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Abstract: A micromirror array composed of 2048 silicon micromirrors
measuring 200 x 10@m? and tilting by 25 was developed as a reconfig-
urable slit mask for multi-object spectroscopy (MOS) in astronomy. The fill
factor, contrast, and mirror deformation at both room and cryogenic tem-
peratures were investigated. Contrast was measured using an optical setup
that mimics a MOS instrument, and mirror deformation was characterized
using a Twyman-Green interferometer. The results indicate that the array
exhibited a fill factor of 82%, a contrast ratio of 1000:1, and surface mirror
deformations of 8 nm and 27 nm for mirrors tilted at 298 K and 162 K,
respectively.

© 2013 Optical Society of America

OCIS codes:(230.3990) Micro-optical devices; (230.4685) Optical microelectromechanical
device; (350.1260) Astronomical optics.
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1. Introduction

To map the Universe, and further understand the formation of galaxies, astronomers use a tech-
nigque called multi-object spectroscopy (MOS), which permits the simultaneous collection of
spectra of many stars and galaxies. These spectrographs, which are mounted in space or ground
telescopes, are equipped with slit masks placed in the focal plane of the telescope, allowing
astronomical object selection. Using MOS, spoiling sources and sky background emission can
be removed from the observation, potentially enabling the simultaneous study of multiple faint
objects. Different types of slit masks were previously developed for object selection, includ-
ing conventional slit-masks [1], fiber-based slit masks [2], sliding bar-based slit masks [3], and
microshutter arrays [4].

In the last few decades, micromirror arrays (MMA) enable enhancements for a wide-variety
of applications such as wavefront correction error [5], Earth Observation [6], pulse-shaping [7],
etc. For MOS, MMA can improve the capabilities of the spectrometers by operating as a real-
time reconfigurable slit mask. MMA enable object selection by tilting the micromirrors between
two positions: when the micromirrors are at rest (OFF state), the light of non-selected objects
and sky background is sent back to space; when the micromirrors are tilted (ON state), the light
of objects are reflected towards the spectrometer and the spectra of these objects are obtained.

Based on this principle and the use of a commercially available digital micromirror device
(DMD) from Texas Instruments, some groups successfully developed MOS instruments [8,
9]. However, previous studies demonstrated that the lowest operating temperature of the large
format DMD (2048 x 1080) is -4@C [10], thereby hindering cryogenic operation, which is
required to minimize instrument background noise during the collection of the mid- and far-
infrared spectrum. Furthermore, with an off-the-shelf device, parameters such as micromirror
dimensions or tilt angle cannot be tailored for the application.

Therefore, for several years, our team has been developing MMA dedicated as reconfig-
urable slit masks for MOS. For the observation of faint objects, our arrays have to achieve the
following: high fill factors ¢~ 80%), high contrast ratia{1000:1), peak-to-valley (PTV) mirror
deformation of at least /20 for a typical wavelength of im, and cryogenic operation.

In this letter, we present the optical properties, namely the fill factor, contrast level, and
mirror deformations at both room temperature (RT) and cryogenic temperatures for a MMA
composed of 2048 tilting micromirrors measuring 200 x 1067 [11].
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2. Concept and fabrication

The micromirror cell is based on an electrostatic double plate actuator, and is composed of
two parts: an electrode chip, and a mirror chip as illustrated in Fig. 1(a). The bulk silicon
mirror is attached to the frame via flexure beams. The stopper beam and the two landing beams
provide a precise tilt angle when the micromirror is tilted [12]. The electrostatic gap between
the electrode and the mirror is precisely defined by pillars. When the voltage between the mirror
and the electrode is larger than the pull-in voltage, the micromirror tilts toward the electrode
and stays electrostatically clamped at a precise tilt angle, as described in Figs. 1(b)-1(d).

Stopper beam
Frame
Micromirror
Suspended beam
Landing beam
Landing pad
Electrode
Pillar
(a)

(b) © (d)

Fig. 1. (@) A micromirror cell has a system of beams achieving a precise tilt angle after
actuation. (b) At rest, when no voltage was applied, the micromirror was held in a flat po-
sition. (c-d) At the pull-in voltage, the micromirror was tilted towards its electrode. During
this motion, the micromirror first touched its stopper beam, and subsequently its landing
pads.

Mirror chip

Electrode chip
/\

The fabrication of these MMA required the use of bulk processing, surface micromachining
and wafer-level bonding. To make these devices, 3 wafers, 8 lithography masks and 2 wafer-
level bondings were necessary. A fabricated MMA is shown in Fig. 2. The fabrication process
was optimized to ensure a high degree of uniformity throughout the wafer, and to enable the
fabrication of larger arrays without major modifications to the process. A detailed description
of the fabrication process can be found elsewhere [11].

The micromirrors were controlled via custom-made external electronics based on the digital-
to-analog converter (DAC) AD5535 from Analog Devices, which are composed of 128 chan-
nels ranging from 0 to 148 V. A microcontroller, was used to send the voltage values to the
DAC from a MATLAB user interface.
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Fig. 2. MMA of 2048 micromirrors (32 x 64) measuring 200 x 100 x®°. (a) Scanning
Electron Microscope (SEM) image of the surface of the mirrors at the end of the fabrication.
(b) Packaged and wirebonded MMA.

3. Results

For the optical characterization, an array composed of 32 x 64 silicon micromirrors measuring
200 x 100um? and tilting by 25 was used. This array was line-addressed, meaning that all 32
micromirrors of each line had a single electrode and were simultaneously tilted when a voltage
was applied.

3.1. Fill factor

The fill factor of a MMA is defined by the ratio between the surface area of the mirror and
of the micromirror cell, which includes the mirror itself, the frame, and the gaps around the
micromirrors, as described in Fig. 1(a). Also, for MOS, the fill factor has to be maximized
to achieve full coverage of the field of view. The fill factor was defined during the design
of the array, however due to fabrication process variations, its real value has to be precisely
characterized. By measuring the dimensions of the gap around a micromirror using a SEM, a
fill factor of 82% was obtained for the processed devices. Moreover, since there is no frame in
the long slit mode direction (along the long side of the micromirror), a filling ratio of as high as
98% was obtained.

3.2. Contrast

The contrast of a micromirror was measured on a dedicated optical bench that mimicked an as-
tronomical object, a telescope, and a spectrograph [13]. Figure 3 shows the optical bench for the
contrast measurement. The astronomical object was mimicked by a polychromatic light source
(S1) which was collimated by a lens (L1), while the telescope was simulated by a lens (L2) and
the input pupil (P1). The spectrograph was mimicked by a lens (L3), the output pupil (P2) and
another lens (L4). By varying the size of the input pupil (P1), it was possible to change the F-
number of the telescope, and allow the measurement of the contrast at different F-numbers. The
output pupil (P2) was used to simulate the grating location, which also influences the through-
put of the system. When the size of the output pupil is limited, such as in a space telescope, the
pupil filters the diffracted light generated by the micromirrors and thereby reduces the through-
put and contrast of the system. Therefore, to avoid pupil oversizing or a decrease in throughput
and contrast, the MMA has to minimize the diffracted light by having micromirrors with low
roughness, low deformation, and small gaps between mirrors. Finally, for characterizing the
diffraction effects, input and output pupils were imaged on the detector (D2) using a lens (L5).
The polychromatic light source (S1) was focused to a diameter of200n a micromirror,
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Fig. 3. Optical setup for the contrast characterization of a micromirror. The polychromatic
light source (S1) and lens (L1) simulated an astronomical object; the lens (L2) and the input
pupil (P1) simulated the telescope; the lens (L3), output pupil (P2) and the other lens (L4)
simulated the spectrograph. The pupils were imaged on the detector (D2).

a diameter which corresponds to the typical plate scale (at the focal plane of next-generation
telescopes) of a galaxy having an angular size of 0.5” in the sky, as depicted in Fig. 4(a). The
input pupil (P1) was set to F/4, which is the most challenging configuration for the contrast
measurement, but it provides the largest field of view. Using a charge coupled device (CCD)
camera with a spatial resolution of 2.26n/pixel in the field of view, the intensity of the
reflected light was integrated when the line of this mirror, and the two neighboring lines, were
both tilted and at rest, as shown in Figs. 4(b) and 4(c). The contrast was defined as the ratio
between the integrated intensity over the mirror surface at rest and tilted [13]. In the tilted
state, the exposure time was 0.1 s. However, in the rest state, since the light only comes from
reflection of the micromirror edges and electrode, the exposure time was increased to 10 s,
in order to maximize the signal-to-noise ratio at the detector. The contrast was then obtained
by calculating the ratio between these two integrated intensities, with compensation for the
difference in exposure times, leading to a contrast ratio of about 1000:1 for a micromirror with
a tilt angle of 25.

Typically, a contrast of 1000:1 is sufficient to remove the background noise generated by the
sky and common spoiling sources. If necessary, higher contrast can be obtained by decreasing
the F-number, decreasing the gap between the mirrors, and coating the electrode with an anti-
reflective coating.

3.3.  Micromirror deformation

3.3.1. Optical setup

The deformation of the micromirrors at RT and cryogenic temperatures was characterized by
placing the line-addressed MMA in a cryogenic chamber, which was mounted in front of a
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Fig. 4. The contrast was obtained by focusing a @ diameter light source on 3 lines of

32 micromirrors, and subsequently measuring the integrated intensity over the micromirror
surface for the rest and tilted states. (a) 3 tilted lines of micromirrors illuminated by an ex-
ternal source and the 2Q0m diameter light source aimed at the micromirror. (b) Intensity
measurement when the 3 lines of micromirrors were tilted (ON state) for an exposure time
of 0.1 s. (c) Intensity measurement when the 3 lines of micromirrors were at rest (OFF
state) for an exposure time of 10 s. In this case, the measured light comes from reflection
of the micromirror edges and of the electrode.

Twyman-Green interferometer, as described in Fig. 5 [14]. This type of interferometer uses a
low coherence light sourcd (=650 nm,AA =10 nm) for characterizing the deformation of op-
tical components. To characterize the micromirrors in their rest state as well as their tilted state,
the chamber was mounted on a rotating stage and the MMA placed in a precisely controlled
orientation. By rotating the chamber to the value of the micromirror tilt angl®) (&5vas pos-

sible to quantify the surface quality of the tilted micromirrorssitu. However, when the MMA

was tilted, only a line of micromirrors could be measured at once due to the low coherence of
the light.

To balance variations of dimensions at cryogenic temperatures, the packaged MMA was
clamped in a zero-insertion-force socket mounted on a dedicated printed circuit board that was
fixed in the chamber via a point-plane-plane attachment system. The MMA was electrically
supplied via a 100 pin feedthrough and the chamber was closed by a flange equipped with a
high-quality glass window (W1). To achieve an optimal fringe contrast and nanometer resolu-
tion, a compensating plate (W2) identical to the glass in (W1) was placed in the reference arm
of the interferometer.

After cooling, the system reached thermal equilibrium at 162 K and at the pressure®f 10
mbar. This temperature was limited by the capability of the cryopump and the thermal insulation
of the chamber.

3.3.2. Cryogenic behavior

For this experiment, out of the 17 working lines that contain 32 micromirrors each, 3 contigu-
ous lines were selected as the exemplary system and are depicted in Fig. 6(a). The electro-
mechanical behavior of these lines was characterized at three conditions: before (at RT), during
(at 162 K), and after (at RT) the cryogenic test described earlier. Before cooling the chamber,
each micromirror could be tilted by 2%sing a voltage of 130 V. However, at the cryogenic
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Fig. 5. Optical setup for the characterization of the micromirror surface deformation at RT

and cryogenic temperatures. The MMA was placed in a cryogenic chamber, which was
mounted in front of a Twyman-Green interferometer. The use of a compensating plate in
the reference arm of the interferometer enabled measurements with nanometer resolution.

temperature (162 K), 130 V was not sufficient for tilting all the micromirrors, as shown in
Figs. 6(b) and 6(c). Increasing the actuation voltage to 148 V enabled an additional micromir-
ror to fully tilt, as represented in Fig. 6(d). Additionally, since the maximum output voltage

of the electronics was 148 V, it was not possible to further increase the voltage to actuate all
the micromirrors of the lines. This observed increase in actuation voltage could originate from
modifications of the Young’s Modulus and/or carrier mobility of doped polysilicon at cryogenic
temperatures, and requires further study in the future. Nonetheless, the successful actuation of
these micromirrors was achieved several times at cryogenic temperatures.

Upon return to RT, the lines that were not actuated at cryogenic temperatures were success-
fully tilted by 25° at an actuation voltage of 130 V. However, the 96 micromirrors of the 3
lines that were actuated at 162 K demonstrated a limited range of tilt angle (few degrees) for
actuation voltages above 100 V. To study the origin of this issue, further optical and electrical
characterization of the device was performed. The results of these studies indicated that there
were no broken mirrors or polysilicon beams, no failed gold-si eutectic bondings of the frame
to the pillars, and no shorted electrodes. Based on these results and on the electro-mechanical
behavior of these mirrors, we assume that the limited tilt angles of the micromirrors actuated
at 162 K could be due to the stiction or deformation of the suspended beams to the back of the
micromirror when the device returned to RT. However, the only way to confirm this assumption
would be to locally break a single mirror and have a look at its beams. Since this destructive test
can potentially damage the rest of the array, it has not yet been undertaken. The proposed mech-
anism of how stiction or deformation of the beams hinders the actuation of the micromirrors
is as follows: the deformed suspended beams cause the micromirror to touch its stopper beam
before the pull-in voltage, effectively pinning the micromirror and preventing its actuation even
when the voltage is increased. Further studies are planned to better understand and avoid this
failure mode.

#193788 - $15.00 USD  Received 17 Jul 2013; revised 29 Aug 2013; accepted 29 Aug 2013; published 16 Sep 2013
(C) 2013 OSA 23 September 2013 | Vol. 21, No. 19 | DOI:10.1364/0E.21.022400 | OPTICS EXPRESS 22406



200pum 0

(@) (b) © (d)

Fig. 6. Interferometric observation of the lines of micromirrors before and during the cryo-
genic experiments. During this experiment, the cryogenic chamber was rotated by a value
equal to the micromirror tilt angle. Therefore, the tilted micromirrors appear white (ON
state), while the micromirrors at rest appear black (OFF state). Due to low coherence light,
only one line of micromirror could be measured at once. Actuation of the micromirrors was
successfully demonstrated at 162 K. (a) Temperature: RT, Voltage: 130 V. (b) Temperature:
162 K, Voltage: 0 V. (c) Temperature: 162 K, Voltage: 130 V. (d) Temperature: 162 K,
\oltage: 148 V.

3.3.3. Deformation

The deformation of the micromirrors originates from two sources: the internal stress in a mi-
cromirror and the stress generated by the surface coating. Since silicon is transparent to infrared
light, the silicon micromirrors were coated with 10 nm Ti and 50 nm Au. Due to the coefficient
of thermal expansion (CTE) mismatch between silicon and the surface coating, the thickness of
the micromirror (200 x 100 x 1m®) was defined to ensure that its deformation at cryogenic
temperatures will remain within constraints 60 nm PTV).

The deformation of a micromirror from one of the 3 lines previously selected was measured
by phase-shifting interferometry before the cryogenic test (at RT) and during the test at 162
K. Since the line of this sample did not fully tilt upon return to RT, a comparable mirror from
a neighboring line was measured. Figure 7 presents the mirror deformation measurements.
Before the experiment (at RT), the sample micromirror had a PTV deformation over its surface
of 8 nm. At 162 K, the PTV deformation increased to 27 nm due to the CTE mismatch. After
the cryogenic experiment, back at RT, a neighboring micromirror had a deformation of 10 nm.
Table 1 summarizes these results.

This experiment showed that the micromirrors were slightly deformed during the cryogenic
tests, and their initial optical properties were restored after cooling. After the test, optical in-
spection of the mirrors revealed no delamination of the gold coating, indicating the high quality
of the coating. Finally, the micromirror deformation at 162 K was below the 50 nm threshold set
for MOS, and if necessary, an additional coating can be deposited on the back of the micromir-
rors to further reduce the micromirror deformation. Therefore, our measurements indicate that
the micromirrors reported here perform within the optical constraints required by MOS.
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Table 1. PTV and root-mean-square (RMS) micromirror surface deformation before, dur-

ing, and after the cryogenic test at 162 K. The measurements before and during the cryo-
genic test were made on the same micromirror. After the cryogenic test, a comparable
micromirror was measured because the line previously observed did not fully tilt.

Temperature RT (before cooling) 162K RT (after cooling)
Mirror state Tilted Tilted Tilted
PTV deformation 8nm 27 nm 10 nm
RMS deformation 2nm 5nm 1.5nm
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Fig. 7. Micromirror surface deformation measured by phase-shifting interferometry before,
during, and after the cryogenic experiment. The silicon micromirror measuring 200 x 100
x 10 um? was coated with 10 nm Ti and 50 nm Au, and was in its tilted position. (a) PTV
deformation of 8 nm at RT before cooling. (b) PTV deformation of 27 nm at 162 K. (c)
PTV deformation of 10 nm at RT after cooling.
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4. Conclusion

In this paper, we presented the optical results of a microfabricated MMA dedicated as a recon-
figurable slit mask for MOS. This device was composed of 32 x 64 micromirrors measuring
200 x 100 x 10um?® and tilting by 25 at an applied potential of 130 V. The experimental re-
sults demonstrated that the MMA has optical performance above all requirements, such as a fill
factor of 82% (98% in the long slit direction), a contrast ratio of 1000:1, and a PTV deformation
of a coated micromirror of 27 nm at 162 K. Moreover, several lines of micromirrors were tilted
by 25 at an actuation voltage of 148 V at 162 K.

In the future, to improve the reliability of the MMA, further testing at cryogenic temperatures
will be performed. Also, the size of the array will be increased using the scalable fabrication
process developed for this device. In addition, a space-compatible electronics for local and
individual actuation of each micromirror will be developed and integrated in the array. Finally,
the MMA will be tested into a MOS instrument demonstrator.
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