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Summary

In this paper, a novel bulk grating in which its pitch can be changed by the shape memory alloy (SMA) actuator has been

fabricated using silicon micromachining technology. The pitch-variable grating is specially designed to change the pitch easily with

small force. The grating is designed to assure moderate stress by finite element method (FEM). Using the reactive ion etching, the

grating has a high aspect ratio more than 10. In the diffraction experiment, more than 10% extension ratio has been obtained. The

SMA actuator has been installed to the grating. Due to the two-way shape memory effect, the translation mechanism is simple and

is easily controlled.
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1. INTRODUCTION
Gratings are basic indispensable optical devices and can be used
to separate incoming ray into components or to filter it by

diffraction depending on optical wavelength[1]. Precision gratings

can be written by electronic beam, optical interference or

mechanically grinding. The pitch of the conventional gratings is
always fixed due to fabrication technique. To make the grating
pitch variable opens up a new region of optics since the device
design will be changed totally and more flexible optical system
can be constructed easily. For example, the pitch-variable grating
will be very useful in wavelength division multiplexing fiber
communication [2,3]. Especially, volume gratings. with high
aspect ratio, such as fiber Bragg gratings, show the high
diffraction efficiency and high wavelength selectivity.

MEMS technology is one of the promising ways to generate
variable optical components and systems. Researchers at the
University of Wisconsin have developed microelectromechanical
tunable infrared filter with magnetic actuators for infrared spectral
analysis [4]. The tunable infrared filter is a mechanically
deformable structure consisting of an array of parallel metal plates
joined by spring flexures. The filter and actuator structures are
fabricated using the LIGA process and are made of electroplated
permalloy. Researchers at Switzerland have developed
wavelength-tunable add/drop fiber for optical networks [5]. By
using the thermo-optic effect, the device can be tuned over the full
free spectral range of 6.4nm. Although some other optical gratings
have been fabricated by the MEMS technology, in most of the
proposed gratings, the diffraction efficiency has been changed by

modifying the grating profile with actuators [6,7]. Very few
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gratings in which the grating pitch is variable have been reported.
We have developed a simple pitch-variable grating in which a
grating with flexible spring is fabricated by the deep reactive
etching of Si substrate. In addition, a novel actuator consisting of
two-way shape memory alloy (SMA) is installed to change the
grating pitch. Due to the two-way shape memory effect, the
translation mechanism is simple and is easily controlled [8]. In
this paper, the design, fabrication, and extension performance

driven by the SMA actuator are described.

2. GRATING DESIGN

The fabricated silicon grating consists of two parts: parallel
grating part in the center section and spring part connected with
the grating line at each side. The schematic diagram of the
proposed pitch-variable transmission grating is shown in Fig.1.
The grating area is formed from identical thin Si plates whose
pitches can be varied by changing the gaps between them. Figure
1(a) shows the whole view of the designed grating for the size of
10mmx6mm. The grating area is 4.8mmx5mm and its pitch is
200um. The grating can be expanded (or shrunken) by pulling (or
pushing) the handle of the grating attached with a SMA actuator.
The expansion and shrinkage are generated in the plane of Fig.1(a)
along the x axis. Figure 1(b) shows a magnified view of the
gratings in Fig.1{(a). For demonstrating the feasibility of the
proposed system, the pitch of the grating is designed to be
relatively large ( the pitches we design are 200um and 40pm,
respectively ). Moreover, to prevent the fragility of the grating, the
grating line is designed to be thick by etching through the silicon

wafer (200 um in thickness). The structure having thick grating



line will be useful to diffract light effectively in the optical
configuration of Bragg diffraction when the incident light comes

nearly vertically to the grating line in the plane of grating.
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Fig. 1 Schematic diagram of the proposed pitch-variable
Grating  (200pm pitch) (a) Whole view; (b) Spring part
connected with grating line

The pitch-variable gratings with the spring flexures are designed
to change in the pitch in a uniform way. The stress generated on
the grating has been calculated by finite element method (FEM).
In the baseline model for the pitch-variable grating, the chosen
shape is based on moderate stress and uniform gap change. Silicon
wafers are selected to fabricate the gratings due to its superior
mechanical characteristics and suiting for common lithographic
and processing techniques. Figure 2 shows an example of the
stress distribution of the grating end simulated by FEM. It shows
the stress distribution in the area indicated by A in Fig.1 (b) . The
maximum stress is generated in the area where the grating plate
and the springs are connected. Narrow down the width of the
spring , the pitch of the grating deforms easily, but the stress in the
connection area increases and the rigidity in the area A in Fig. 1(b)
decreases. We decided the ratio of the width of the grating plate

and that of the Under the
condition , the highest stress is 8.22 MPa as shown in Fig2

spring to be about 4.
when the grating is expanded by 10% and the force applied to

the grating is 0.98N. The strain value at the opposite end of the
spring is almost the same as that in the area A shown in Fig.1(b).

3. GRATING FABRICATION

L
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Fig.2 Stress distribution of the grating in the area A
shown in Fig.1 (b)

Figure 3 shows the process flow for the fabrication of the pitch-
variable grating . The grating is fabricated by using one mask. The
silicon substrate is 200um thick, n-type (100), 5-8Q-cm.  Firstly,
the wafer is oxidized in 1100°C for 30 minutes. Secondly, a
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Fig. 3 The process flow of the proposed pitch-variable grating

T. IEE Japan, Vol. 120-E, No. 11, 2000



Si I & 2 FEI Z T 7

positive photoresist of high viscosity (OFPR-800, 450cp) is coated
by spinner at the speed of 3000rpm to form the mask material in
about 2.5 pm thick. And then, lithography is carried out with usual
UV-light exposure equipment ( Karl Suss, MA-8) and the exposed
resist is developed in NMD-3 solution, realizing the pattern of the
grating and oxidized film is etched by using HF solution to yield
the mask of reactive ion etching. Lastly, the sample is etched
throughout the substrate by deep reactive ion etching equipment.

The process gas is a gas mixture of SF; and C,Fs.

Fig.4 Fabricated pitch-variable grating

Fig.5 (a) Magnified image of the grating (spring part)

Fig.5 (b) SEM photography of the grating (spring part)

The sizes of the gratings that we have fabricated are

10mmX6mm and 2.5mmX1.25mm for the pitches of 200 um and

LEHHE, 120%11%, FR12E

40 pm, respectively. The photograph- of the fabricated pitch-
variable grating (pitch 40pm )is illustrated in Fig.4. The active
grating area is in the center section with supporting spring
flexures at each side. In Figs.5 (a) and 5 (b), the magnified views
of the grating spring flexures (200um pitch) that join the grating
plates at the sides of the active grating area is shown .As shown in

Fig.5 (b), a high aspect ratio (about 10) is obtained.

4. SHAPE MEMORY ALLOY (SMA) ACTUATOR

A SMA actuator has now been fabricated to drive the deformable
grating due to its large force output and large motion ranges. The
material is consisted of Ni-Ti alloy (approximately 50.5%Ni,
49.1%Ti, 0.4%Fe). Figure 6 shows the result of the differential
scanning calorimetry  (DSC) of thermally treated Ni-Ti foil. It
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Fig.6 The result of Differential Scanning Calorimetry (DCS )
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Fig.7 SMA actuator

also shows an endothermic peak upon heating and an
exothermic peak upon cooling, respectively. The result clearly
shows that the thermally treated Ni-Ti foil has a shape memory
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effect. The SMA actuator is rolled to form Ni-Ti alloy foil of only
29 pm in thickness as shown in Fig.7. Such a actuator is about 15
mm long, we have memorized the wave shape. This actuator
shrinks in the high temperature phase and extends in the low
temperature phase, respectively. And its maximum displacement
is about Ilmm. In order to generate the two way shape membry
effect, it is aged to remove strain in 800°C(austenite phase ) for 60
‘minutes and to memorize the shape in 500°C (martensite phase )
for 60 minutes

During the heat treatment process ,the sample foil is kept in low
vacuum to prevent it from oxidation. Since the SMA is able to
memorize two shapes by the two-way shape memory effects, the
restoring spring is unnecessary. The actuator contracts when it is
heated while it extends when cooling. When proper electrical
power is applied to the actuator foil, it converts the input current
into thermal energy to heat the Ni-Ti foil, and the actuator
converts the thermal energy into motion energy to drive the
grating. Figure 8 illustrates the performance of the actuator when
0.3A current as a thermal sources is applied to the alloy foil. In
this case, it also shows the motion displacement is about 500 um
and the response time is about 3 seconds. When the same SMA
actuator is connected with the grating, it almost demonstrates the
same result, so the load is not of concern for translating the

grating.
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Fig.8 The displacement of the SMA actuator

as a function of time

In the experiment, the SMA actuator is fixed to the handle of the
fabricated grating with a hook at one end and the other end is
attached to the stator. The hook can be moved along the linear
guide so we can adjust the grating expansion by operating the
SMA actuator. The feedback controller based on proportional and
integral (PI) control circuit is designed to make the photodiode
signal difference zero. To show the principle of feedback control,
a photodiode position sensor with quadrant cells is used. When the
laser beam is apart from the center of the sensor, the relative
position of the laser spot from the center can be detected.as a

photocurrent. Using the photocurrent as the input signal, the SMA

actuator moves by supplying the heating current until the laser
beam can be aligned to the center. Figure 9 is a plot of the typical
response of the SMA actuator when the feedback control is
applied. There is no significant changes in the characteristics of
the stability even though a long thermal cycles. The position
accuracy of the SMA is about 0.5 pm.

5. DIFFRACTION EXPERIMENT

The maximum change ratio of the grating pitch has been
measured by micrometer fixed to the measurement system which
can be pulled or pushed manually. It can be pressed up to lmm
and has been broken when the grating has been pulled to 2mm in
the case of 5mm active long grating (200m pitch). The SMA
actuator has been investigated to assure the alignment precision.
The alignment precision is in the order of 100nm when the

feedback control has been utilized, which is high enough for the
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Fig.9 The stability of SMA actuator

opto-mechanical application [8]. The experimental setup is used to

measure the relationship between displacement of the variable
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Fig.10 The diffraction angle as a function of the current
applied to the SMA actuator

grating (assuming that normal condition is 0) and the direct
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current applied to the SMA actuator. The wave-shape actuator
moves the grating when it is in the high or low temperature phase
according to the supply power switch condition (on or off) along
the linear guide to assure one-dimensional motion . A He-Ne laser
at 632.8nm wavelength illuminated the gratings. The position
sensitive detector (PSD) is used as a displacement sensor to
measure the position motion of the first-order light of diffraction
pattern. All measurements were taken at room temperature in open
air. In Figure 10, the diffraction angle of the first order light is
shown as a function of the current applied to the actuator in the
case of 200um pitch grating. It shows that the grating pitch is
successfully expanded by about 10% with the SMA actuator at the
current of 0.35A. ‘

6. CONCLUSIONS

The pitch-variable diffraction grating has been fabricated by
reactive ion etching. The pitch-variable diffraction grating has
been specially designed by FEM to assure the gap change of the
grating under moderate stress. The aspect ratio of the grating plate
is as high as 10 and the pitch variation ratio is more than 10%.
Furthermore, the grating is driven by SMA actuator to confirm the
variability of diffraction angle. The delay of the response of SMA
actuator is about 3 seconds when 0.3A direct current is supplied.
The actuator with wave shape of 15mm in length and 2mm in
width results a 500 um peak to peak output displacement. In the
diffraction experiment, more than 10% extension ratio has been
obtained, which will generate the change of the diffraction angle

of 0.32mrad in the case of 200pm pitch grating.
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