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An Optomechanical Pressure Sensor Using Multimode Interference Couplers
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A new optomechanical pressure sensor using multimode interference (MMI) couplers and &-8iimpmbrane is pre-
sented. We simulate the device characteristics by the normal mode theory considering deflection and strain of the mem-
brane. The optical waveguide is made of a single-mode, strip-loadedSBIR-SiO, system. Device size can be reduced
to 0.5 x 13 mn? by using a MMI coupler, and the total thickness of the membrane iaf5.9 The measured sensitivity is
11.98 ppm/Pa in a range of 50 kPa, which is larger than that of conventional capacitive sensors.
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1. Introduction A (niz) = pyyS, + By:S, (1)
Semiconductor mechanical sensors have drawn consider- y
able attention due to their likely advantages of small volwheren, is refractive indexpyy, py, are photoelastic coeffi-
ume, batch fabrication and easy integration with electronigents ands,, S, are strain. Hence, output power of an output
circuits. A silicon substrate is always considered a good caivtMI coupler is varied by pressure change.
didate for use in these sensors due to its excellent electri-
cal and mechanical properties. Most of reported semicoﬁ—'
ductor pressure sensors used the capaéitvepiezoresis- 2.1 Optical design
tive?) mechanisms. Capacitive sensors have shown good perThe waveguide layers are designed by a single-mode, strip-
formance in terms of sensitivity, and piezoresistive sensolgaded SiQ-SiN4-SiO, system (Fig. 3), which is expected to
have shown good linearity. However, since both of them artgave low loss. The thickness of the Sibbre layer is 0.3:m
fatally sensitive to electromagnetic radiation, optomechanier single-mode operation at = 6328 nm. The width and
cal pressure sensors recent are a good alternative, especiaijght of the strip are Bm and 0.2um, respectively. The
in electromagnetically active environments. There are sethickness of the Si@lower cladding layer is 1.am to pre-
eral reports on optomechanical pressure seris®rBraban-
deret al utilized an integrated-optical ring resonator which
measures strain by frequency change, hence it needs addi
tional circuits for encoding Kim and Neikirk measured
pressure by the reflectance change of the Fabry-Perot cavity
the thickness control of which is very critical and compli-
cated? In refs. 5-9, Mach-Zehnder interferometers (MZIs)
with Y-branches which are long-(L cm) and have large loss x
were used. Also, bulk silicon membrangs6Qum) were
used®"Vtheir thickness is difficult to control due to the ab-
sence of etch-stop layers. Therefore, their size must be large z
at least 40 mrfy for sufficient sensitivity. In this paper, we
propose a new optomechanical pressure sensor using MMI (@
couplers, which provide lower loss and are shorter than MZI.
This new sensor also includes a thih-Bi membrane which
works as a etch-stop layer in order to reduce device size.
The schematic diagram of the proposed sensor is depictec
in Fig. 1. It consists of two MMI couplers, two arms and a
membrane. One arm (arm 1) is located on the membrane
MMI couplers can be designed to divide input light into two
equal-power output light¥) When no pressure is applied to
the membrane (Fig. 2(a)), the divided lights meet at the output
MMI coupler in the same phase, so that they can be combinec
in the output MMI coupler. When some pressure is applied to
the membrane (Fig. 2(b)), strain, due to deflection, is induced
in the membrane, so that the phases of the two arms differ by
the following two mechanisms. One is path lengthening, and
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the other is the photoelastic effect, which can be writté® as (b)
Fig. 1. Schematic cross section of the proposed sensor viewed in (a) the y
*E-mail address: hady@oerc.kaist.ac.kr direction and (b) the z direction.
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Fig. 4. Schematic diagram of MMI coupler.

whereiq is wavelength ang is an odd number. We must
consider two facts in the design of MMI couplers. Those are
thatL 34 increases as the width of the MMI coupler increases
®) and the spacing between the two arms must be sufficient so
that the lights propagating through the arms do not couple to

Fig. 2. Simulated light propagation mechanism of the proposed sensach other. The designed width dnghs of MMI couplers are

when (a) no pressure is applied and (b) pressure is applied. 20m and 3mm, respectively, and the width and the length
of arms are fum and 7 mm, respectively. Therefore, the total
length of the device is 13 mm, which is much smaller than
that of the reported sensors using MZ4 cm).

output

5.0um 2.2 Mechanical design
0.2um < > Since dielectric thin films generally have large residual
=i | stress, they need a supporting layer to avoid initial deflec-
Si0,  0.3um n=1.45 tion or buckling to form a membrane with the films. We also
SiN,  0.3um =20 chose a p-Si layer as the supporting layer. It is well known

that a heavily boron-doped- x 10'°cm~3) Si layer has a
large etching selectivity to bulk Siin an anisotropic Si etchant
SiO, 1.5um n=1.45 (ethylenediamine pyrocatechol, EDP), thus we can obtain a
thin membrane with a well-controlled thickness by using this
layer. The thickness is@m with a mild tensile stress and the
area is as small as 0.25 im

p+Si  4.0um 2.3 Simulation
' This simulation was performed via the following two steps.

Firstly, the deflection and strain of the membrane due to pres-
sure are calculated by an analytical method. Then, light prop-
agation through the entire device is simulated by the nor-
mal mode theory (NMT}) and the mode propagation method
(MPM)9 with the strain calculated in the previous step. With
NMT, we can obtain propagation constants and guided mode
profiles of a given layer structure. At the interface between
two different waveguide structures, the mode conversion fac-
vent light leakage to the Si substrate. The refractive index ¢ér is calculated by the overlap integral of the mode profiles
each layer as measured by an ellipsometer is given in Fig. & the two structures with MPM. If we assume that all mem-
The 3dB dividing length of an MMI couplet.3gs, is ex- brane edges are built in, the deflectiar) {s described by the

Fig. 3. Designed waveguide layer system.

pressed as (Fig. superposition of the deflection of the simply supported plate
2 (wo) and that of the plate by moments distributed along the
L3P T pn oo 1 edges {1):*®
L3dB=€m=§)\— M+;7 ,
0 1 0 nf2 ng
2)
w = wo+ w1 + wy (3a)

4gat &, (=)™ D2 mgy amtanhem + 2 mrz 1 mrz . mrz
= cos — cosh sinh 3b
wo 72D ngs m> a 2 coshy, a + 2coshy, a a (3b)
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& i (-T2 cosm”y mnzs'nh mrz tanh coshmﬂZ (3¢c)
= - — | j— -
Y17 727D ™ m? coshom a Gm S a
m=1,3,5,...
b? nd (-n™-D2 mgz{mry mmy mny
= cos sinh — Bmtanhp, cosh—— 3d
2= 72D ngs "mZcoshfm b \ b o~ Pmianm b (39)
Eh3 mrb mra

Do_ 1" M, _Mra
1213 %M = g Pm =

whereh, E, andv are the thickness, Young’s modulus, and
Poisson’s ratio of membrane, respectively, &g and Fy, YA
are calculated by boundary conditions. The maximum strain
(S),2)max is expressed as
ha2w ha2w a o
(Sy)max = _W’ (Sz)max = _237 (4)

Figure 5(a) is the calculated deflection profile and Figs. 5(b) «—>
and 5(c) are the calculated strain profiles alongztgection b
when pressure is applied to the membrane. Althoughythe —
component of straingy) is largest at the edgey (= a/2) in
the y direction, the deflection and tkzecomponent of strain
(S,) are largest at the center & 0) in they direction. Hence, (a)
the phase change of an arm on the center (arm 1) is expected

NV

light

to be larger than that of an arm on the edge (arm 2). The L ox10”
light propagation through the device is drawn in Fig. 2, and ’ag ' I
the parameters used in this simulation are shown in Table I. 3 0.0 kew ==
>
3. Fabrication S
< -l.0x10"
The sensor fabrication process is shown in Fig. 6; it starts = *
with boron diffusion for 7 h at 110 to the (100) Si substrate 3—‘; 2 0x10"
in order to form a p-Si etch-stop layer (a). The SjQower @ I
cladding layer is made by wet thermal oxidation for 1 h at s0x10* F i

1000C (0.3um) and sputtering deposition for 12 h (Jugh).
Because thermal oxide has much larger residual stress tha
sputtered Si@, the formation of the lower cladding layer is (b)
separated into two steps. Backside gl@yer formed in this
thermal oxidation process is used as a mask for bulk Si etch-
ing. The SiN core layer is deposited by remote plasma chem- ’a;f I PRSI

ical vapor deposition for 28 min at 250. The SiQ upper = 0.0 L = - ]
cladding layer is deposited by sputtering for 3h (b). Cris f, Fo \ BN
deposited by e-beam evaporation and patterned by the lift-off-Z2  -1.0x10* [ ,*
process to form an etching mask layer for reactive ion beam < s N
etching (RIBE). The strip is formed by a combination of dry = “20x!0 @
etching in RIBE with a mixture of CFand Ar gas for 8min, 5 4L
and wet etching in buffered oxide etchant (BOE) for 10s (c). i '
A front-back aligner is used for alignment of the waveguides -4.0x107" .
and the membrane. After opening the window of the back- z

side SiQ in BOE, anisotropic etching of bulk Si in EDP is
performed for 8.5 h at 12C for the membrane formation and ©
the etching is stopped at the {8i layer. The composition of

EDP used is ED:P:watef350 ml:115 g:115 ml (F-type), and Fig. 5. Qalculated profiles of (a) deflection, (b) strairyafompone'nt and
the etch rate is aboutzm/min at that temperature. Finally, (c) strain ofz component of a membrane when pressure is applied.
Cr is removed (d). Figure 7 shows the scanning electron mi-

crograph of the fabricated device. The image corresponds to Table |. parameter values used in simulation.

the inside of dotted box in Fig. 1(b). Actually, arm 2 is located Eq 190GPa
on the inner edge of the membrane in the fabricated device. I\tmung,S modulus Esio, 90GPa

is caused by the wafer-to-wafer thickness variation, and is not Esing 130GPa
thought to deteriorate the device performance. Total thickness
of the membrane is 58m. The root-mean-square roughness
of p™-Si surface is about 10 nm (measured by an atomic force

1.0x10™ [ '~./y=a/4 -

photoelastic Pyy 0.121
coefficient Pyz 0.270
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Fig. 8. Simulated characteristics of proposed sensors whose membrane
sizes are B x 0.5mn? (solid line), 04 x 0.4mn? (dashed line), and
0.2 x 0.2 mn? (dotted line).
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Fig. 6. Fabrication process of the proposed sensor. 081
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Fig. 9. Measured (squares) and simulated (solid line) characteristics of the
proposed sensor.

ulated results may be caused by the difference between simu-
lation and real device parameters.

Fig. 7. Scanning electron micrograph of the fabricated sensor. .
9 9 grap 5. Conclusions

An optomechanical pressure sensor using MMI couplers
with 4-pum-thick p"-Si membrane is fabricated. The area of
microscope), which corresponds to about 1/60 of the wavihe sensor is considerably reduced @ 13 mn?, which is
length of the He—Ne laser. This is not thought to affect themaller than that of previous optomechanical pressure sen-
optical performance significantly. sors. The device characteristics are measured and com-
pared with simulation results. The measured sensitivity is
4. Results 11.98 ppm/Pa in a range of 50 kPa.
Simulated characteristics of the proposed sensors with var-
ious membrane sizes are shown on Fig. 8. The simulat&§knowledgements
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