the figures, increased gap extended
the coupling length at which the optical power com-
pletely flowed from one waveguide to another. For
SOI waveguides, the air gap should be smaller. In the
case of gaps identical to Si;N,, the critical coupling
length should be larger.

The dependencies of effective refraction indices
n.m and n,g, on the gap are presented in Figures 13
and 14.

Therefore, according to equations (1) and (2),
the alteration of the difference between the effec-
tive refraction indices would alter the optical power
at the «Through» ad «Drop» ports. The most tech-
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nologically rational approach is to use the optical the «Drop» port should dissipate into the medium.
power alteration induced by waveguide gap change The influence on the output signal at the «Through»
at the «Through» port. The optical radiation from port is minimal.

G—4OO nm G=500 nm G—600 nm G=700 nm G—SOO nm G=1000 nm

100 0 995
30 0 829
0.664

= 60
= 0.498

i 40
™ 0,332
20 0 165

0

5 : y: um y:- um > 7
Figure 11 — Mode flow in Si;N, waveguides (350 %1400 nm)
G=400nm G=450nm G=500nm G=550nm G=600 nm G=700 nm

100 O 995
80 0 829
0.664

= 60
= 0.498

7 40
. 0.332
20 0 165

0

y, um y, um y, um y, um y, y, um

Figure 12 — Mode flow in SOI waveguides (220 x 500 nm)

According to the design concept of the MOEM  gap G (Figures 17 and 18) for Si;N, waveguides
pressure sensor, the primary interest for investigators (350 % 1400 nm) and SOI waveguides (220 % 500 nm).
is represented by the dependence of the optical power ~ The top and bottom waveguides faced air on one
at the «Through» port. We scrutinized the dependen-  side and silicon oxide on other three sides. Hence-
cies of optical transmission coefficient «Tthrough»  forth, 7" will denote optical transmission coefficient
on coupling length L. (Figures 15 and 16) and «Tthrough».

1.59 4 245 4
1.58 P —_ neﬁq(real) 2445 1 —_— neﬁq(real)
1.57 — Cacd n_q(real
> nygy(real) vazs | o2(real)
L.56 r ) 5ol
L e 243 ¢
51.55 & s |
=154 |
' 242
153+ 2415 |
152 t 241
1.51 2405 |
15 1 1 1 1 1 1 1 > 2.4 L L 1 L 1 1 L »
300 400 500 600 700 800 900 1000 300 400 500 600 700 800 900 1000
G, nm G, nm

Figure 13 — Dependencies of effective refraction indices  Figure 14 — Dependencies of effective refraction indices
in Si;N, waveguides (350% 1400 nm) in SOI waveguides (220500 nm)
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Following technological reasons, decreased
crystal area and optical path length of the photonic
integrated circuit and reduced risks of movable and
fixed parts of the MOEM structure, the studied cou-
pling length was limited to 200 um. The gaps under
study were limited to 1000 nm.

s
'l -

09}
0.8F

0.7
0.6F

B~ 0.5
04}

™
]

02F
0.1}

TG550 =T G600 — T G650

Figure 15 — Dependence of the transmission coefficient
of the optical measuring transducer on the coupling length
for the Si;N, waveguide
A
l 5
0,9
081
0.7}
0.6}
~ 051
0.4+
03}
0.2
01t _
0 - : —
0 50 100 150 200
G, nm
= T G450 = T G500 T G550
Figure 16 — Dependence of the transmission coefficient
of the optical measuring transducer on the coupling length

for the SOI waveguide

1
0.9
0.8
0.7
0.6

& 05
0.4
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= Tthrough L 22
= Ithrough L c24
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300 400 500 600 700 800 900 |006
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Figure 17 — Dependence of the transmission coefficient

of the optical measuring transducer on the gap for the

Si;N, waveguide

1.2
1
0.8

B~ 0.6
= Tthrough L50
= Tthrough L55
= T'through L60

0.4

0.2

0320 420 520 620 720 820
G, nm
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of the optical measuring transducer on the gap for the SOI
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The plots 15-18 are the performance curves
of the optical measuring transducer. The working
range, where the OMT can measure membrane dis-
placements proportional to acting pressure reached
500+80 nm for the SOI waveguide and 600+80 nm
for the Si;N, waveguide. The optical transmission
coefficient ranged from 0 to 0.86 for the SOI wave-
guide and from 0.09 to 0.53 for the Si;N, waveguide.

The transmission coefficient of the OMT was
determined as:

Tmax _ Tmin
KO _ _onm onm , (4)
Gmax _Gmin
where 7M™, T™" is the maximum and maximum
optical power at the coupler output; G, .., Guin —

is the maximum and maximum gap between the
waveguides.

Conclusion

A design concept of the sensing element of a
micro-optoelectromechanical pressure sensor and
its fabrication concept were developed. The pressure
sensor is based on integrated optical waveguides and
a directional coupler with constant air gap. The fixed
waveguide is located on the fixed part, while the sec-
ond waveguide is located on the membrane which
bend value is proportional to the applied pressure.

The main characteristics were calculated: losses,
dependencies of the transmission coefficients on the
length and width of the waveguides, gap, coupling
length. The performance curve was selected for two
variants of fabrication: 350x1400-nm Si;N,-based
waveguide and 220x50-nm SOI-based waveguide.
Thus, the membrane deformation over the entire
pressure range should not exceed 500£80 nm for
SOI wafers and 600 + 80 nm for Si;N, wafers.
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