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Abstract:
This paper discusses the analysis and optimization of a

novel optomechanical zeroth-order grating transducer based
on an anomalous diffraction phenomenon, namely Wood’s
type anomaly, in which tiny changes in the displacement of
the nanostructured grating elements lead to a dramatic
increase or decrease of the optical reflection amplitude.
With this special feature, this structure is an ideal sensor
component to observe very small displacement. This device
is very sensitive to wavelength, the period and the width of
the grating. Here, we analyze the performance of the
structure with different parameters and optimize the original
structure corresponding to 850nm through 3-D Finite
Difference Time Domain method (FDTD). Simulation
demonstrates the new structure is of higher sensitivity and
signal strength, namely extinction ratio. Moreover, in order
to enlarge the tiniest size of the original structure which is
closely related to the incident wavelength, we change the
wavelength to longer ones, e.g. 1053nm, 1310nm, 1530nm.
The calculation predicts the optimized structure designs of
those wavelengths are of performance similar to the original
one’s but much less strict demand for processing precision,
which makes it possible to be fabricated with current surface
micromachining processing similar to that used for the
fabrication of polysilicon MEMS. Besides, structures of
several visible incident wavelengths, such as 532nm,
632.8nm, 670nm, 753nm, are also analyzed and optimized,
which gives great convenience to the installation and
calibration of such device as well as observation of its
performance. All the calculated data enable us to apply the
structure into fields required for different sensitivities with
different grating designs and thus broaden the further usage
of such novel structure, as structures of different parameters
are of different sensitivities and signal strengths.

Keywords: Nanoelectromechanical systems (NEMS),
grating transducer, 3-D Finite Difference Time Domain
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1. INTRODUCTION

Wood’s anomaly was first observed by Dr. Wood in 1902
in his research concerning reflection gratings, which
manifests itself as tremendous increase or decrease in the
intensity of several grating orders due to small variation of
the physical parameters, e.g. the wavelength and can not be
explained with ordinary theories of gratings [1]. Since then,

this phenomenon had become the focus of numerous
research work and been studied theoretically and
experimentally in detail [2-3]. Nowadays, those theories
concerning Wood’s anomaly can be applied into practical
use with precise design and fabrication of gratings in sub-
wavelength dimension., thanks to the rapid development of
computer simulation software, such as 3-D Finite Difference
Time Domain (FDTD) method and microelectromechanical
system (MEMS) technology. Typical examples of such
application are optical filter [4], guided-mode resonant filter
(GMRF) [5-6], high speed laser scanning[7]. Recently,
Dustin presented a novel grating design based on Wood’s
anomaly and demonstrated his work with rigorous analysis
[8], experimental test [9] as well as following application in
an optical accelerometer [10-11]. This device gives out rapid
variation of reflective intensity with small lateral
displacement in nanometer scale and is quite sensitive to
incident wavelength, which makes it very suitable for small
displacement detection and beam-splitting switch. However
the setting of grating parameters as well as incident light is
absent in the discussion in Dustin’s work, which is crucial to
the occurrence of Wood’s anomaly and performance of the
corresponding transducer. In this paper, we analyze the
influence of different parameters, such as period, incident
wavelength, on the performance of the structures through
FDTD method. The simulation result gives out the
respective influence of those parameters and the optimized
structure designs for different wavelengths. With this
knowledge, the original structure design corresponding to
850nm has been optimized and resulted into a new design of
higher sensitivity and signal strength, namely extinction
ratio. Besides, optimized structure design for longer
wavelengths are calculated for the enlargement of the tiny
size of original design and shorter visible wavelengths are
considered for the convenience of the installation and
calibration of such device as well as observation of its
performance. All calculated data enable us to apply the
structure into fields required for different sensitivities and
dynamic ranges with different grating designs and thus
broaden the further usage of such novel structure.
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2. DEVICE DESIGN

This device consists of six separated regions: upper
grating region, an air gap, lower grating region, an
antireflective coating, a silicon dioxide layer and a substrate,
as shown in Figure 1. The two-layer optical gratings are
defined in two vertically offset silicon layers suspended in
air and separated by an air gap. The upper grating is design
to be moved laterally, while the bottom grating is attached to
the silicon substrate which are first oxidized to produce an
0.6 um of silicon dioxide and then coated with an 0.8 um of
low stress silicon nitride to form an antireflective layers. The
bottom three layers of the substrate can be removed instead,
which leaves two layers of gratings completely suspended
with no boundaries on either side and results in the same
reflective intensity as that mentioned here. All of the setting
and simulation are carried out on a computer with 3-D Finite
Difference Time Domain (FDTD) software, as ordinary
analytical approximation is not precise enough to calculate
the electromagnetic fields of such small device whose
period is in sub-wavelength scale. FDTD method is an
efficient method to analyze the characteristics of wavelength
scale complex structures with ultraviolet, visible and
infrared radiation based on Maxwell’s equation.

Fig. 1: Cross section of the laterally deformable optical
NEMS grating transducer,with relevant parameters shown.
The reflective index of the antireflective layer and silicon
substrate is set as n = 2.0 and 3.86 - i0.02 respectively. The
thickness of antireflective layer and silicon dioxide is 0.8um
and 0.6um respectively. For all calculation here,
displacement is the relative lateral displacement between
two layers of gratings, d1 is the thickness of gratings, w is
the duty ratio of grating element, period is the period of
grating. The two layers of gratings are set identically and
separated with an air gap.

3. SIMULATION METHOD AND RESULT

The performance of the device is evaluated in two aspects,
namely the extinction ratio and slop of the reflective curve
as function of the lateral displacement (displacement). The
curve of a structure with large slop and extinction ratio is
considered as an optimal design, as large slop indicates
better sensitivity and large extinction ratio indicates

dramatic difference of signal received by photoelectric
detectors. Besides, large extinction ratio is also a desire
feature for its application in optical switchers or displayers.

For this work, we concentrate on analysis and
optimization of structures under incident light of 850nm
mentioned in Dustin’s work. First, we find out four major
parameters, namely period, duty ratio of a grating element,
thickness of each layer of gratings, air gap, which impose
great influence on the performance of the device, by
checking the corresponding performance of the device with
changes of each parameter. Figure 2 shows the reflective
intensity of a TE-polarized beam at normal incidence as a
function of the lateral displacement (displacement). Ten
different duty ratios (w), ten different air gaps, four different
periods as well as ten different thicknesses of gratings (d1),
are considered respectively, representing their independent
influences on performance of the device.

(a)

(b)
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(c)

(d)
Fig. 2: (a) TE mode reflectance with variation of the

lateral displacement (displacement) for three different duty
ratios (w). The value of other three grating parameters are
held constant, namely period = 820nm, the thicknesses of
gratings (d1) = 300nm, air gap = 193nm. (b) TE mode
reflectance with variation of the lateral displacement
(displacement) for three different periods.The value of other
three grating parameters are held constant, duty ratio (w) =
0.5, the thicknesses of gratings (d1) = 300nm, air gap =
193nm. (c) TE mode reflectance with variation of the lateral
displacement (displacement) for three different thicknesses
of gratings (d1). The value of other three grating parameters
are held constant, namely period = 820nm, duty ratio (w) =
0.5, air gap = 193nm. (d) TE mode reflectance with
variation of the lateral displacement (displacement) for three
different air gap. The value of other three grating parameters
are held constant, namely period = 820nm, the thicknesses
of gratings (d1) = 300nm, duty ratio (w) = 0.5.

Figure 2 shows the optimal value for each parameter
when they are modified independently. However, when set
with these values simultaneously, the structure does not give
out the desired performance, on the contrary whose
extinction ratio is 42.37% and slop is 0.10%/nm. This
paradox indicates these parameters are interdependent and
thus have to be modified with consideration of their mutual

influence to get the optimal values. Thus, two parameters
are considered and changed as a group each time while the
rest two parameters are held constant, since we are capable
to manually select and tell the optimal values from at most
3-D chart. Part of the data are shown in Figure 3 and Figure
4.

(a)

(b)

(c)
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(d)
Fig. 3: (a) TE mode reflectance with variation of the

lateral displacement (displacement) for three different duty
ratios (w). The value of other three grating parameters are
held constant, namely period = 820nm, the thicknesses of
gratings (d1) = 300nm, air gap = 193nm. (b) TE mode
reflectance with variation of the lateral displacement
(displacement) for three different periods.The value of other
three grating parameters are held constant, duty ratio (w) =
0.5, the thicknesses of gratings (d1) = 300nm, air gap =
193nm. (c) TE mode reflectance with variation of the lateral
displacement (displacement) for three different thicknesses
of gratings (d1). The value of other three grating parameters
are held constant, namely period = 820nm, duty ratio (w) =
0.5, air gap = 193nm. (d) TE mode reflectance with
variation of the lateral displacement (displacement) for three
different air gap. The value of other three grating parameters
are held constant, namely period = 820nm, the thicknesses
of gratings (d1) = 300nm, duty ratio (w) = 0.5.

Figure 3 shows the reflective curve as a function of
lateral displacement (displacement) with two parameters
changed as a group. The reflective curve as a function of
lateral displacement (displacement) with simultaneous
alteration of twenty different periods and duty ratios (w).
The other two parameters, namely air gap, the thickness of
gratings (d1) are held as 193nm and 300nm respectively.
Four out of twenty different periods and ten out of twenty
duty ratios are shown. (a) Period is set 829nm while ten duty
ratios (w) are considered. (b) Period is set 837nm while ten
duty ratios (w) are considered. (c) Period is set 844nm while
ten duty ratios (w) are considered. (d) Period is set 852nm
while ten duty ratios (w) are considered.

(a)

(b)

(c)
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(d)
Fig. 4: The reflective curve as a function of lateral

displacement (displacement) with simultaneous alteration of
forty different air gaps, ten different thicknesses of gratings
(d1). The other two parameters, namely period and duty
ratio (w), are held as 829nm and 0.46 respectively, which
are the optimal values from simulation in Figure 3. Four out
of forty different air gaps and ten duty ratios are shown. (a)
Air gap is set 353nm while ten the thicknesses of gratings
(d1) are considered. (b) Air gap is set 289nm while ten the
thicknesses of gratings (d1) are considered. (c) Air gap is set
226nm while ten the thicknesses of gratings (d1) are
considered. (d) Air gap is set 163nm while ten the
thicknesses of gratings (d1) are considered.

To better improve the sensitivity and extinction ratio of
the device, it is necessary to write a computer program to
calculate the four parameters simultaneously and change
each value according to corresponding influence of three
other parameters. These can be easily done with Gradient
optimization algorithm [12-14]. Gradient optimization
algorithm is an efficient method to search for optimal values
for structure design in case where multiple variables are
interdependent. Gradient descent is based on the observation
that if the multivariable function F(x) is defined and
differentiable in a neighborhood of a point A, then F(x)
decreases fastest if one goes from A in the direction of the
negative gradient of F at A [15]. However, this optimization
algorithm will get stuck into local extreme points from time
to time, if the partial derivative of function of merit for each
parameters has too many zero points. It is especially true
when the four parameters here are considered, presenting a
result far cry from desired value.

Given the situation mentioned above, we change the
optimization algorithm to Particle Swarm Optimization
(PSO) algorithm, which is a population based stochastic
optimization technique, inspired by the social behavior of
flocks of birds or schools of fish [16-17], and has widely
been used for various kinds of design optimization problems
including nanophotonic design [18]. Simulation result
indicates the optimal values for period, duty ratio (w),
thickness of gratings (d1), air gap are 775nm, 0.529, 519nm,
612nm respectively. Figure 5 shows the reflective curve as

function of lateral displacement (displacement) of structure
with parameters set as those optimal values. For this
particular geometry, the extinction ratio is 85.69% and the
slop is 0.22%/nm which are higher than those of the original
structure mentioned in Dustin’s work.

Fig. 5: The reflective curve as function of the lateral
displacement (displacement) of structure with period, duty
ratio (w), thickness of gratings (d1), air gap set as 775nm,
0.529, 519nm, 612nm respectively.

In order to enlarge the tiniest size of the structure design,
which is closely related to the wavelength of incident light,
we replace the incident light of 850nm with ones of longer
wavelengths, such as 1053nm, 1310nm, 1530nm, shown in
Table 1. From Table 1, we can tell the optimal value of the
period and the thickness of gratings (d1) rises with the
increase of incident wavelength. It is especially true when it
comes to the optimized structure design for incident
wavelength of 1530nm, in which its period, the thickness of
gratings (d1) are almost two times larger than that for
incident wavelength of 850nm, meaning much less strict
demand of process precision and its extinction ratio, namely
96%, is 11% higher than that for incident wavelength of
850nm.

Table 1: Chart concerning optimal values of period, period,
duty ratio (w), thickness of gratings (d1) and air gap for

structure under illumination of different wavelength longer
than 850nm, namely 1053nm, 1310nm, 1530nm.

http://en.wikipedia.org/wiki/Defined_and_undefined
http://en.wikipedia.org/wiki/Differentiable_function
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Since the incident light mentioned above is invisible,
optimized structure designs for shorter wavelengths, such as
753nm, 670nm, 632.8nm, 532nm, are also considered and
calculated, shown in Table 2, which will provide great
convenience for the installation and calibration of such
device as well as observation of its performance.

Table 2: Chart concerning optimal values of period, period,
duty ratio (w), thickness of gratings (d1) and air gap for

structure under illumination of different wavelength shorter
than 850nm, namely 753nm, 670nm, 632.8nm, 532nm.

4. CONCLUSIONS

In conclusion, this work have analyzed and optimized a
novel laterally deformable optical NEMS grating transducer
that can be modified into ones with different extinction
ratios and sensitivities according to different demand. From
Table 1 , optimal structures for incident wavelengths,
namely 1530nm, 1310nm, 1053nm and 850nm, give out
stronger signal, namely larger extinction ratio and demand
less strict process precision while optimal structures for
incident wavelengths, namely 753nm, 632.8nm and 532nm,
are preferred to detect small displacement and the light is
visible. In addition, optimal structures for visible incident
wavelengths, namely 670nm, reach a balance between the
sensitivity and extinction ratio. Moreover,Table 1 indicates
the general relationship among incident wavelength, period,
duty ratio (w), thickness of grating (d1), air gap for optimal
design, in which air gap generally need to be set as smaller
than 200nm, the difference between period and incident
wavelength generally is between 40nm and 90nm, duty ratio
(w) generally need to be set as a value between 0.3 and 0.6.
Besides, the largest extinction ratio for structures with
incident wavelength smaller than 440nm can not be higher
than 40%. Optimizing the device with finer sweeping
interval, as well as considering other subordinate factors and
simulating the structure with plane wave rather than a
focused beam, could further increase its sensitivity.

Currently research involves a more detail quantificational
discussion of the interdependent relationship among the five

factors which will enable us to modify the structure for
custom usage more conveniently. Furthermore, we are
planning to test the simulation result experimentally and
apply different designs into various detection areas, such as
microgravity detection for resource exploration and other
inertial sensors, as well as a modulator for optical switching,
since this device is very sensitive to wavelength.
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