
Montana Tech Library
Digital Commons @ Montana Tech

General Engineering Faculty Scholarship

3-17-2008

A MEMS Light Modulator Based on Diffractive
Nanohole Gratings
Jack L. Skinner
Montana Tech

A. Alec Talin

David A. Horsley

Follow this and additional works at: http://digitalcommons.mtech.edu/gen_engr
Part of the Nanoscience and Nanotechnology Commons

This Article is brought to you for free and open access by the Faculty Scholarship at Digital Commons @ Montana Tech. It has been accepted for
inclusion in General Engineering by an authorized administrator of Digital Commons @ Montana Tech. For more information, please contact
astclair@mtech.edu.

Recommended Citation
Skinner, Jack L.; Talin, A. Alec; and Horsley, David A., "A MEMS Light Modulator Based on Diffractive Nanohole Gratings" 17 March
2008, Vol. 16, No. 6, Optics Express 3701.

http://digitalcommons.mtech.edu?utm_source=digitalcommons.mtech.edu%2Fgen_engr%2F3&utm_medium=PDF&utm_campaign=PDFCoverPages
http://digitalcommons.mtech.edu/gen_engr?utm_source=digitalcommons.mtech.edu%2Fgen_engr%2F3&utm_medium=PDF&utm_campaign=PDFCoverPages
http://digitalcommons.mtech.edu/fac_schr?utm_source=digitalcommons.mtech.edu%2Fgen_engr%2F3&utm_medium=PDF&utm_campaign=PDFCoverPages
http://digitalcommons.mtech.edu/gen_engr?utm_source=digitalcommons.mtech.edu%2Fgen_engr%2F3&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/313?utm_source=digitalcommons.mtech.edu%2Fgen_engr%2F3&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:astclair@mtech.edu


A MEMS Light Modulator Based on Diffractive Nanohole Gratings

Abstract
We present the design, fabrication, and testing of a microelectromechanical systems (MEMS) light modulator
based on pixels patterned with periodic nanohole arrays. Flexure-suspended silicon pixels are patterned with a
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plate, the pixel becomes highly reflective. A 3:1 contrast ratio at the resonant wavelength is demonstrated for
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Abstract: We present the design, fabrication, and testing of a 
microelectromechanical systems (MEMS) light modulator based on pixels 
patterned with periodic nanohole arrays. Flexure-suspended silicon pixels 
are patterned with a two dimensional array of 150 nm diameter nanoholes 
using nanoimprint lithography. A top glass plate assembled above the pixel 
array is used to provide a counter electrode for electrostatic actuation. The 
nanohole pattern is designed so that normally-incident light is coupled into 
an in-plane grating resonance, resulting in an optical stop-band at a desired 
wavelength. When the pixel is switched into contact with the top plate, the 
pixel becomes highly reflective. A 3:1 contrast ratio at the resonant 
wavelength is demonstrated for gratings patterned on bulk Si substrates. The 
switching time is 0.08 ms and the switching voltage is less than 15V. 
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1. Introduction 

MEMS-based light modulators have broad applications in displays [1, 2], optical 
communication, spectroscopy [3], and maskless lithography [4]. In many of these applications 
(such as color displays and multicolor imagers), it is desirable for the modulator to have 
wavelength selective or wavelength-tunable characteristics. Many earlier wavelength selective 
elements have made use of optical interference generated by reflections from multiple thin 
film layers. In these devices, the peak reflectance (or transmittance) occurs at a wavelength 
(color) that is determined by film thickness. Realizing a multi-color pixel array with this 
approach poses the challenge that different film thicknesses must be deposited on each of the 
various pixel elements. A particular difficulty for MEMS devices (such as Fabry-Perot filters) 
exists in the difficulty to control the stress in a multilayer dielectric mirror, and as a result the 
optical surfaces of these MEMS devices are rarely flat. Here we describe an alternative 
approach based on interference between surface waves diffracted by a periodic array of 
subwavelength holes patterned into a metal film. Relative to devices based on multilayer 
dielectric mirrors, our approach has the advantage that it requires only a single thin-film metal 
layer, simplifying fabrication and stress control. In addition, since the reflectance spectrum is 
controlled by in-plane lithographic patterning, multicolor pixel arrays are readily realized with 
our approach.  

A variety of filters and light modulators based on in-plane guided optical resonances have 
been demonstrated in recent years. Guided-mode resonant grating (GMRG) devices were used 
as optical band-stop filters at telecommunications wavelengths [5] and as visible color filters 
[6]. Similarly, the use of MEMS actuators to control guided resonances in photonic crystal 
slabs has been studied analytically [7] and was recently demonstrated at 1550 nm [8]. One 
challenge posed in fabricating these devices is the need for precise lithography with 
dimensional tolerances on the order of ~10 nm. Previous researchers have used electron beam 
or focused ion beam (FIB) lithography, but these techniques are ill-suited to fabricate large 
arrays of pixels (e.g. for imaging and display applications). We demonstrate pixels fabricated 
using low-cost nanoimprint lithography (NIL) [9], a technique capable of producing pixel 
arrays spanning an entire wafer.  

2. Device operation 

The device consists of an array of flexure-suspended silicon pixels bonded to a transparent 
glass plate. Similar to the glass used in liquid crystal display (LCD) applications, the glass 
plate is coated with a conductive indium tin oxide (ITO) layer and an insulating SiO2 layer. 
The operation of a single MEMS pixel is illustrated schematically in Fig. 1. The front surface 
of each pixel is coated with a highly reflective metal (Ag or Al) patterned with a two 
dimensional array of subwavelength holes with diameter a and periodicity Λ [Fig. 1(a)]. As 
described below, the periodic pattern on the pixel surface results in a band-stop optical 
characteristic where the center wavelength (CWL) of the stop-band is approximately equal to 
nΛ, where n is the refractive index of the dielectric medium on the surface of the pixel. In the 
quiescent (OFF) state, an air gap separates the pixels from the surface of the glass plate [Fig. 
1(b)]. A voltage applied between the ITO layer and the metal surface of the pixel results in an 
electrostatic force that causes the pixel to snap into contact with the glass plate, switching the 
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pixel into the ON state [Fig. 1(c)]. When the pixel is switched from the OFF state to the ON 
state, the refractive index on the pixel surface switches from n = 1 to n = 1.5, shifting the stop-
band CWL out of the visible band and altering the spectrum of the reflected light.  

The ability of periodically-patterned gratings to diffract light into propagating modes is 
well-known. In addition, gratings exhibit a variety of resonant modes that occur when the 
angle of incidence and grating period are chosen such that a propagating mode becomes 
evanescent. As a result, resonances are particularly evident in gratings whose period is close 
to (or smaller than) the operating wavelength, as such a grating may not support any 
propagating diffraction orders. Instead, the incident light is coupled into in-plane guided 
resonances. Metallic gratings exhibit both classical resonances, such as Wood’s anomalies 
[10], and the more recently discovered resonances involving the coupling of light into surface 
plasmons (SPs) [11]. 
 

  
Fig. 1. (a). The pixel surface is coated with a metal of thickness t and patterned with a 2D 
square array of holes with period Λ and hole diameter a. (b) In the quiescent (OFF) state, no 
voltage is applied to the pixel; and an air gap separates the pixel from the glass plate. (c) The 
pixel is switched ON by applying a voltage between the ITO and metal layers, causing the 
pixel to snap into contact with the glass plate. 

 
At normal incidence on a 2D square lattice, the Wood’s anomalies [10] occur at 

wavelengths given by  

 22 jinij +Λ=λ .  (1) 

where n is the refractive index, Λ is the grating periodicity, and i and j are integers 
representing the diffraction order. The SP-mediated resonances [11] occur at wavelengths 
close to the Wood’s anomalies, as shown by  

 ( )2
, nmmijijSP += εελλ .  (2) 

where εm represents the complex permittivity of the metal film. In our device, with 
Λ = 500 nm and a silver coating (εm = -13.98 + 0.625i), we expect the first resonances to 
occur at λ01 = 500 nm and λSP,01 = 519 nm in the OFF state (n = 1), shifting to λ01 = 727 nm 
and λSP,01 = 789 nm in the ON state (n = 1.454). Although the approximate CWL of each 
resonance can be calculated with Eq. (1) and Eq. (2), they do not incorporate the effect of hole 
diameter and film thickness, both of which are known to impact the CWL. To predict the 
exact CWL, depth, and spectral width of each resonance, we performed simulations using a 
commercial software implementation of rigorous coupled-wave (RCW) analysis (GD-Calc, 
KJ Innovation Software). The simulated reflectance, illustrated in Fig. 2, shows a deep notch 
at λ = 550 nm when the pixel is in the OFF state; whereas in the ON state, the pixel appears to 
be highly reflective over the entire 500 nm to 800 nm wavelength range. It should be noted 
that Eq. (1) and Eq. (2) consistently predict resonances at wavelengths shorter than those 
gathered from RCW modeling and experimental results. While the hole size of 170 nm was 
not strictly optimized, it was chosen as a reasonable compromise between resonance 
magnitude and width; the magnitude and bandwidth of the optical resonance is known to 
increase with increasing hole diameter [12]. 
 

 
a Λ 

t 
Incident light Reflected light 

+ 

(c) (a) (b) 
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Fig. 2. Reflectivity of a silver-coated pixel with Λ = 500 nm, a = 170 nm, and t = 100 nm 
simulated using RCW analysis. 

3. MEMS design 

The MEMS pixel was designed so that a high quality nanohole grating could be fabricated on 
a flexure-suspended MEMS device. Figure 3 shows a schematic and a cross-section view of 
the pixel layout. Each 140 μm square pixel is suspended by four flexures with connections at 
the corners of the pixel. A photoresist (PR) layer separates the pixel array from the top glass 
plate. A voltage applied between the pixel and the top ITO electrode causes an electrostatic 
force, displacing the pixel upwards and decreasing the air gap. When the electrostatic force 
causes the pixel to deflect approximately one-third of the initial air gap, the pixel is pulled into 
contact with the SiO2 layer on the top plate [13], switching into the ON state. The voltage at 
which switching occurs is referred to as the pull-in voltage, VP. In the ON state, only a thin 
SiO2 layer separates the ITO and pixel electrodes, greatly increasing the electrostatic force. As 
a result, a lower voltage, referred to as the hold voltage VH, is sufficient to hold the pixel in the 
ON state after switching. This property allows a lower voltage to be used to maintain the ON 
state, an important attribute for low-power applications such as portable displays. 
 

 
 

Fig. 3. (Left) Schematic representation of a single MEMS pixel supported by four flexures. The 
scale of the grating is exaggerated for clarity. (Right) Cross-section view showing the pixel 
chip bonded to a top glass plate coated with an indium tin oxide (ITO) top electrode and SiO2 
insulator. 

4. Fabrication 

The device fabrication process is illustrated in Fig. 4. A combined process involving 
nanoimprint lithography and contact lithography was used to pattern the nanohole grating and 
suspended MEMS structure, respectively. Completed pixels were then assembled onto a glass 
plate with photoresist used as a spacer layer. 
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Fig. 4. Fabrication process flow for MEMS pixel arrays. Nanoimprint lithography (NIL) was 
used to pattern an array of nanoholes into the Si device layer. Contact lithography was used to 
pattern through wafer etch holes and the MEMS pixel structure. The top plate was made by 
depositing ITO and SiO2 on a quartz wafer with patterned photoresist to provide the spacing 
between the pixel array and the top electrode. 

 
Pixel arrays were fabricated using 100 mm silicon on insulator (SOI) substrates with a 

2 μm thick Si device layer bonded to a 2 μm thick buried SiO2 layer on a 500 μm thick Si 
handle wafer. First, the nanohole grating was patterned on the silicon device layer: NIL was 
used to pattern a 350 nm thick layer of polymethyl methacrylate (PMMA), after which this 
pattern was transferred to the Si device layer with a Cl2/HBr plasma etch. Next, the MEMS 
pixel arrays were defined using two optical lithography and SF6/C4F8 deep reactive ion 
etching (DRIE) steps. In the first step, the handle wafer Si and buried SiO2 was removed 
beneath each pixel array to facilitate release of the pixels. A Cr hard mask was deposited and 
patterned on the backside of the wafer. DRIE was used to etch through the 500 μm thick Si 
handle layer, after which the buried SiO2 was removed with by plasma etching. In the second 
step, the pixels and flexure suspensions were defined in the device Si through DRIE. A 60 nm 
thick layer of Al was deposited on the Si device layer through shadow evaporation with the 
wafer at 45 degrees to the Al source while rotating the wafer at 20 RPM. This process ensured 
that Al was deposited on the top surface of the Si device layer with no metal deposition in the 
bottom of the holes. Some amount of sidewall deposition occurs with shadow evaporation. 
The resulting tubular metallic structures have been observed by the authors to disrupt the 
resonant surface waves on the bottom side of the metal film. Resonance on both sides of the 
metal film is required for transmission enhancement, therefore limiting the use of such a 
technique primarily to reflective applications. 

The top plate was fabricated from a fused quartz wafer sputtered with a 100 nm thick ITO 
film followed by a 330 nm SiO2 film. The wafer was then spin coated with a 2 μm thick layer 
of photoresist (Shipley 1813) which was subsequently patterned to provide spacers to define 
the air gap between the pixel arrays and the top electrode. A completed MEMS pixel is shown 
in Fig. 5 along with the nanohole grating etched into the Si device layer. The MEMS pixel is 
140 μm by 140 μm square with 10 μm wide flexures. The nanohole grating shows 140 nm 
wide holes etched about 250 nm deep with an array periodicity of 500 nm. 
 

 

20 μm 

 
Fig. 5. (Left) Optical micrograph of completed MEMS pixel. The pixel is 140 μm by 140 μm 
square with 10 μm wide flexures. The nanohole pattern is not visible in the optical image. 
(Right) Scanning electron micrograph (SEM) of grating pattern etched into a silicon substrate 
by RIE. 
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Pixel curvature, due to stress in the grating metallization or buried SiO2 layer, must be 
minimized to ensure proper optical performance. The pixel suspension was designed so that 
any initial curvature in the SOI wafer would result in rotation of the pixel flexures while 
leaving the pixel surface flat. Curvature was measured with a Veeco interferometric 
profilometer, as shown in Fig. 6. The radius of curvature for the X and Y profiles is 36.8 mm 
and 38.6 mm, respectively, for an average radius of curvature of 37.7 mm. A peak-to-valley 
deformation of 50 nm was observed across the pixel, corresponding to a wavefront accuracy 
better than λ/10 at the operating wavelength of 550 nm. Even higher flatness should be 
possible by employing a slightly thicker device Si layer and a thinner buried SiO2 layer. 
 

 
Fig. 6. Interferometric profile of MEMS pixel. The average measured radius of curvature of the 
pixel was 37.7 mm. The image is of the backside of the pixel, as the curvature of the pixel 
could not be measured through the top glass plate. 

4. Experimental testing 

Reflectivity measurements were collected with the use of a spectrometer coupled to an optical 
microscope. A tungsten filament lamp is used to provide a broadband source of light in the 
visible range. Light is directed through a beam splitter and a microscope objective. Light 
reflects from the grating and is collected by the objective and measured with a fiber coupled 
spectrometer (Ocean Optics USB2000). A computer is used to record the reflectivity 
spectrum. Reflectance measurements were performed using a 2x objective with a numerical 
aperture (NA) of 0.055. With the NA = 0.055, the half-angle of the illumination cone is 3.6°, 
ensuring both that the incident light is nearly collimated and that only the zero-order 
reflectance is collected. 

Displacement measurements are done with the use of a laser Doppler vibrometer (LDV, 
Polytec OFV-3001). The LDV is used to measure the displacement at the center of each 
MEMS pixel. An electrostatic drive voltage is applied to between the MEMS pixel and the 
ITO electrode on the top glass wafer. Continuity between the Si device layer and Si handle 
layer is ensured by evaporating a layer of Al on the Si handle side of the wafer in the same 
process as used for fabricating the Al nanohole grating. 
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5. Results 

5.1. Optical measurements 

Optical observations of light reflected from a pixel in the ON and OFF state were made using 
a CCD camera coupled to a light microscope. Optical images of the pixel are shown in Fig. 7. 
The pixel was illuminated with filtered light spanning the wavelength range from 470 nm to 
670 nm. The reflected light is seen to change from green-yellow in the OFF state to red in the 
ON state. Images of a pixel which do not have a nanoimprinted grating (only a smooth Al 
film) on its surface show almost no observable change in color. 
 

 
Fig. 7. Image of MEMS pixels when illuminated with green-yellow light and seen through a 
microscope. (a) and (b) show a pixel with a nanoimprinted Al grating, while (c) and (d) show a 
pixel that does not have the grating. (a) Pixel in the OFF state. (b) Actuated pixel in the ON 
state. Notice the change in color from green-yellow to orange-red with actuation. (c) Pixel in 
the OFF state. (d) Pixel in the ON state. (931 KB) Movie of light modulation with MEMS pixel 
with grating. (880 KB) Movie showing a pixel without the nanoimprinted grating switching 
ON and OFF. 

 
To improve the signal-to-noise ratio for quantitative reflectivity measurements, large area 

(25 mm x 25 mm) nanohole gratings were prepared on Si substrates using the same NIL 
template used for MEMS pixel fabrication. Gratings were coated with Al and Ag layers to 
allow comparison of the effect of different metals on the reflectance spectrum. For each 
grating, two reflectance measurements were performed: the first with the grating in contact 
with a fused silica plate and the second with a small ~10 μm air gap between the two surfaces. 
The results of these measurements are presented in Fig. 8. The higher conductivity of the Ag 
grating results in a deeper optical stop-band with a narrower spectral width than the Al 
grating. The measured Ag grating spectra show good agreement with the simulated spectra 
shown in Fig. 2 produced using RCW analysis. While not explicitly shown here, similar 
agreement between measured spectra and RCW analysis can be expected with Al, or any 
metal where the complex optical properties are known. In addition, the CWL of the Ag 
grating is approximately 1.5 % longer than the CWL of the Al grating (558 nm versus 550 
nm). This difference may be due to the difference in permittivity of the two metals – given the 
same grating dimensions, the SP model from Eq. (2) predicts that a Ag grating will have a 2 
% longer CWL than an Al grating. Although the agreement between the SP model and the 
measured data seems promising, it is also possible that the difference in CWL is caused by 

(d) ON (c) OFF 

(b) ON (a) OFF 
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other effects, such as differences in the surface roughness or final nanohole diameter in the 
two gratings. The reflectivity of the Ag grating is 29.3 % at λ = 558 nm in the OFF state and 
increases to 90 % in the ON state, corresponding to contrast ratio of approximately 3:1. In 
comparison, the Al grating reflectivity is 50 % at λ = 550 nm in the OFF state, increasing to 
92.5 % in the ON state, a contrast ratio of 1.9:1. Reflectivity was measured up to a maximum 
wavelength of 900 nm on the Ag grating, confirming that switching from the OFF state to the 
ON state shifts the CWL of the grating resonance from 558 nm to 879 nm (a factor of 1.58), in 
good agreement with the expected shift predicted based on the refractive index of fused silica 
(n = 1.54 at λ = 879 nm). 
 

 
Fig. 8. Reflectivity measurements performed on large area gratings. Each grating was mounted 
beneath a glass wafer, and the reflectivity was measured with the grating pressed into contact 
with the glass wafer and separated by an air gap. Left: Ag grating. Right: Al grating. 

 
Reflectivity spectra of Al coated MEMS pixels in the ON and OFF states were measured 

using an aperture to limit the field of view to a 4 x 4 array of pixels. The pixel spacing and 
flexure suspension geometry are such that the active pixel surface had a fill-factor of 
approximately 65 % in this measurement. The measured reflectivity spectra, shown in Fig. 9, 
demonstrate a reflectivity of 34 % at 560 nm in the OFF state and a reflectivity of 55 % in the 
ON state, a contrast ratio of ~1.6:1. The measured contrast ratio of the MEMS array is 
considerably lower than that measured on the bulk gratings due to the relatively low fill-factor 
in the prototype device. The OFF state reflectivity of the pixel array is similar to that of the 
bulk Al grating. However, the ON state reflectivity is considerably lower than the 90 % 
achieved in a bulk grating device, since only the pixel surface is actively modulated in and out 
of contact with the top plate. As illustrated in the figure, when the pixel is switched from the 
OFF state to the ON state, the reflectivity is reduced in the 490 nm to 540 nm (green) 
wavelength range and increases in the 540 nm to 650 nm (yellow-orange) wavelength range, 
in qualitative agreement with the optical images shown in Fig. 7. A subtractive color model, 
such as CMYK (cyan, magenta, yellow, and key), is applicable to color reproduction for the 
shown MEMS pixel made with a metal film perforated with holes. The complementary 
structure with an array of isolated metal dots would be more amenable to an additive color 
model, such as RGB (red, green, and blue), which is a standard color model used for color 
displays. A quantitative description of the reproducible color gamut is difficult to provide; 
however, the presented MEMS pixel shows promise for a color gamut comparable to LCD 
(liquid crystal display) technology. 

No long term reliability tests were performed on the MEMS pixel. However, the devices 
tested were designed so that the yield strength of the Si flexures was not exceeded. This 
eliminated the possibility of first cycle failure. As long as such a device is designed properly, 
mechanical failure should not be the life-limiting factor. Optical characteristics of the grating 
are expected to remain stable over time, but this has yet to be verified through long-term 
testing. The primary mode of failure of the MEMS pixel is expected to be charging of the 
electrical insulating SiO2 layer, similar to the primary mode of failure of capacitive radio 
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frequency (RF) MEMS switches [14]. Effects of charging on device lifetime is fairly well 
understood [15] and should be addressed during the design phase of any such capacitive 
device. 
 

 
Fig. 9. Reflectivity measurements of a MEMS pixel with and without actuation. The 
reflectivity at 560 nm is 34 % in the OFF state and 55 % in the ON state. 

5.2. Switching measurements 

The pull-in voltage VP and hold-down voltage VH were measured by actuating a pixel with a 
15V triangular drive voltage and recording the pixel displacement using the LDV. The voltage 
dependent displacement is shown in Fig. 10. The time history of the displacement data is 
indicated on the plot with arrows showing the pixel motion as the voltage is first increased 
from 0 V to +15 V, then decreased from +15 V to -15 V before finally returning to 0 V. The 
fact that the measurement is not symmetric about 0 V suggests that charge has accumulated in 
the SiO2 dielectric on the top plate [16, 17]. We estimate the trapped charge on the SiO2 
surface [17] as σ = 25 nC/cm2 using σ = ΔVεrε0/td, where ΔV = 2.4 V is the offset in the line 
of symmetry, ε0 = 8.85 pF/m is the permittivity of vacuum, and εr = 3.9 and td = 330 nm are 
the dielectric constant and thickness of the SiO2 dielectric layer, respectively. 
 

 
Fig. 10. Measured pixel displacement versus applied voltage. The arrows indicate the direction 
of pixel motion as the voltage is swept from 0 V to 15 V, back down from 15 V to -15 V, then 
returning from -15 V to 0 V. 
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An analytical expression for the pull-in voltage VP [18] is given by 

 ( ) ( )AtgkV rdP 0
3 278 εε+=  (3) 

where k = 6.0 N/m denotes the stiffness of the mechanical suspension, g = 2 μm is the initial 
air gap, and A = 140 x 140 μm2 is the area of the pixel. Given these design parameters, the 
pull-in voltage predicted using Eq. (3) is VP = 9.6 V. Correcting for the 2.4V offset discussed 
above, the measured pull-in voltage is 8.8V, in good agreement with the analytical model.  

Similarly, the hold voltage VH [19] can be predicted using 

  ( )rPdH gVtV ε227= . (4) 

The predicted hold voltage is VH = 1.1 V, whereas the offset-corrected hold voltage was 
measured to be 3.6V. We believe the discrepancy between the measurement and the analytical 
model may be due to the fact that the flexures create a slight curvature in the pixel surface 
when the pixel is in the ON state. This curvature results in a slight air gap at the edges of the 
pixel [visible as a color variation at the edges of the pixel in Fig. 7(b)], reducing the 
electrostatic force available to hold the pixel down.  

 The measured time-dependent pixel displacement in response to a 23V step input is 
shown in Fig. 11. The measured switching time is ts = 80 μs. 
 

 
Fig. 11. Measured deflection of MEMS pixel from application of 23 V square wave. Switching 
time is 80 μs. 

 
The switching time has a complicated relationship with the electromechanical properties 

of the MEMS device due to the fact that the pixel is subjected to electrostatic force and 
squeeze-film gas damping, both of which vary nonlinearly with the air gap. At a given air gap 
g the squeeze-film damping coefficient is expressed as [20] 

 ( ) 3223 gAb μπ=   (5)  

where μ = 1.845·10-5 Pa·s is the viscosity of air at standard temperature and pressure (STP). 
When a step voltage VS > VP is applied to the pixel, a closed form approximation for the 
switching time ts can be derived by neglecting the pixel inertia and suspension stiffness and 
replacing the squeeze-film damping with a gap-independent viscous damping model. Under 
these conditions, the switching time is given by 

 ( )2
0

3
0 32 Ss AVbgt ε=  (6) 

where b denotes the damping coefficient, g0 is the initial air gap, and VS is the amplitude of the 
step voltage. The damping constant predicted using Eq. (5) varies from 0.4 mN·s/m to 
3.4 mN·s/m as g varies from 2 μm to 1 μm. Using b = 1.4 mN·s/m and VS = 23 V in Eq. (6) 
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gives ts = 80 μs. For reference, the switching time of a liquid crystal device is typically an 
order of magnitude slower. Although the amplitude of VS contributes to the fast switching 
time, Eq. (6) suggests that reducing VS by a factor of two would only increase the switching 
time to ~0.3 ms.  

7. Conclusion 

MEMS pixel arrays based on resonant gratings have the potential for unique optical 
characteristics. Since the resonant wavelengths are defined through lithography, considerable 
flexibility is available for the design of multicolor pixel arrays. Although grating fabrication 
requires precise nanolithography, NIL is low cost and suitable for fabricating wafer-scale (or 
larger) pixel arrays. Measured optical performance of the pixel arrays corresponds well to 
simulations produced using RCW analysis. The relatively low fill-factor of the first prototype 
devices could be greatly increased by reducing the space between pixels. With a fill factor 
closer to 100 %, the MEMS pixel array should achieve the 3:1 modulation contrast ratio 
measured on bulk grating devices. Optimization of the grating design through RCW studies is 
likely to result in further increases in contrast ratio. The measured switching time and 
switching voltage agree well with the predictions of analytical models. Although the 
switching voltage is relatively low for an electrostatic MEMS device, it is still somewhat 
higher than desired for many portable display devices. The fact that the switching time is 
much faster than required for these applications suggests that some design flexibility exists to 
optimize the MEMS design (e.g. to reduce the switching voltage at the cost of slower 
switching speeds).  
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