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Abstract: A novel micro-opto-electro-mechanical system (MOEMS) accelerometer based on Raman—Nath
diffraction is presented. It mainly consists of an FPW delay line oscillator and optical strip waveguides. The fun-
damental theories and principles of the device are introduced briefly. A flexural plate-wave delay-line oscillator
is designed to work as an acousto-optic (AO) shifter, which has a Klein—Cook parameter of 0.38. Single-mode
optical strip waveguides of 2 um in width and thicknesses of 0.6 yum are designed by using the effective index
method for light transmission. The Ep, mode waveguide polarizers are designed to ensure the consistency of the
light polarization in the waveguides. The fabrication process, based on (100) oriented, 450-um-thick silicon wafers
is proposed in detail, and some difficulties in the process are discussed carefully. At last, a series of process tests are
undertaken to solve the proposed problems. The results indicate that the proposed design and fabrication process

of the device is dependable and realizable.
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1. Introduction

Even though being one of the most successful micro-
electro-mechanical system (MEMS) devices and one of the
first MEMS devices to be mass-produced, MEMS silicon (Si)
accelerometers remain a hot research topic. Typical MEMS Si
accelerometers are mainly based on capacitance variation!> 2],
piezoresistive effect® 4], resonant variation[>- 6], tunneling ef-
fect!”>8] and thermal effect!® 1%, They have advantages of
small size, easy integration, and low cost. However most of
MEMS Si accelerometers suffer from electromagnetic field in-
terference and require a complex electrical readout, which has
to be placed as close as possible to the measuring region.

Micro-opto-electro-mechanical system (MOEMS) ac-
celerometers have attracted increasing attention during the
past few years. The combination of a micro-machined Si
structure and integrated optics provides several outstand-
ing properties!'!]. Firstly, the immunity of integrated optics
systems to electromagnetic interference enables them to be
placed where a strong electromagnetic field is applied. Sec-
ondly, the property of remote sensing allows the light source
and photoelectrical detector to be positioned far away from
the measured region. Finally, integrated optics circuits never
have the possibility of shortcuts or spikes, which may in-
duce dangerous effects in MEMS Si accelerometers. State-
of-the-art MOEMS accelerometers can be mainly classified
as intensity based'' 13l wavelength encoded'*:*!, and in-
terferometric modulated'®~1%] Intensity-based MOEMS ac-
celerometers are easy to set up, reliable, and low cost, but
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they have the drawback of sensitivity to external distur-
bance. Wavelength-encoded MOEMS accelerometers usually
use a fiber Bragg grating (FBG) as the wavelength modula-
tor. They are not directly affected by external optical intensity
change, but they demand a complex signal demodulation sys-
tem. Interferometer-based MOEMS accelerometers are mainly
based on Mach—Zehnder, Michelson, and Fabry—Perot config-
uration, and they provide the highest sensitivity in vibration
sensing.

In this paper, a novel MOEMS accelerometer based on Ra-
man—Nath diffraction is presented. Its operational principle is
quite different from the reported MOEMS accelerometers. The
device will be fabricated by MEMS technology and consists of
a flexural plate-wave (FPW) delay-line oscillator and optical
strip waveguides. The FPW delay-line oscillator works as an
acousto-optic frequency shifter (AO shifter). When the light
propagating in the optical strip waveguides passes through an
AO shifter, the Raman—Nath diffraction takes place. The fre-
quency difference between different orders of diffraction light
beams is utilized to estimate the change of external acceler-
ation. The principle of the novel accelerometer has been dis-
cussed in detail and demonstrated in another paper, which has
been published in the Journal of Semiconductors?°l. So only
a brief description of the principle is presented here. The main
motivation of this paper is to demonstrate the possibility of its
construction. Therefore the designs of the FPW delay-line os-
cillator and the optical strip waveguides are discussed in detail,
and the fabrication processes are also presented. Furthermore,
some process tests are undertaken to demonstrate the feasibility
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Fig. 1. Schematic of the accelerometer.

of the design.

2. Principle

The novel accelerometer mainly consists of an FPW delay-
line oscillator and optical strip waveguides, the schematic di-
agram is shown in Fig. 1. When the FPW delay-line oscillator
produces an acoustic wave propagating in a medium, the stress
creates an optical index periodic variation. The variation func-
tions as a diffraction grating and the FPW delay-line oscilla-
tor works as an AO shifter. The Raman—Nath diffraction takes
place when the light beam in the waveguide passes through the
acoustic field if the Klein—Cook parameter of the AO shifter is
design too much smaller than 1.

When the AO shifter works at a frequency of f,, the fre-
quency of the +nth order diffraction light beam will increase
by nf,, while the —nth order diffraction light beam will de-
crease by n f,. If the +nth and —nth diffraction light beams are
collected and superimposed, an optical beat signal with a fre-
quency of 2n f, will be obtained. The 2n f, optical beat signal
can be easily detected and translated to a 2n f, electrical signal
by using a photoelectric diode (PD).

The AO shifter is designed to be a thin plate structure. Con-
nected to a proof mass, the plate structure AO shifter is sensi-
tive to the external acceleration, and its frequency varies with
it. If the frequency change of the AO shifter caused by acceler-
ation is A f,, the frequency change of the PD output signal will
be 2n A f,. The sensitivity of the novel accelerometer is greatly
improved.

3. Design of the FPW delay line oscillator

The FPW delay line oscillator is fabricated by MEMS tech-
nology and has a multilayered thin plate structure built-in at
both ends. Firstly, three layers of silicon dioxide (SiO,) with
different reflection indexes are deposited on the Si wafer to
form the optical strip waveguides. Secondly, a piezoelectric
layer of zinc oxide (ZnO) of 3 um in thickness is deposited,
and interdigital electrodes (IDT) are positioned on the surface
of the ZnO layer to excite the acoustic wave. Finally, the Si
is thinned to 20 um from the back of the wafer, and a bridge
structure FPW delay line oscillator is obtained.

The FPW delay line oscillator works as an AO shifter in
the Raman—Nath regime. The Klein—Cook parameter Q can be
expressed as[21]:

2 Al
Agl’lo ’

0=

(M

where A and A, are the wavelengths of the incident light and
the acoustic wave, respectively, ng is the reflection index of the
medium, and / is the acoustic aperture or the effective width
of the acoustic beam. Raman—Nath diffraction occurs when
Q < 1. A is determined as 808 nm by using a semiconductor
laser. ng is determined as 1.465 by using the SiO, waveguide.
Considering the insert loss of the FPW delay line oscillator, /
should not be too small. A, will be determined by the IDT pe-
riod. Finally, the acoustic aperture and the IDT period are de-
signed to be 0.7 mm and 80 pm, respectively. In order to make
the IDT electrodes raise an activating sound and cut down the
insertion spoilage at the same time, the fine width and inter-
val are both A,/4 = 20 um. The Klein—Cook parameter Q is
calculated as 0.38, which is much smaller than 1, therefore the
AO shifter will work in the Raman—Nath regime.

The operating frequency of the FPW delay line oscillator
can be given by[22:
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where D is the effective rigidity of the plate, M is the plate
mass per length, and 7 is the tension in the plate length direc-
tion, which domains the thermal effect. The plate consists of a

Si layer, a SiO; layer, and a ZnO layer. So D can be expressed
as:

I +SY
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in which,
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where i is the index for a material layer, E is the Young’s mod-
ulus, S is the layer cross-section area, y is the vertical distance
from center of area to an arbitrary reference, v is the Poisson’s
ratio, and [ is the area moment of inertia for each layer calcu-
lated about its center of area. Ignoring the thermal effect, the
operating frequency of the FPW delay line oscillator is calcu-
lated as 41.1 MHz.

4. Design of the optical strip waveguides

The coupling of different modes in multimode optical
waveguide devices will induce the performance deterioration
of the device. So single-mode waveguides are applied in most
optical waveguide devices. The effective index method is
widely and successfully used in designs and simulations of
light wave circuits for it can convert original three-dimension
channel waveguides into effective two-dimension planar wave-
guides. The optical strip waveguides presented in this paper
are step-index symmetry embedding single-mode strip wave-
guides, as shown in Fig. 2(a). Utilizing the effective index
method, the optical strip waveguides can be considered as the
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Fig. 2. Schematic of the step-index single-mode embedding strip waveguide.

superimposition of two planar waveguides, which are shown
in Figs. 2(b) and 2(c), respectively. The planar waveguide in
Fig. 2(b) consists of a core layer with a refraction index of 1,
a substrate with a refraction index of 75, and a cover layer with
arefraction index of n,. Its effective index is considered as N;.
While the planar waveguide in Fig. 2(c) is proposed to consist
of a core layer with a refraction index of Ny, a substrate with
the refraction index of n,, and a cover layer with a refraction
index of n,.

Only the E;,, mode is discussed here, because the process-
ing of E;, mode is totally the same. In the planar waveguide
in Fig. 2(b), the E;,, mode can be considered as the trans-
verse electrical (TE) mode, and the normalized frequency V;
and normalized refraction index b is defined as:

Vi = kol\/n% — n%, (4)

N2—n2
by = MM 5
R 5)

where kg is the wave number in vacuum, and ¢ is the thickness
of the core layer. The dispersion function of the TE mode in
the planar waveguide in Fig. 2(b) can be written as!?3!:

/ b1+aTE
Viv1—b t
1 =mm +tan~ —bl 1—b1
m=20,1,2,---, (6)

where m is the mode number, the asymmetry parameter atg =
0 for symmetry embedding waveguide, and the guided mode
cutoff condition is b; = 0.

In the planar waveguide in Fig. 2(c), the E;,, mode can
be considered as the transverse magnetic (TM) mode, and the
normalized frequency V, and normalized refraction index b,

are defined as:
V2=k0w\/N12—n§, (7)

2 _ 2
b= N ®
N —n3
where w is the width of the core layer, N is the effective re-
fraction index of the strip waveguide. The dispersion function
of the TM mode in the planar waveguide in Fig. 2(c) can be
written as[23l:

v b
Vs (ﬂ) V1—by =nm + tan~! 2
np

1—b,

i \/bz +am (1 — byd)

1—b,
n = 071325“' )
)
in which 7 is the mode number, {, = (nz/n)?” d =

1=by+bs(n2/n1)*’

asymmetry parameter apy = 0 for the symme-

272
(-7
try embedding waveguide, and the guided mode cutoff condi-
tion is by = 0.

In order to make sure that the strip waveguide is a single-
mode waveguide that transmits only the Ego mode, firstly the
mode of m = 0 must propagate while the mode of m = 1 must
be cutoff in the planar waveguide in Fig. 2(b), then the mode of
n = 0 must propagate while the mode of » = 1 must be cutoff
in the planar waveguide in Fig. 2(c). According to Eqgs. (6) and
(9) and their cutoff conditions, the normalized frequencies V;
and V; can be expressed as:

0< WV <m, (10)
0< WV, <m. (1)
Inequation (10) can be transformed into:
A
0<t < ———. (12)
2\/n% —n3
Inequation (11) can be transformed into:
w T
0< — < ——. 13
R (13)
The incidence light wavelength A = 0.808 pm, SiO, core
layer refraction index n; = 1.46, SiO, substrate, and cover

layer refraction index n, = 1.45 are applied. The thickness of
the strip waveguide core layer is calculated as:

0 <t <2.073 um. (14)

According to Eq. (6), the relationship between V7 and b; is
obtained as shown in Fig. 3(a), consequently the relationship
between w/t and ¢ is calculated as shown in Fig. 3(b). The
value of w/t seems can be selected to be an arbitrary large one
according to Fig. 3(b), but it is usually selected to range from
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Fig. 3. Relationships between (a) b1 and V7 and (b) % and ¢.

1.5 to 2.5 considering the radiation loss caused by bending and
the applicable range of the effective index method23]. In this
paper, the SiO, core layer, with a thickness of 0.6 um and a
width of 2 pum, is designed to build the optical strip single-
mode waveguide.

Through the design of the thickness and width of the wave-
guide core layer, the higher order modes have been rejected by
the cutoff property. However, the cutoff conditions for the fun-
damental EJ, mode and EJ, mode are very close to each other.
If we consider the modulation or the superimposing in inte-
grated optics, the selection of the Ej, mode or the Ej), mode
seems to the most important function. Therefore it is necessary
to design a polarizer to separate the two fundamental modes.
One of the simplest and most useful ways to form a polarizer
in an optical strip waveguide is the outer coating of metal film
on one side of the optical strip waveguide. It has been reported
that the transmission losses of the TM( mode is several mag-
nitudes bigger than the TE( mode in a planar optic waveguide
with an aluminum (Al) film polarizer thicker than 100 nm!24].
That is to say, in optical strip waveguides, Al films of thick-
nesses of several nanometers coating the upper surface of the
waveguides can work as a Ej, mode polarizer. In this paper,
an Al film with a thickness of 0.4 pum, width of 2 pum, and
length of 400 pm is designed to coat the upper surface of the
trip waveguide to form the EJ, mode polarizer.

Fig. 4. Fabrication process of the accelerometer.

5. Design of the fabrication process

The accelerometer fabrication process is proposed as
shown in Fig. 4. The total process is based on a (100) oriented,
450-pum-thick Si wafer. And it is split into 4 parts for ease of
understanding. The first part deals with the fabrication of the
optical strip waveguides, including the waveguide polarizers
and the waveguide reflector. The second part is the fabrication
of ZnO film and IDT. The third part focuses on the dry etch-
ing of the rectangular grooves for fixing the optical fibers onto
the frontside of the wafer. The last part describes the structural
release from the backside of the wafer.
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The first part of the process can be separated into seven
steps. Firstly, the substrate layer of the optical strip waveguide
is obtained by 0.6 um plasma-enhanced chemical vapor de-
position (PECVD) of SiO, (n = 1.455) on the frontside of
the Si wafer. Secondly, another layer of 0.6 yum thick PECVD
SiO, (n = 1.465), the core layer of the waveguide, is deposited
on the previous SiO, substrate layer, as shown in Fig. 4(a).
Thirdly, by utilizing vacuum evaporation and lift-off technol-
ogy, a 0.4 um thick Al film is obtained and then patterned to
the shape of the optical strip waveguide. The Al pattern has
a minimum width of 2 um and is used as the mask material
for the next dry etching. Fourthly, 0.6-pm-deep reactive ion
etching (RIE) is applied to pattern the waveguide core layer, as
shown in Fig. 4(b). Fifthly, most of the remaining Al pattern is
removed by wet etching, except for several certain parts which
are used as polarizers, as shown in Fig. 4(c). Sixthly, an Al
waveguide reflector is fabricated by using a lift-off process, as
shown in Fig. 4(d). The diffraction light beams, which are not
expected to be collected, will be reflected by the cross-section
of the Al reflector. Seventhly, a layer of 0.7-um-thick PECVD
SiO, (n = 1.45) is applied to be the cover layer of the opti-
cal strip waveguides. The first part of the total process is now
complete.

The second part of the process can be separated into two
steps. Firstly, a 3-pum-thick ZnO film is obtained by magnetron
sputtering and patterned by wet etching. Secondly, a 0.2 um
Cr/Au film is deposited by magnetron sputtering, and IDTs are
fabricated on the ZnO patterns by wet etching, as shown in
Fig. 4(f).

It is very difficult to remove the photoresist from some
structures with a high depth to width ratio, so the masks
for backside etching must fabricated before the rectangular
grooves and interstices in the third part of the total process are
obtained. A 5-um-thick photoresist is used to cover the topog-
raphy of the frontside. A 0.5 um Al film is fabricated by evap-
oration on the backside and is patterned to open windows for
the final structural release by inductively coupled plasma (ICP)
etching, as shown in Fig. 4(g). Next, a 5-um-thick photoresist
is applied to cover the backside and patterned as another mask
for the forming of the proof mass, as shown in Fig. 4(h). Af-
ter the two masks on the backside are prepared, 2 um-deep
RIE etching of SiO, and 61.5-pum-deep ICP etching of Si on
the frontside are used to fabricate the rectangular grooves for
optical fiber fixing and the interstices for structural release, as
shown in Fig. 4(i). Fibers with a diameter of 125 pm are used
to input and output light.

The fourth part of the total process concerns the structural
release. It can be separated into to steps. Firstly, a 61.5-um-
deep ICP etching of Si on the backside is applied to format the
proof mass, as shown in Fig. 4(j). Then the photoresist mask is
removed and ICP etching of Si on the backside is kept on till the
bridge structure is released by using the Al mask, as shown in
Fig. 4(k). Finally, the fabrication process of the accelerometer
is completed.

6. Process test and discussion

There are two main difficulties encountered in the pro-
posed fabrication process. The first one is the fabrication of
the optical strip waveguide because of index control, small line

Fig. 5. Morphologies of (a) the optical strip waveguide and (b) the
waveguide polarizers.

Fig. 6. Morphology of the waveguide reflector.

width, and the complexity induced by the integration with a po-
larizer and a reflector. The second one is the accurate control
of the dry etching, including RIE and ICP, because no etching
stop layer is applied during the whole process. In order to solve
these problems, some process tests are presented.

First of all, SiO, films with different refraction indexes
must be prepared. SiO, film with a refractive index of 1.455
is deposited by using a PECVD process when the tempera-
ture is 450 °C, the pressure is 1 mbar, and the float rate of
the silane and the nitrous oxide is 32 sccm/200 sccm. While
the float rate of the silane and the nitrous oxide changes to
40 sccm/200 sccm, the SiO, film with refractive index of 1.465
is prepared.

The optical strip waveguide is designed to be 2 um wide.
And the polarizer is also a 2 um wide Al strip film, which is de-
signed to be superposed on the upper surface of the waveguide.
It is really hard because the alignment accuracy in a normal
photolithographic process is 1-2 um. So the lift-off process
is used to fabricate the waveguide and polarizer, and the mor-
phology is shown in Fig. 5. It can be seen that the boundary
of the waveguide is smooth and the Al film superpose on the
waveguide perfectly. The single-mode waveguide has a width
of 2 um and a thickness of 0.6 um.

The waveguide reflector is also fabricated by using lift-off
process, as shown in Fig. 6. The fraction light beams come from
the right side, which are not expected will be reflected by the
mirror formed at the interface between the Al and the SiO,.
While the expected diffraction light beams will be collected
into the two strip waveguides.
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Table 1. Optimized parameters for the two-step ICP etching process.

Step Subsycle SFe Cy4Fg 02 Platen power Coil power Etch time Pressure
(sccm) (sccm) (sccm) (W) (W) (s) (mTorr)
Etching 150 0 0 22 600 15.5 40
One  geposition 0 86 0 0 600 7 20
Two Etching 150 13 15 20 600 9 40
deposition 0 85 0 0 600 5 18

Fig. 7. SEM picture of rectangular groove obtained by the ICP etching.

The fabrication of rectangular grooves for optic fiber fix-
ing and the structural release are mainly based on a classic
two-step ICP etching process/?®! of Si. Two different plasma
chemistries are applied in the two-step etching process: the SFg
gas for etching and the C4Fg gas for sidewall passivation. A se-
ries of two-step ICP etching methods are employed to explore
the control of the etching rate and quality. It is found that the
etching rate is mainly determined by the etch/deposition ratio
and the discharge power, the quality of the sidewall and bottom
depend on the reactive gas flow ratio, except for the chamber
temperature and gas flow stability. A group of optimized pro-
cess parameters is presented in Table 1, and the etching rate is
obtained to be about 4 ym/min. Some morphologies of the ob-
tained deep trenches are investigated by using a scanning elec-
tron microscope (SEM). The SEM picture of a 200 um wide,
250 pum deep rectangular groove proposed for optical fiber fix-
ing is shown in Fig. 7. It can be seen that the sidewall and the
bottom are both smooth, and the profile angle is almost verti-
cal. These properties are significantly important because of the
requirement of collimation between the optical fiber core and
the waveguide. The high aspect ratio deep trenches, which can
be used for structural release, are also fabricated as shown in
Fig. 8. Width of 50 um, depth of 250 um, and smooth side-
walls and bottoms are obtained, but a light bow effect is inves-
tigated. However, the light bow effect can be ignored because
it hardly affects the structural release.

Up to now, several difficulties in the proposed fabrication
process have been carefully investigated, and the problems are
solved by a series of process tests. The fabrication of the de-
signed single-mode optical strip waveguides is demonstrated
to be dependable and realizable.

Fig. 8. SEM picture of the high aspect ratio trenches obtained by the
ICP etching.

7. Conclusion

The MOEMS accelerometer is an important MEMS ac-
celerometer research branch with great potential. In this paper,
the design and the process test of a novel MOEMS accelerom-
eter based on Raman-Nath diffraction is given. The fundamen-
tal theories and principles of the device are introduced briefly.
A flexural plate wave delay line oscillator is then designed to
work as an acousto-optic (AO) shifter, which has a Klein—Cook
parameter of 0.38, an acoustic aperture of 0.7 um, an IDT pe-
riod of 80 um, and an operating frequency of 41.1 MHz. In or-
der to avoid mode coupling induced performance deterioration
in the device, single-mode optical strip waveguides with widths
of 2 um and thicknesses of 0.6 um are designed by using the
effective index method. At the same time, Ej, mode polariz-
ers made of Al thin film are designed to coat the upper surface
of the optical strip waveguides. The fabrication of the device is
based on MEMS technology on a (100) oriented, 450 pum thick
Si wafer. The total process is proposed in detail, and some dif-
ficulties in the process are discussed carefully. Lastly, several
process tests are undertaken to solve the proposed difficulties.
The result indicates that the proposed design and fabrication
process of the device is dependable and realizable.
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