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Abstract A new type of Fabry Perot light modulator for
displays based on micro-electro-mechanical system tech-
nology is proposed. Multiple beam interference theory is
used to design the modulator and analyze its characteris-
tics. If Fabry Perot cavity length is one-quarter of the
incident wavelength, the transmitted light is blocked by
the modulator, and the modulator, which is illuminated
from its backside, appears black. If the Fabry Perot cavity
length is 0 or one-half of the incident wavelength, light
may transmit the Fabry Perot modulator from its back-
side, and the modulator appears bright. Hence, the modu-
lator may be used for flat panel displays. In this paper one
Fabry Perot light modulator based on surface microma-
chining technology is introduced. The designed modu-
lator has a contrast ratio of 150 and can theoretically be
driven by a voltage of 2.4 V.

Keywords optical micro-electro-mechanical system
(optical MEMS), Fabry Perot light modulator, interfer-
ence, display

1 Introduction

Optical micro-electro-mechanical system (optical MEMS
or MOEMS) technology has experienced rapid improve-
ment in recent decades. MEMS-based light modulators
for displays have become a key research focus [1-5]. The
digital micro-mirror device (DMD) [6] developed by
Texas Instruments, which consists of an array of move-
able micro-mirrors, is a representative example based on
optical MEMS for displays. Actuating voltage controls
the mirror’s tilt angle electro-statically in a binary fashion.
The incident light is reflected and modulated by the tilt
mirror. Another optical MEMS-based light modulator
designed for display is the grating light valve (GLV) [7]
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which is proposed by a Stanford group led by Bloom D
M. GLV is composed of an array of phase gratings with
an initial phase difference of 0. When the grating is con-
trolled by an actuating voltage, the phase difference
becomes m. Hence, the GLV may diffract light from 0
diffraction order to the first diffraction order electro-stat-
ically. One type of MEMS-based grating light modulator
for projection display is proposed by Chongqing
University [8,9]. However, reflected light is used and the
display function light system is not very compact in these
light modulators, which limits their applications in flat
panel displays, and they are all designed for projection
displays. A new type of Fabry Perot light modulator
based on MEMS technology for flat panel displays is pro-
posed in this paper. For this modulator, transmitted light
is used, which reduces the complexity of those display
function light systems based on reflected light and makes
it a promising application in flat panel displays.

2 Optical principle of Fabry Perot light
modulator for display

When a beam of light is incident on the Fabry Perot light
modulator (shown by Fig. 1), there are multiple reflec-
tions on the two plane parallel mirrors of the modulator.
Multiple beam interference takes place. Intensity of the
transmitted light is [10]

(1—R)

2k
(1—R)* +4Rsin>
A

I'() = I'(2), (1)

where R is the reflectivity of the mirror; / is Fabry Perot
cavity length; I'(1) is the incident light intensity; and n
represents the refraction index of the medium between
the two mirrors. If the medium is air and n=1, Eq. (1)
can be rewritten as

(1-Ry’

I'())= 1'(). (2)
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The distribution of the transmitted light is the function of
R and A. It can be seen that there are minima when / is
(2k+1)4/4, and there are maxima when /% is k//2. k is the
interference order. Figure 2 illustrates the distribution of
the transmitted light when the cavity length is 1 um and
the Fabry Perot is illuminated by unit amplitude light,
which has a uniform spectrum distribution.

transmitted light
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Fig. 1 Fabry Perot light modulator
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Fig. 2 Intensity distribution of transmitted light
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A, Ao are the wavelengths of the neighboring maxima.
Suppose that A is the shortest wavelength of the incident
light, 4, < A. Substitute /4 into Eq. (3), with Eq. (4) we can
have
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Considering A; <1, <1 (4 is the longest wavelength of
the incident light), the minimum interference order k
can be solved with Eq. (5). If the interference order is
larger than &y, more than two interference maxima will
take place. The corresponding cavity length /iy may be
calculated by substituting ko and /g into Eq. (3). There is
only one wavelength that satisfies the condition 4 = k1./2
if the modulator’s cavity length /% is shorter that /g, and
among incident lights only light of this wavelength can
transmit the modulator. This light is blocked when the
cavity length is 2k +1)A/4.

If the modulator’s cavity length is 0, the equation
h = kAl2 is satisfied by all wavelengths. All of the incident
light will transmit the modulator. If we use red, green and
blue LEDs as the light source spectrum between 0.4 and
0.7 pm, the maximum cavity length calculated by Eqgs. (3)
and (5) is 0.6 um, with the condition that there is only one
interference maximum. The corresponding interference
order is 2. Figure 3 gives the distribution of the transmit-
ted light when the incident wavelength is 0.54 pm.
Figure 3(a) is the calculated result when cavity length is
kAd2 (k=0,1,2). Figure 3(b) is the calculated result when
cavity length is (2k+1)A/4 (k= 0, 1). It can be seen from
Fig. 3(b) that when cavity length satisfies the equation
h=2J4 (A = 0.54 um), not only the light /. but also all
of the incident light is blocked by the modulator. Thus,
the Fabry Perot can be used for the display by controlling
its cavity length. When the cavity length is one quarter of
the central wavelength of incident, the light modulator is
at an “off” state and shows a black image. When the
cavity length is kA/2 (k= 0, 1, 2), the modulator is at an
“on” state and shows bright, in which /. is the central
wavelength of the color that the modulator will show.
For the modulator that shows green, /. 1is 0.54 pm. At this
time, the cavity length of the “on’ state modulator may be
0, 0.27 and 0.54 um, and the cavity length of the “off”
state modulator is 0.135 pm.

In transmittance, when the Fabry Perot light modulator
is “off”, its cavity length is A/4. When it “on”, its cavity
length can be 0, 4./2 and A.. If we use /. as the cavity length
of the “on” state, when it is switched between the “off”
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Intensity distribution of transmitting Fabry Perot light modulator
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and “on” state, light modulator variation of the cavity
length will be 31./4. If we use 0 or A./2 as the cavity length
of the “on” state, variation of the cavity length is only
Ad4. Thus, 0 and AJ/2 are preferred to the cavity length
of the “on” state. The study presumes that the modulator
works at green color (/. = 0.54 pm), and then the perform-
ance of the Fabry Perot light modulator will be discussed.

3 Optical characteristics of Fabry Perot light
modulator

3.1 Cavity length of “on” state modulator is 0

It has been proven that when the cavity length is 0, all of
the incident light will transmit the modulator. When the
light is “off”, all wavelength is blocked. The modulator
cannot pass one specific wavelength and block others. The
modulator can only show black and white images, not
color. To make such a Fabry Perot light modulator show
color, an additional color filter is needed.

It can be seen from Eq. (2) that distribution of the light
intensity is determined by the cavity length of the modu-
lator. But the transmittance ratio (transmitted light
intensity divided by the incident light intensity) is deter-
mined by the reflectivity of the Fabry Perot mirror. The
relationship between the transmittance ratio and the
reflectivity R can be obtained by using Eq. (2):

2
d-R) I'(A)di, (6)

0.7
-

04 (1 —R)*+4R sinz%
when /1 is 0 and A./4, the integration results correspond to
I, intensity of the “on” state modulator, and I, inten-
sity of the “off”” state modulator, respectively. The con-
trast ratio of the modulator is defined as v = I,,/I¢. The
contrast of the modulator, when the cavity length is 0 and
A4 respectively, can be calculated with Eq. (6).

Figure 4 gives the calculated transmittance ratio and
the contrast ratio of the modulator by using Eq. (6).
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The incident light is presumed to have unit light and uni-
form spectrum distribution. It can be found that light
transmits the modulator without diminishing when modu-
lator is at an “on” sate. If define light efficiency as the
intensity ratio of transmitted light and the incident light,
the light efficiency is 1 at this time. To the “off™ state light
modulator, the intensity of the transmitted light decreases
when the reflectivity increases. When R is near 1, the
transmitted light becomes 0 because there is no light trav-
eling into the Fabry Perot cavity, and hence no interfer-
ence occurs. Figure 4 shows that the contrast ratio of the
modulator increases when the reflectivity increases. When
R is 0.95 the contrast ratio rises up to 1200.

3.2 Cavity length of “on” state modulator is A./2

If the cavity length of the “on” state modulator is A./2,
there is only one light of color that can transmit the modu-
lator. The light can show one specific color. Three mod-
ulators can now be used to compose one unit to show one
pixel of the image. The cavity lengths of the three mod-
ulators are one half of the wavelength of red, green and
blue colors, respectively. Therefore, the pixel can show
different colors.

Similarly, the light efficiency and contrast ratio can be
calculated with the method used in the above section.
Figure 5 illustrates the calculated result of the light effi-
ciency and contrast ratio when we presume that the trans-
mitted light is emitted from a green LED. It can be seen
that the light efficiency decreases with increasing reflectiv-
ity. When R is 0.9, the light efficiency is 0.4, and the con-
trast ratio is 150.

4 Design of Fabry Perot light modulator

It has become known that the reflectivity and cavity
length are the two key parameters to Fabry Perot light
modulators. The reflectivity is determined by the mirror,
and the cavity length is determined by the modulator’s
structure.
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Fig. 4 Optical characteristic of Fabry Perot light modulator. (a) Total intensity with reflectivity; (b) contrast ratio with reflectivity
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Fig. 5 Optical characteristics of Fabry Perot light modulator. (a) Transmitted intensity with reflectivity; (b) contrast ratio with
reflectivity

4.1 Mirror’s design lator is used to compose the 2D arrays, images can be
displayed with the 2D modulator arrays. The modulator

There are two types of mirrors: the metal mirror and the is composed of top moveable mirror, bottom mirror, and
multidielectric mirror. A metal mirror is formed by sput- the substrate. The top mirror and the bottom mirror are
tering or evaporating a thin film of Al, Ag or Au on the described in Sect. 4.1. Its reflectivity is depicted in Fig. 6.
substrate. Their fabrication process is simple, and high The size of the top mirror is 50 um x 50 um, the SisNy
reflectivity can be achieved. But the absorbance of the layer of the top moveable mirror is also used as the sup-
metal will reduce the light efficiency of the modulator. porter layer, and its outer parts form the supporter beam.
A dielectric mirror is made up of interleaved high index  To increase the beam’s strength, the thickness of the Si3Ny,
material layers and low index material layers. Each layer layer is increased from one quarter of the wavelength to
has optical thickness equal to 4/4. The reflectivity of the three quarters of the wavelength, i.e., its thickness is
dielectric mirror can be calculated with its character matrix increased from 67 to 200 nm (presume that the index of
by using the thin film interference theory when the incident  Si5N, is 2). The beam width is 4 um. Poly-silicon layer of

light is normal to the Fabry Perot modulator [11]: the two mirrors is also used as the top and bottom elec-
. trode. With no voltage applied, the cavity length is

2nn, L . 2mn L . .
B m cosw Lsm% | 0.135 pm, and the modulator is at an “off” state. Light
( > = H & Tk ’ < ),(7) is incident from the backside of the substrate. The top
¢ =1 in, sin 2 Lic cos 27"]{ch "Is moveable mirror moves downward with the applied volt-
A A age, the cavity length becomes 0, and the modulator
becomes “on”. If the reflectivity of the mirror is described
noB—C\ (nyB—C\" by Fig. 6, the transmittance ratio of the “on” state light
- noB+C) \n,B+C) "’ (8) " modulator is 1. The transmittance ratio of the “off” state

light modulator is 0.0067. The contrast ratio of the modu-
where 7, is the index of the substrate, and 7 is the sur- lator is then 150. Figure 8 gives the actuating character-
rounding medium index. istic of the modulator. It can be seen that with a voltage of
Reflectivity can be designed with the above equation by 2.4 V, the cavity can be switched from 0.135 um to 0. This
choosing the appropriate material and the number of modulator has relatively low actuating voltage.
layers. Figure 6 gives a designed dielectric mirror based
on the surface micromachining technology. It is composed
of poly-Si, SizNy, and SiO,. The optical thickness of each ok
layer is 1.4, where the /. is 0.54 pm.

1.0

0.6r

4.2 Structure design H

0.4
Figure 7(a) gives the proposed Fabry Perot light modu-
lator, and Fig. 7(b) shows details of each layer. This
modulator is designed to show green color (4. = 0.54 pm). 0.0 L L L ' L
The cavity length of the “off”’ state modulator is A./4, and b4 & R b8 Bl
the cavity length of the “on” state modulator is 0.

Figure 7 is the model of a single modulator. If this modu- Fig. 6 Reflectivity of multiple thin films

0.2r
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Fig. 7 Fabry Perot light modulator. (a) Schematic view of designed modulator; (b) layers of modulator
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Fig. 8 Simulation result of electro-static actuation

5 Conclusion

This paper proposed a new type of MEMS-based Fabry
Perot light modulator for displays. When the cavity length
is 0, all wavelengths will transmit the modulator. When
the cavity length is A./4, almost all wavelengths will be
blocked by the modulator. This property can be used
for displays, and show black and white images. If the
cavity of the “on” state modulator is designed to be
A2, the modulator will show different colors. A color
image can be displayed by using three (red, green and
blue, respectively) modulators. The structure of the modu-
lator has been designed based on MEMS technology. This
modulator has the contrast ratio of 150. Its actuating
voltage is simulated by using the Coventor software.
The calculated result shows that the modulator can be

switched with a voltage of 2.4 V. The modulator has
promising applications in flat panel displays.
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