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Abstract— A miniature Fabry-Perot tunable infrared filter 

under development at the NASA Goddard Space Flight Center is 
fabricated using micro opto electromechanical systems 
(MOEMS) technology.  Intended for wide-field astrophysical 
studies in space flight, it features a unique 11-mm diameter 
aperture structure that consists of a set of opposing suspended 
thin films 500 nm in thickness, supported by annular silicon 
disks. Achieving the   desired effective finesse in the MOEMS 
instrument requires minimizing the RMS waviness in the film.  
This paper presents surface characterization data for the 
suspended aperture film prior to, and following application of a 
multi-layer dielectric mirror.  A minimum RMS waviness of 38 
nm was measured prior to coating.  Results show evidence of 
initial deformation of the silicon support structure due to 
internal stress in the substrate and thin film layers.  Film stress 
gradients in the dielectric coating on either side of the aperture 
add convexity and other localized deflections.  Optical 
characterization of the prototype has yielded an effective finesse 
of 3.8. 
 

Index Terms—tunable filter, Fabry-Perot interferometer, 
etalon, MOEMS, surface characterization, finesse, suspended 
thin film 
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I. INTRODUCTION 

 NASA’s Origins program seeks to address humanity’s 
most fundamental questions concerning the existence and 
uniqueness of life in our universe.  A new approach to 

this age-old conundrum is to exploit recent advances in 
visible/near infrared coronagraphic imagery that facilitate 
detection of distant extra-solar planets using space-based, 
wide field optical sensors.  One example is the Fabry-Perot 
(FP) tunable infrared filter, also referred to as a Fabry-Perot 
interferometer, or tunable etalon (Hecht), [1]).  A compact FP 
tunable infrared filter based on micro opto electromechanical 
systems (MOEMS) technology has been developed at the 
NASA Goddard Space Flight Center (GSFC) to sense corona 
emissions in the 1.1 to 2.3 um band.  It is designed with a 
novel 11-mm diameter aperture for imaging spectrograph 
applications in 8-m class space telescopes, and similar 
astronomical instruments.  Prior to this point, MOEMS FP 
tunable filters with aperture dimensions not exceeding 4 mm 
have been demonstrated (Raley, Ciarlo, Koo, Beiriger, 
Trujillo, Yu, Loomis, and Chow; Tran, Lo, Zhu, Haronian, 
and Mozdy; Jerman, Clift, and Mallinson; Bartek, Correia, 
and Wolffenbuttel) [2, 3, 4, 5, 6].  As a later section explains, 
the optical performance of the tunable infrared filter is 
influenced by the waviness of high aspect ratio (on the order 
of 104) suspended thin films that form the aperture structure.  
This paper describes a series of surface characterization trials 
that measured aperture waviness before and after multilayer 
dielectric mirrors were applied.  An analysis was performed 
that calculates the effective finesse of the tunable infrared 
filter based on waviness measurements of the coated 
prototype, and estimates of parallelism deviation of the optical 
surfaces.  Finesse was then measured directly and compared to 
(1) the result of the analysis and, (2) the desired value.  The 
analysis leads to significant observations  regarding the 
capability and limitations of the large aperture MOEMS FP 
instrument that incorporates a coated, high aspect ratio 
suspended thin film. 

The architecture of a conventional Fabry-Perottunable 
etalon is similar to that of the modern laser cavity [1].  It 
consists of two parallel glass plates separated by a gap (d ) as 
indicated in Figure 1.  The gap-facing surfaces are polished 
flat and coated such that their reflectance is slightly less than 
100% (Barry, Satyapal, Greenhouse, Barclay, Amato, Arritt, 
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Brown, Harvey, Holt, Kuhn, Lesyna, Fonneland, and 
Hilgeman), [8].  A fraction of incoming light from a broad-
band, diffuse, and collimated source enters the gap, and  
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Fig. 1.  Conventional Fabry-Perot instrument. 
 
multiple reflections occur as shown [1].  Specific wavelengths 
λ are resonant according to the magnitude of the gap d.  If the 
phase changes associated with the multiple reflections within 
the gap are neglected, this relationship is defined by the 
following expression (Atherton, Reay, and Ring), [12]: 

θλ cos2ndm =          (1) 
 

where m is the order of interference, n is the refractive index 
of the medium between the plates (in this application, n = 
1.00 for air or vacuum), and θ  is the angle of incident rays on 
the instrument.  In this study, normal incidence is assumed.  
At resonance, the reflected rays within the gap interfere 
destructively, and the light passes through the instrument to a 
detector [12].  Adjusting the magnitude of the gap alters the 
resonant wavelength.  In the past, controlled tuning was 
provided by piezoelectric translators coupled with capacitive 
feedback sensors.  In space flight applications, the bulk, 
precision engineering, and delicate nature of the conventional 
FP instrument make it susceptible to damage, especially 
during the launch phase [8].  Furthermore, piezoceramic 
performance degrades in the (30 K) cryogenic environment of 
space [8].  Effectively utilizing a compact, electrostatically 
driven MOEMS design (one with low thermal mass for rapid 
cooling, and high natural frequency) mitigates these risks. 

The GSFC MOEMS FP tunable infrared filter shown in 
Figure 2 consists of an upper movable plate, and a fixed lower 
plate.  They are constructed from 330-um thick silicon wafers  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.  GSF
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aperture area in the center of the instrument is defined in 
addition to insulating dielectric layers for electrical 
conductors.  This is accomplished by patterning and etching 
the nitride and oxide layers using lithography, and a 
combination of Reactive Ion Etching (RIE) and buffered 
hydroflouric acid to remove the oxide.  Next, layers of gold 
and titanium are evaporated onto the substrate, and 
subsequently patterned and etched, to complete the network of 
actuation/sense patches, electrical leads, and wire terminals 
shown in Figure 4.  An Electron Cyclotron Resonance ECR  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.  Microfabrication process. 
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C MOEMS Fabry-Perot tunable infrared filter prototype.  

ntation), coated with a 400-nm layer of silicon 
nd an overlying layer of 500-nm thick silicon nitride 
re 3).  Up to four upper or lower plates are 
icated on a single 4-inch wafer using similar 
.  The following is a description of the process for 
 plate, illustrated in Figure 3.  In the initial steps, the 

Fig. 4.  FP upper plate (gap-facing side)showing actuation/sense network. 
 
apparatus is used to deposit a 700-nm silicon dioxide 
passivation layer on the gold traces.  The aperture surface and 
movable support structure of the upper plate are bulk 
micromachined using Deep Reactive Ion Etching (DRIE) 
technology.  Preparation for DRIE includes bonding a pyrex 
backing wafer to the substrate, and patterning a thick layer of 
photoresist on the opposite (non-gap facing) side.  DRIE 
removes bulk silicon from the aperture area, leaving the  
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suspended oxide and nitride films in a state of drum-like 
tension (the oxide film is ultimately removed, and the 
suspended nitride remains).  Concurrently, the bulk 
micromachining defines a set of narrow flexures that join the 
aperture structure to the perimeter of the upper plate (see 
Figure 4).  A dielectric mirror, consisting of alternating layers 
of niobium pentoxide and silicon dioxide, is deposited on  
each side of the aperture film.  In the final steps of the 
fabrication process, the tunable infrared filter is assembled by 
the mating the coated upper and lower plates as shown in 
Figure 4.  The plates are electrically connected with silver-
filled epoxy applied to opposing terminals.  Twenty-five 
mirometer diameter gold wire is inserted between the plates 
that sets the distance between the actuation/sense patches at 18 
to 20 um.  The nominal optical gap (d) of the assembled 
device with five-layer dielectic mirrors is approximately 18 
um.  Applying a potential between the actuation/sense patches 
generates an electric field, and a corresponding attractive 
force, that causes the suspended upper optical area to deflect 
downward toward the lower, hence altering the magnitude of 
the gap.  Complete details of MOEMS FP actuation are 
provided by Kuhn et al. (Kuhn, Barclay, Greenhouse, Mott, 
and Satyapal), [10]. 

II. ANALYSIS 
Table 1 lists the microfabrication and optical performance 

objectives of the large aperture MOEMS FP tunable infrared 
filter program.  Objectives for parallelism  

 
TABLE I 

MOEMS FP PROGRAM PERFORMANCE OBJECTIVES 
Parameter Symbol [12] Objective 
Effective finesse NE 50 
Aperture waviness δtw  6 nm root-mean-square (RMS) 
Parallelism δtp  10 nm 
 
and aperture waviness were established from experience with 
conventional space-based FP systems, such as the 
Demonstration Unit for Low-order Cryogenic Etalon 
(DULCE), [8].  Referring to Table 1, the aperture waviness 
objective of  6 nm represents approximately one hundredth of 
the emission wavelength of the helium-neon laser used in 
optical characterizations of DULCE.  As the following 
segment explains, the effective finesse depends upon these 
parameters.  

Finesse is a primary measure of performance in the FP 
instrument, and is analagous to the quality factor Q of an 
oscillator (Guenther), [13].  Finesse in the ideal FP system is 
independent of the magnitude of the gap, and is defined as the 
ratio of the wavelength range between resonant peaks of 
adjacent order (referred to as the free spectral range), and the 
full width half maximum (FWHM) of a given peak [12,13].  
In reality, the effective finesse, Neff, defines performance [12].  
Effective finesse accounts for increases in the FWHM due to 
diffraction in the aperture, surface roughness, reflectance, 
flatness, and parallelism of the plates [12,13].  Effective 
finesse of the FP prototype was measured directly using a 
Bruker radiometer with a collimated broad band source.  
Since the beam diameter was less than that of the prototype 

aperture, the contribution to the effective finesse due to 
diffractive effects was not considered in the analysis.  
Furthermore, scanning electron microscope (SEM) 
observations of the aperture surface suggested roughness 
values on the order of angstroms.  Consequently, the 
contribution due to surface roughness was also omitted.  

The component of the effective finesse associated with 
the reflectance of the mirror surfaces is expressed as the 
following [12]: 

( )R
RN R −

=
1
π

          (2) 

 
where R is the reflectance of the mirror at normal incidence 
measured with a similar Perkin Elmer radiometer.  Defects 
in parallelism (δtp) of the plates are considered in the 
following expression for the parallelism finesse [12]: 
 

p
p t

N
δ
λ
3

= .         (3)    

In trials with the prototype FP filter, direct interferometric 
measurements of parallelism deviations were not performed.  
Alternatively, the effective finesse calculation is run for 
varying estimates of the deviation based on a series of 
observations of the prototype with a confocal microscope.  
Waviness in either the upper or lower mirror surfaces (δtw) is 
captured by the figure finesse [12,13]: 
 

w
f t

N
δ
λ

2
= .          (4) 

 
The root-mean-square (RMS) waviness as a fraction of the 
wavelength λ used in (4) was measured with a Zygo  
interferometer with a 546 nm source.  Finally, the effective 
finesse NE of the FP tunable infrared filter is expressed as 
[12,13]: 

222
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1

fPR

E

NNN

N
++

= .      (5) 
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III. RESULTS 
Seventeen MOEMS FP prototype plates (eight upper 

plates, and nine lower plates) were fabricated and mounted in 
protective fixtures. The gap-facing side of the uncoated 
aperture film was characterized using the Zygo 
interferometer, yielding a map of the aperture surface, and a 
measurement of the RMS waviness.  Two sets of plates 
exhibiting the lowest measured RMS waviness were selected, 
and  multi-layer dielectric mirror coatings were subsequently 
applied.  Waviness measurements were repeated on the coated 
samples. 

The uncoated samples displayed two distinct surface 
contours.  Uncoated lower plate aperture films exhibited the 
so-called complex saddle contour as described by Jacobson et 
al. (Jacobson, Barclay, Greenhouse, Mott, Satyapal, and King; 
[9], see Figure 5, below).  Upper plate aperture films 
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that were fabricated on the same wafer.  This observation was 
consistent for the majority of wafers in the characterization.  
The RMS waviness of the aperture films increased after the 
multi-layer dielectric mirror coating was applied.  The 
minimum RMS waviness in the two upper plate samples 
increased from 38 nm to 70 nm (84%), whereas the minimum 
of the lower plate samples increased from 42 nm to 60 nm 
(43%) after coating.  Figure 7 depicts the coated aperture film 
contour for a lower plate.  A supplementary      
 
 

 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

g. 5.  Uncoated lower plate aperture film surface map showing complex 
ddle contour [9]. 

 
owed both the complex saddle, and the six-pointed star 
ntour shown in Figure 6 [9].  RMS waviness 

g. 6.  Uncoated upper plate aperture film surface map showing six-pointed 
r contour [9]. 

easurements for the aperture films of the uncoated lower 
ates ranged from a maximum of 248 nm to a minimum of 42 
, while the uncoated upper plate films ranged from 187 nm 

 38 nm.  Examinations of the upper and lower plate data sets 
ggest significant variance in RMS waviness among devices 

 
Fig. 7.  Lower plate aperture film surface map following multi-layer dielectric 
mirror coating.       

 
study focused on surface mapping of the silicon support 
structure surrounding the aperture.  These results, combined 
with a review of prior work [9] and coating process 
measurements, offered important insight into the trends in 
aperture film waviness.  First, the silicon structure 
surrounding the aperture film was observed to have a similar 
surface contour.  More importantly, the deflected profile was 
largely unchanged after all films were removed from the 
substrate.  This condition suggests that flatness deviations in 
the aperture film are not exclusively a consequence of thin 
film stresses, but also residual stress in the substrate.  The fact 
that the unprocessed wafers exhibited measurable “bow,” or 
curvature, supports this premise.  Secondly, witness sample 
measurements revealed a stress gradient of 3 MPa in the 
multi-layer dielectric mirror coatings on each side of the 
aperture film.  The gradient may contribute to the apparent 
increase in waviness after coating.   

 

The aforementioned coated plates were assembled to 
construct two MOEMS FP tunable infrared filter prototypes.  
Prior to assembly, the reflectance of the individual coated 
aperture surfaces was measured.  Reflectance data, together 
with RMS waviness measurements, are reported in Table 2.  
The rightmost column lists the corresponding contribution to 
the effective finesse as calculated by (2), and (4).  The final 
effective finesse predictions are shown in Table 3 for 
estimates of the plate parallelism deviation varying over three 
orders of magnitude.  Predictions vary according to which 
data set is used in the calculation: that of the upper aperture 
surface, or the lower.  In this study, the effective finesse 
resulting from an estimated parallelism deviation of one 
micrometer or greater is considered the most realistic. 
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TABLE II 

ANALYSIS DATA FOR COATED PROTOTYPE1 

Parameter Upper 
Aperture 
Surface 

Lower 
Aperture 
Surface 

Component of 
Effective Finesse 
Upper, (Lower)  

Maximum reflectance (%) 92.8 91.6 42, (36) 
RMS waviness (nm) 70 152 15, (7) 
1All  measurements correspond to a wavelength of 2.1 micrometers. 

 
TABLE III 

EFFECTIVE FINESSE RESULTS  
Result   Plate Parallelism Deviation (nm)  
  1000 100 10 

Analysis using 
upper aperture 
surface data 

 1.2 9.2 14 

Analysis using 
lower aperture 
surface data 

 1.2 5.9 6.8 
 

Direct 
measurement 

3.8    

 
However, the results stemming from lower estimates are 
included to illustrate the positive performance impact of 
minimizing the parallelism deviation.  In practice, this is 
accomplished by closed-loop control of the electrostatic 
actuation mechanism using the system’s capacitive position 
sensing capability.  The effective finesse of the prototype was 
directly measured from the plot of transmittance versus 
wavelength shown in Figure 8.  Note that due to errors in the  
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minor impact.  Dramatic enhancements are possible by 
reducing deviations in waviness and parallelism.      

IV. CONCLUSION 
The MOEMS FP tunable infrared filter developed at the 

NASA Goddard Space Center is the first known application of 
a MOEMS Fabry-Perot instrument in space flight, with 
aperture width exceeding 10 mm.  Surface characterization of 
the suspended aperture surfaces led to predictions of the 
effective finesse that were compared to direct measurements 
of the prototype.  The results of the investigation lead to the 
following conclusions: 

• The aperture films exhibit periodic flatness 
deviations, greater than 40 nm RMS, that increase 
in amplitude when a multilayer dielectric mirror is 
applied.  The waviness, in conjunction with defects 
in reflectivity and parallelism, limit the effective 
finesse of the prototype to a value of 4 or less.    

• A strategy for reducing aperture waviness must 
include not only minimizing stress and stress 
gradients in the applied coatings, but also flatness 
defects in the silicon substrate. 

Future work on the MOEMS FP tunable infrared filter 
includes work in two areas: fabrication and control.  
Fabrication process development focuses on increasing device 
yields by eliminating photoresist defects and wafer bond voids 
that destroy the aperture films.  Lastly, a feedback control 
system based integrated capacitive position sensors is 
necessary to enhance the parallelism of the upper and lower 
plates. 
ig. 8.  Transmittance versus wavelength for the MOEMS FP prototype. 

lacement of the spacer material during prototype assembly, 
he coated optical gap is larger than the design.  This condition 
ends to bias the resonance of a given order towards longer 
avelengths according to (1). The graphical 
easurementtechnique yielded a free spectral range of 0.092 
icrometers, and a full width half maximum of 0.024 
icrometers.  It follows that the measured effective finesse of 

he prototype was 3.8 (see Table 3).  Although greater than the 
nalytical prediction, this measurement fell short of the 
rogram objective of 50.  A simple (albeit expensive) 
mprovement is to boost the aperture reflectivity by applying a 
ore sophisticated multilayer dielectric mirror.  However, the 

nalysis suggests that reflectivities as high as 99% have a 
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