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Abstract

We report a new optomechanical pressure sensor using multimode interference (MMI) couplers with polymer waveguides and a thin
p*-Si membrane. We have simulated device characteristics by the normal mode theory and the mode propagation method applied to
deflection and strain of the membrane. The optical waveguide is made of a single-mode, rib type of NOA73/PMMA /SIO, multi-layer
system. The devices have been fabricated on the thin p*-Si membranes which are selectively etched using bulk micromachining. Device
size is 0.4 mm (width) X 13 mm (Iength) and the total thickness of the membrane is 7 wm. The device characteristics are measured using
a He—Ne laser (A = 632.8 nm) as a light source. High sensitivity of 8.2 ppm/Pa has been obtained in the range of 100 kPa. © 2000

Elsevier Science S.A. All rights reserved.
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1. Introduction

Most semiconductor pressure sensors reported up to
date have used the capacitive [1] or piezoresistive [2]
mechanisms. Capacitive pressure sensors have shown good
performance in terms of sensitivity while piezoresistive
sensors have shown good linearity. However, both of
sensing schemes are fataly sensitive when they are ex-
posed to severe electromagnetic radiation. Recently, op-
tomechanical pressure sensors have been studied as a good
alternative, especialy in electromagneticaly active envi-
ronments. There are several reports on optomechanical
pressure sensors [3—9]. Brabander et al. [3] utilized an
integrated optical ring resonator which measures strain by
frequency changes, hence, it requires additional circuits for
encoding. Kim and Neikirk [4] measured pressure by the
reflectance changes of the Fabry—Perot cavity. In this
approach, the thickness control of the device is very
critical and complicated. Several research groups used
Mach—Zehnder interferometers (MZIs) with Y-branches
[5-9]. The Y-branches are typically lossy and long (> 1
cm) [5-9]. In these approaches, thick bulk-micromachined
silicon membranes (> 60 wm) have been employed as
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sensing diaphragms [5,7-9]; therefore, the device size
should be large, at least 120 mm?, for sufficient sensitivity.

In this paper, we propose a hew optomechanical pres-
sure sensor using multimode interference (MMI) couplers
which provide lower loss and are much shorter than Y-
branches. The proposed sensor also includes a thin p*-Si
membrane which works as an etch-stop layer, resulting in
a reduced device size. In the previous work [10] we
reported the pressure sensor fabricated using a silica-based
waveguide layers system as used by most of reported
optomechanical pressure sensors. In this work, we have
utilized a polymer-based waveguide layers system because
the silica-based waveguide system is difficult to control
stress, refractive index, and uniformity. By using the poly-
mer-based waveguide system, we have achieved small
residual stress, easy fabrication and low cost.

2. Operation mechanism

The schematic diagram of the proposed sensor is de-
picted in Fig. 1. It consists of two MMI couplers, two arms
and a membrane. One arm (arm 1) is located on the center
of the membrane and the other arm (arm 2) is located on
the edge. An input MMI coupler has been designed to
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Fig. 1. Schematic cross-section of the proposed sensor. Arm 1 is located
at the center of the membrane and arm 2 is located on the edge (not to
scale).

divide input light into two equal-power lights in the two
arms [11]. 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 construc-
tively interfered at the output MMI coupler. When the
pressure is applied to the membrane (Fig. 2(b)), the strain
induced in the membrane due to deflection causes the
phase changes in the two arms by the following two
mechanisms. One is the path length modulation and the
other is the photoelastic effect which can be written as:

A(ni) = 0,)S, + P8, ®
y

where n, is refractive index, p,, and p,, are photoelastic
coefficients, and S, and S, are strains [12]. As will be

output

(b)

Fig. 2. Simulated light propagation through the MMI couplers in the
proposed sensor when (a) no pressure is applied and (b) pressure is
applied (not to scale).

explained in Section 3.2, the strain and the amount of path
changes are varied according to the location of the arm on
the membrane. From these mechanisms, the output power
of the output MMI coupler is varied by pressure change.

3. Design and simulation

3.1. Optical design

Waveguide layers are designed as a single-mode rib
type consisting of NOA73/PMMA /SiO, multi-layers as
shown in Fig. 3. NOA73 is commercially available optical
adhesive. The advantages of this multi-layer waveguide
system are ease of fabrication, low cost and relatively
small residual stress. The thickness of the NOA73 core
layer is 2.0 um for single-mode operation at A = 632.8
nm. The width and height of the rib are 5 and 0.15 p.m,
respectively. The thicknesses of the PMMA and the SO,
lower cladding layer are 2.0 and 0.2 p.m, respectively, to
prevent light leakage to the Si substrate. The refractive
index of each layer is given in Fig. 3. The 3 dB dividing
length of an MMI coupler, Lgg, is shown in Fig. 4 and
can be expressed as:

Ny

_W+_
P

™ yn - ng

where A, is wavelength and p is an odd number [11]. We
must consider the two factors in the design of the MMI
couplers. One is that L.y, decreases as the width of the
MMI coupler (W,,) decreases. The other factor is that the
spacing between the two arms must be sufficient, so that
the lights propagating through the arms do not couple to
each other. The designed width (W,,) and L4z of MMI
couplers are 20 pm and 2.5 mm, respectively, and the
length of each arm is 8 mm. The total length of the device

2
p Ag 1
Lags = 2 ) (2)

5.0pm
0.15um
NOA73 2 pm n=1.55
PMMA 2 pym n=1.48
Si0, 0.2 pm n=1.45

(100) Si

Fig. 3. Designed waveguide layer system (n is refractive index).
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Fig. 4. Schematic diagram of the MMI coupler.

is 13 mm. This is much smaller than the dimension of the
previous sensors using Y -branches (> 4 cm) [5-9].

R
X
‘""‘k‘}}“‘.‘:\\‘?'.‘.-'g"‘nffihn,rﬁ’-'- -

X

1.0x10™"

0.0

¥

-1.0x10™

Strain, S

-2.0x10™*

-3.0x107 1 ‘
-b/2 0 bi2
z

1.0x107F F s Lo p0EUA

0.0 <

SLox10™tF 4

-2.0x10™" -@ N

S3.0x107 i

Strain, S

-4.0x10™ . |
-bi2

o
=
3

5]

(©)

Fig. 5. (@ Caculated profile of diaphragm deflection, (b) simulated
strains of y component and (c) simulated strains of z component of a
membrane when pressure is applied.

3.2. Mechanical design

Since most polymer thin films are soft, they need
supporting layers to form membranes with those films. We
have chosen a p*-Si layer as the supporting layer. It is
well-known that a heavily boron-doped (> 7 x 10 cm™3)
silicon layer has a high etch selectivity in the anisotropic
Si etchant, ethylenediamine pyrocatechol or EDP. By us-
ing this p*-Si layer, we can obtain a thin membrane with a
well-controlled thickness. The thickness of the p*-Si layer
is typically 3—4 pm and the area of the membranes have
been designed from 0.4 X 0.4 to 1.0 X 1.0 mm?.

3.3. Smulation

Device simulation has been performed in the following
two steps. First, the deflection and strain of the membrane
are calculated as a function of pressure by an analytical
method. Next, light propagation through the entire device
is simulated by the normal mode theory (NMT) [13] as
well as the mode propagation method (MPM) [11], using
the strain and the amount of path change calculated in the
previous step. From the NMT, we can obtain propagation
constants and the guided mode profiles of a given layer
structure. At the interface between two different wave-
guide structures, the mode conversion factor is calculated
by the overlap integral of the mode profiles of the two
structures by the MPM. If we assume that al membrane

Table 1
Parameter values used in simulation

Young's modulus

Eg 190 GPa
Enoa7a 2.5 GPa
Epvma 2.5 GPa
Egoo 57 GPa
Photoelastic coefficients

Pyy 0.05

Py, 0.06
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Fig. 6. Fabrication process of the proposed sensor: (a) p* diffusion and
thermal oxidation, (b) silicon bulk micromachining for p*-Si membrane
formation, (c) definition of waveguide layers (not to scale).

edges are built-in, the deflection (w) is described by the
superposition of the deflection of the simply supported

membrane

plate (w,) and that of the plate by moments distributed
aong the edges (w, ,) as follows:

W =W, + W, +W, (39)
4ga* = (=)™ mpy
Wo=—% 3 cos
7D o135, m a
agtanhay, + 2 nr z
X[1- cosh
2cos ha,,
1 mrz  mMwz
+ sinh (3b)
2cosha, a a
a2 o (_1)(m—1)/2 mary
w, = Y. E cos
' 27°D _{3s. " mfcosha, a
Mrz Mz mrz
x(—sm h—— — a,tan hamcosh—) (3c)
a a a
b? > (-)'"™ P2 mrz
wW,=——— Y F cos
? 27°D _{3s ™ mPcoshp, b

mar mar mar
><( bysin h by — Btan thcoshTy)

(3d)
5 Eh® mr b mma
T 12(1-p2) O

2a ' Pn~ 20
where h, E, and » are thickness, Young's modulus, and
Poisson’s ratio of the membrane, respectively, and E,, and

Fig. 7. A SEM picture of the fabricated sensor.
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Fig. 8. A microscopic picture of the fabricated sensors from the top. Two
devices on a membrane.

F.,, are coefficients calculated from the boundary condi-
tions[14]. a and b are the lateral extents of the membrane.
The maximum strain (S ,) ., IS expressed as.

h 0%w

(S)ne = 3 397 (4)
h 02w

(Sz)max = E a_zz (5)

Fig. 5(a) shows the calculated deflection profile. Fig.
5(b) and (c) show the calculated strain profiles along the z
direction at different y locations when pressure is applied
to the membrane. From these figures, we know that the y
and z components of strain (S, S,) have maximum
difference when they are measured between the edge
(y=a/2) and the center (y = 0) of the membrane along
the z direction. Hence, the sensitivity of the sensor is
expected to be maximum when the arm 1 is located at the
center and the arm 2 on the edge of the membrane. The

simulated light propagation through the device is drawn in
Fig. 2 and the parameter values used in this simulation are
summarized in Table 1. Young's modulus is quoted from
Refs. [15,16] and photoelastic coefficients are fitted values
from the measurement data.

4, Fabrication

The sensor fabrication process is shown in Fig. 6. It
starts with boron diffusion on the (100) Si substrate for 7 h
at 1100°C in order to form a p*-Si etch-stop layer. The
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Fig. 9. Measured (symbols) and simulated (lines) characteristics of the
proposed sensors for (a) various p*-Si layer thicknesses (membrane size:
0.5 mm, am 1. y=a/4), (b) various membrane sizes (p*-Si layer: 4
wm, am 1: y=a/4), and (c) various arm 1 positions on the membrane
(p*-Si layer: 4 pum, membrane size: 0.5 mm).
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Table 2

Measured sensitivities of the proposed sensors in the range of 100 kPa
p*-Si Membrane Arm 1 Sensitivity
thickness (um) size (mm) position (ppm,/Pa)

3.0 0.5 y=a/4 8.22

4.0 10 y=0 7.31

4.0 10 y=a/4 7.19

4.0 0.5 y=0 3.82

4.0 05 y=a/4 2.38

4.0 04 y=a/4 1.07

first lower cladding layer (SiO,) is formed by wet thermal
oxidation for 1 h at 1000°C (0.2 wm). The backside SiO,
layer formed from the thermal oxidation processis used as
a mask for bulk Si etching. After opening the window of
the backside SiO, in BOE, the anisotropic etching of the
bulk Si is performed in EDP at 110°C for the membrane
formation. The etching is stopped at the p*-Si layer. The
composition of EDP is ethylenediamine:pyrocatechol:
water = 350 ml:115 g:115 ml, and the etching rate is about
1 pwm/min at that temperature. The PMMA layer (2.0
wm) is formed as a second lower cladding layer followed
by the formation of the NOA73 core layer (2.0 wm) by
spin coating and curing. The rib is formed by dry etching
in RIE with O, gas. Fig. 7 shows the SEM picture of the
fabricated device. The image shows the dotted box indi-
cated in Fig. 1. Fig. 8 shows the top view of two devices
on one membrane. Arm 1 of one sensor is at the center of
the membrane (y = 0) and arm 1 of the other sensor is at
y = a/4 position of the membrane. Total thickness of the
membrane is 7 pm. The root-mean-square roughness of
p*-Si surfaceis about 10 nm (measured by an atomic force
microscope), which corresponds to about 1/60 of the
wavelength of the He—Ne laser. This will not significantly
affect the optical performance.

5. Results

A He-Ne laser (A =632.8 nm) light is introduced to
the sensor through a lens and output light power is mea-
sured with a photodetector. Fig. 9 shows the measured
(symbols) and simulated (lines) characteristics of the fabri-
cated sensors with various membrane dimensions. From
Fig. 9@ and (b), it is shown that thinner and larger
membranes are more sensitive. Fig. 9(c) confirms that
sensor with the aim 1 at the center of the membrane
(y=0) is more sendgitive than that with the aam 1 at
y=a/4 as expected from the simulation. The difference
between measured and simulated characteristics may be
caused by the arm position variation due to the tolerance
of front—back alignment. Table 2 summarizes measured
sensitivities of the fabricated sensors. Measured sensitivi-
ties are from 1.1 to 8.2 ppm/Pa in the range of 100 kPa.

These are much higher than those of the capacitive pres-
sure sensors which are typically ~ 1 ppm/Pa[1].

6. Conclusions

A new optomechanical pressure sensor using MMI
couplers and polymer waveguides has been presented. By
using MMI couplers and thin p™-Si membranes, we have
achieved the device size as small as 0.4 mm (width) X 13
mm (length). The size is reduced by ~ 20 times, com-
pared to the previously reported optomechanical pressure
sensors, which was 3 mm (width) X 40 mm (length) [6—9].
The membrane size was 0.4 mm (width) X 0.4 mm
(length) X 7 wm (thickness). We have obtained low-resid-
ual-stress waveguide layers by using polymer-based wave-
guide system. With this waveguide system, we have fabri-
cated the sensor easily with low cost. To optimize the
sensor characteristics, analysis and simulations on the pho-
toelastic effect and path length modulation have been
performed by using the normal mode theory and the mode
propagation method. The sensor has been fabricated by
means of bulk micromachining. Characteristics of the sen-
sor have been measured with a He—Ne laser. The mea-
sured sengitivities were from 1.1 to 8.2 ppm/Pa in the
range of 100 kPa. These are comparable to that of the
reported optomechanical pressure sensor (12.5 ppm/Pa) in
the same range [17].
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