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Structural Design of a Compact in-Plane Nano-Grating Accelerometer *
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A combination of large mass, weak spring and nano-grating is the key for a nano-grating accelerometer to measure
nano-G acceleration. A novel compact nano-grating accelerometer integrating a large mass with nano-grating is
proposed. First, the numbers of diffraction orders are calculated. Then, structure parameters are optimized by
finite element analysis to achieve a high sensitivity in an ideal vibration mode. Finally, we design the fabrication
method to form such a compact nano-grating accelerometer and successfully fabricate the uniform and well-
designed nano-gratings with a period of 847nm, crater of 451 nm by an FIB/SEM dual beam system. Based
on the ANSYS simulation, a nano-grating accelerometer is predicted to work in the first modal and enables the
accelerometer to have displacement sensitivity at 197 nm/G with a measurement range of +1 G, corresponding to
zeroth diffraction beam optical sensitivity 1%/mG. The nano-gratings fabricated are very close to those designed
ones within experimental error to lay the foundation for the sequent fabrication. These results provide a theoretical
basis for the design and fabrication of nano-grating accelerometers.

PACS: 85.85.+j, 87.85.Qr, 42.79.Dj

Recently nano-grating accelerometers have gener-
ated considerable interest in the scientific community
due to their wide variety of advantages, such as im-
munity to electromagnetic interference, electrical insu-
lating, corrosion-resistance, remote sensing, extremely
high-sensitivity and multiplexing ability. They are
based on near-field optics using a two layer sub-
wavelength grating with a wide range of applications
in highly precise navigation, vibration sensing of ve-
hicles, seismic sensing and oil-field applications."]

Sub-wavelength (SW) gratings have periods
shorter than the wavelength of the incident illuminat-
ing source. They modulate the near-field intensity and
polarization of an incident light source in response to
the relative lateral motion of the two sub-wavelength
gratings (shown in Fig.1). Sometimes, electrostatic
actuators are integrated into a sensor to control nano-
grating motion to characterize the displacement sen-
sitivity.

As for the fabrication of nano-gratings, an
FIB/SEM dual beam has many advantages including
in-situ observations, relatively high resolution and ef-
ficiency compared with other processing methods.[>~!

Keeler et alll demonstrated electrostatically
stretching SW gratings for inertial sensing applica-
tions. Krishnamoorthya designed the integrated sub-
wavelength optical nano-grating accelerometers with
device sensitivities of 590 V/G and noise floors corre-
sponding to 17nG/vHz (at 1 Hz).l'! However, to our
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knowledge, the overall structure is complicated. The
mechanical structure and nano-grating are made sep-
arately, which makes the fabrication difficult. In this
study, we integrate the large mass, weak spring and
sub-wavelength grating together. Design and simula-
tion of the overall structure are made with Ansys. The
novel nano-grating accelerometer was finally designed
with displacement sensitivity 197 Hz/G. An FIB/SEM
dual beam system was used to fabricate the nano-
gratings without a mask which can make the structure
and fabrication simpler with a good grating profile.

The concept of a novel nano-grating accelerometer
is shown in Fig.2. It consists of two sets of polysili-
con sub-wavelength gratings separated by an air gap,
large mass, four weak folded springs.

When illuminated by plane waves, there are no
visible diffraction orders observed in the far field.
However, in the near field, there are non-propagating
waves that are bound to the surface. If a second
sub-wavelength grating is brought into close proxim-
ity (~0.6 pm) to the first one, re-propagation of the
evanescent energy into propagating waves can be ac-
complished. Relative displacement between these two
sets of sub-wavelength gratings can result in changes
of the effective index of the overall structure. The
reflected /transmitted optical beam intensity from the
nano-gratings is measured as a function of the relative
lateral positions of the nano-gratings. Such a kind of
optical sensor has extremely high optical sensitivity
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that can be 5% /nm.l"l
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Fig. 1. Deformable nano-grating structure.
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Fig.2. Schematic of nano-grating accelerometer: (a)
overall structure of nano-grating accelerometer, (b) top
view of nano-grating accelerometer.
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Fig. 3. Scheme of the system.

The nano-grating accelerometer system consists of
several parts, including the mass, nano-grating, light
source, photo-detector and demodulation circuit, as
shown in Fig. 3. The open loop system was chosen for
simplicity in the initial design. The closed loop system
will be used in a future design.

The main challenges in building such a system in-
clude integrating the large mass with a weak spring
and nano-gratings with a high depth/width ratio.
Then, its sensitivity can reach as high as 1079 G.

A linearly polarized electromagnetic wave is inci-

dent at an arbitrary angle of incidence of « and az-
imuthal angle of 8 upon a binary dielectric grating
(shown in Fig.4) with period d, width a and depth
h. The grating is bound by two different media with
refractive indices n, and n;. Regions I and II corre-
spond to the incidence and transmission region. The
normal to the boundary is in the z direction, and the
grating vector is in the y direction.[’]

Fig. 4.

Diffractin order
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Fig. 5. Diffraction order number versus incidence angle
with azimuthal angle (a) n; = 1, np = 1, (b) n; = 1,
ng = L.5.

In our design, the grating period and incident
light wavelength are 840 nm and 850 nm, respectively.
There are in total 20 periods and each grating is de-
signed with a thickness of 830 nm. The gap between
the two layers is 400 nm. According to the diffraction
theory, we can obtain the diffraction orders number m
in the following equations:

m= 27d n2 — (n;sinacos )%, p =L
We can obtain the relationship between the diffraction
order number (region II) and the incidence angle with
the azimuthal angle (shown in Fig.5).

Seen from the graph, when the incident angel is
0°, the diffraction orders in the transmission region
are greatest. In our design, both regions I and II are
air, the azimuthal angle is 90°. We can only obtain
the zeroth diffraction beam.

(1)
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Fig. 6. Simplified model of the folded spring.
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Fig. 7. Displacement versus spring length and width.

According to the rigorous coupled wave analysis,
we obtain that the diffraction efficiency can be given
similarly to the literature.!'"!

The acceleration experienced by this proof mass is
directly proportional to its displacement as shown in
the equation

k
a=wir = —uz, (2)
m

where «a is the acceleration experienced by the proof
mass, x is its displacement, wg is the resonant fre-
quency of the proof mass, k is its mechanical spring
constant, and m is its mass.

We can measure nano-G acceleration, displace-
ment sensitivities in the femto-meter scale, low res-
onant frequencies, large mass and a weak spring con-
stant k based on Eq. (1).

Considering the fabrication, spring height is the
same as that of mass and should not be too deep. Ad-
ditionally, due to the high sensitivity of our device, the
folded springs are used to provide isolation of higher
frequency inputs and the mass with an optical sensor
from the thermally induced stresses caused by the mis-
match. The folded spring can be simplified as shown
in Fig. 6.

Based on Ref. [11], the stiffness constant of the four
folded springs can be obtained. The equation is

3 * 2
i:i<L7+3(l+u)L+37w_3L (3w) )’ 3)
ke Et\2w3 5w 4w 43

where E is Young’s modulus, p is Poison’s ratio, L,
t and w are the length, thickness and width of the
suspension beam, respectively.

Based on Chae et al.,['”! the stiffness constant of a
folded spring can be given by

3 3

ke%24E(h~w):2Ehw. (@)

L3 12 L3
The masses of the spring and the gratings are so small
to be ignored. The equations that define the springs

for the device are given as follows: effective spring
constant in the y direction reads

2Ehw?
ky =k = 75 (5)
effective spring constant in the x direction is
8Ehw
ky = ———, 6
. (6)
effective spring constant in the z direction is
2Ewh?
kz = L3 ) (7)

displacement sensitivity of the accelerometer reads

%
T 2Fwd’

T
a

(8)

the resonant frequency is

1 [2Fw3
== /=2 9
/ 21\ pb2L3’ )

where b is the width of the mass.
The ratios of spring constants for the mass are

k, AL?

Ry Wl (10)
Y

k. h?

el (11)
Yy

Considering fabrication of the accelerometer, the
thickness of the spring is chosen to be 400 nm. The re-
lationships of displacement sensitivity to spring width
and length can be obtained when b equals 150 pm.
The relationship between displacement sensitivity and
structure parameters are shown in Fig. 3.

From Fig. 7, we can see that a longer and narrower
supporting beam can improve sensor sensitivity. Con-
sidering cross axis sensitivity, the spring width should
not be larger than thickness. They should be con-
trolled properly. There is no relationship between the
thickness and sensitivity. The sensor structure size in
this study is finally designed as follows: folded sup-
porting beams in length 100 ym, in width 0.2 ym and
in thickness 0.4 pm. The width and thickness of the
mass is 150 um and 0.4 ym, respectively. From the
above equations, we can obtain that the designed sen-
sor sensitivity and resonant frequency respectively as
shown in the following:

x  pb?L3
s=-=

L 9wt = 198 nm/G,

1 [2Ew3
= 2 — 1120 Hz,
I= 50\ o2 z
ke

The ratios of the spring constants for the mass, 7=
Y

and ’,:—z, are 10® and 4, respectively. Hence, this desigh
Y
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should provide adequate decoupling between modes in
the x, y and z directions for the device.

(a) First modal Second modal

(¢) Third modal (d) Fourth modal )

Fig.8. Modals of the accelerometer with ANSYS: (a)
first modal, (b) second modal, (c) third modal, (d) fourth
modal.
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Fig.9. Displacement sensitivity simulated with Ansys

with results corresponding to the theoretical value.

According to the literature, the optical sensi-
tivity of the nano-grating accelerometer can reach
5%/nm. This translates the accelerometer sensitivity
to 1%/mG.

A finite element model for this spring-mass model
is developed using Ansys. Modal simulations pre-
dicted dominant resonant frequencies at 1122 Hz (y
translation of mass) corresponding to the calculated
value 1120 Hz. The deviation between the calculated
value and the simulated value is only 0.18%. Figure 8
and Table 1 outline the modals of the accelerometer
and the resonant frequencies respectively.

From the simulation, we can see that only the first
modal is the in-plane modal we need, in comparison
to other three out-plane modals.

As for the sensitivity, we apply different acceler-
ations to the mass, and the displacement versus ac-
celeration relationship is simulated (Fig.9). It can

be seen that the displacement sensitivity s simulated
with Ansys is 197.4nm/G, which fits the theoretical
results 198 nm/G very well. The stress distribution
under 1 G acceleration is also obtained (Fig.10). We
can see that the stress in the joint between the mass
and folded springs is the largest.

Table 1. Resonant frequencies of the modals.

Modal Resonant frequency (Hz)
1 1122.3 (Working modal)
2 1475.7
3 2169.5
4 3885.0

i
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Fig.10. Stress distribution of accelerometer under 1 G
(9.8 m/s?) acceleration: (a) stress distribution, (b) local
distribution.

Seen from Fig. 8, the largest stress is in the joint
between mass and the folded spring, 1.56 MPa, much
less than the utmost stress of silicon, 70 MPa. The
spring has reached its structure limit. Hence the mea-
surement range is +1G.

Considering the integration of VCSEL (850 nm) il-
luminating source, nano-graing optical sensor, detec-
tor etc. and relative optical simulation, the period,
width and thickness of the optical gratings we chose
are 840nm, 415nm and 400nm, respectively. The
FIB/SEM dual beam system has many advantages in-
cluding in-situ observation, relatively high resolution
and efficiency. It is used to fabricate the two sets of
nano-gratings with an air gap of 400 nm.

The silicon wafers were patterned and etched from
the backside. The oxide layer under the nano-gratings
provides an etch-stop for the DRIE silicon etch. The
FIB/SEM dual beam etch must be optimized to ensure
uniform etching of the springs and through-wafer vias
with target aspect ratios >1:18. This is followed by a
hydrofluoric acid (HF) dip to remove buried oxide lay-
ers and to release the optical sensors. Finally, a CO,
supercritical drying step is used to prevent stiction of
the fragile nano-gratings to the substrate. Figure 11
outlines the fabrication process for both the optical
sensors and the integrated proof mass.

We fabricate the uniform and well-designed nano-
grating with period of 840 nm, crater of 425 nm by the
FIB/SEM dual beam system (Fig. 12).[""]
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Fig.11. Schematic process flow of the nano-grating
accelerometer device: (a) deposit oxide isolation layer
(2pum), (b) deposit and pattern first polysilicon layer
(0.4 pm), deposit and pattern first sacrificial oxide layer
(0.4 um), (d) deposit and pattern second polysilicon layer
(0.4 um), (e) pattern nano-gratings and the folded springs
with FIB/SEM dual beam system, (f) deposit a second
sacrificial oxide layer (2pum) to protect structures, (g)
grind and polishing backside followed by patterning chan-
nel for the illuminating source, (h) remove buried oxide
layers and release the optical sensors.

425nm 840nm 415nm

(b) 847 nm 451 nm

2 um

Fig.12. Image of nano-gratings with (a) designed by
graphics generator, the green is crater; (b) SEM image
of the fabricated item by FIB, with a period of 847 nm,
451 nm and 396 nm for the crater and hillock separately.

By adjusting the FIB parameters of milling like
beam current, dwell time and scanning model, the
fabricated nano-gratings are uniform in width and the
side wall has a good verticality. We finally obtain the
nano-gratings with better regularity and period con-
sistency, which lays a sound foundation for sequent
fabrication.

The compact structure of a nano-grating ac-
celerometer with a nano-gratings optical sensor in the

mass has been proposed. Compared with the for-
mer structures, it is much simpler and more com-
pact. It is demonstrated with displacement sensitiv-
ity 197.4nm/G, resonant frequency 1120 Hz and mea-
surement range £1G. As a sub-wavelength grating
accelerometer, the optical sensitivity is predicted to
be 1%/mG by detecting the zeroth order diffraction
beam. The inherent weakness of such a kind of optical
sensor is its fabrication especially when the structure
is released by HF due to the weak spring and nar-
row air gap. Stress should be reduced as possible to
prevent gratings from sticking to the substrate. Ad-
ditionally, it is also inherently susceptible to random
accelerations during routine handling. Careful pack-
aging and handling are critical and necessary in im-
proving its robustness. Fabrication methods for such
a kind of accelerometer are proposed. Nano-gratings
with a period of 840 nm and a crater of 425 nm show-
ing good regularity and period consistency are fabri-
cated by an FIB/SEM dual beam system successfully.
This can provide a good reference for the design and
fabrication of the nana-graing accelerometer. Future
research work will focus on optimizing the fabrication
parameters to finish the overall device.
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