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Abstract: We have fabricated and characterized fully programmable
diffraction gratings consisting of 64 silicon micro-mirrors. The mirrors are
700um long and 50pum wide with a fill factor of 90%. They are actuated
electrostatically and move down by 1.25um while showing negligible cross-
talk and bowing as small as 0.14um over 700pum. Extinction ratio up to 100
has been achieved by adjusting only 3 adjacent micro-mirrors. The gratings
could operate either as light modulators up to Spum or spectra generators up
to 2.5um.
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OCIS codes: (050.1950) Diffraction gratings; (230.3990) Micro-optical devices.
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1. Introduction

Programmable MEMS diffraction gratings (PMDG) are used for external cavity lasers,
projection displays and in optical communication systems [1,2]. PMDGs are also used for
spectroscopic applications because of their potential in tailoring visible and infrared spectra
[3-6]. A common configuration to tailor spectra using a PMDG is to first disperse the input
broadband light by a fixed grating onto a programmable grating (Fig. 1), which then selects
the wavelengths in the output spectrum. The programmable grating consists of several groups
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of micro-mirrors (pixels), where every second micro-mirror in a pixel can move vertically by
a fixed displacement, while the other micro-mirrors are not movable. If there is no micro-
mirror displacement, the pixel functions as a mirror and the reflected wavelength is preserved
in the output spectrum. Displacement of the movable micro-mirrors by A/4, A being a
wavelength of light impinging on the pixel, makes the pixel to function as a diffraction
grating, which switches off the wavelength A in the output spectrum. A fully programmable
MEMS diffraction grating (FPMDG), where every micro-mirror can move independently in a
range 0 - A/2, leads to a better control of the intensity for each wavelength in the synthetized
spectrum — the intensity can take any value from 0 (micro-mirror A/4-condition) to the
maximum (no micro-mirror displacement).

Reflected selected wavebands
) (other wavelengths are diffracted
Incident spectrum and blocked by a dedicated mask) &),

Fig. 1. Principle of wavelengths selection by using a PMDG. Wavelengths wanted in the output
spectrum are reflected while the others are diffracted.

One of the main limitations in FPMDG devices is the reduction in diffraction efficiency
due to bending of the micro-mirrors during actuation [1]. Burns et al. have demonstrated that
the diffraction efficiency drops by more than 50% for peak-to-valley micro-mirror bending of
M4 [7]. In this work we present the optical characterization of microfabricated FPMDG,
consisting of 64 independently addressable planar micro-mirrors, showing negligible micro-
mirror bending throughout actuation.

2. Design and microfabrication

The FPMDG chip contains 64 micro-mirrors which are actuated electrostatically. Rigid Si
micro-mirrors are connected to the centre of the compliant mechanical flexures via linkage
arms, as illustrated in Fig. 2.

Metal layer ——

Flexure

— Si beam

N GND electrode

“— HV electrode

’\%
Pyrex post

Fig. 2. Schematic of the FPMDG micro-mirrors, flexures and electrodes.
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To actuate a micro-mirror, a voltage is applied between the flexures at both ends of the
micro-mirror and the underlying electrodes. The electrostatic force pulls the flexures towards
the substrate. The mechanical coupling between the optical micro-mirror and the mechanical
flexures via the linkage arms permits the micro-mirror to follow the pure vertical
displacement of the central point of the flexures, reducing the micro-mirror bending
throughout actuation. The micro-mirror and its underlying electrode are kept at ground to
eliminate any forces between the mirror and the substrate again reducing stress on the micro-
mirror. Flexures and micro-mirrors are made in the same layer (silicon) and are kept at ground
through a separate wirebonding connection. The metalized area under the micro-mirrors is
also at GND. High-voltage electrodes are present only under the flexures. Grounded metal
layer under micro-mirrors is extended between high-voltage electrodes to reduce the cross-
talk and micro-mirror bending.

Microfabrication is based on a 4 mask photolithography process [8]. They are used to
process an SOI wafer, the device layer of which is used to pattern the micro-mirrors, and a
Pyrex wafer, which is used as a chip support with electrodes. The device layer of the SOI
wafer is used to pattern optically smooth and low-stress micro-mirrors. Micro-mirror width in
the microfabrication process was set to either 50um or 80um. The focus in this work is on
FPMDG with 50pm wide micro-mirrors as they provide larger diffraction angles, which are
easier to resolve by photodetectors.

3. Electro-mechanical characterization

Electro-mechanical characterization of the micro-mirrors is performed with a white light
interferometer (WYKO®). The devices were tested using a custom-designed 64channel low-
noise voltage source. This source realized in our laboratory exhibits a voltage range from 0 to
150V, a 9.15mV voltage resolution and is controlled by Matlab®.

Micro-mirror bowing has been measured with and without actuation (Fig. 3). In the non-
actuated case, a maximum value of 0.14um has been obtained over the total length of the
micro-mirrors (700um). When actuated, micro-mirror bowing remains unchanged (within
10%) for all possible displacements (up to 1/3 of the vertical gap). The peak-to-valley bowing
is less than A/10 in the IR, demonstrating the validity of the proposed concept to achieve the
highest diffraction efficiency.

Similar devices, such as Polychromator [9], show detrimental bending larger than 0.5um
at the micro-mirror edges as a result of non-compensated tensile stress. In the case of GLV
[10], the deformation is proportional to the displacement since the micro-mirror is directly
actuated by the underlying electrode. As a consequence, the usable optical area reduces as the
displacement increases.
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Fig. 3. Bowing of the micro-mirror in the non-actuated state (0 V) and the actuated state (50
V). The initial bowing value of 0.12pm over the micro-mirror length of 700um remains stable
for all possible displacements (up to 1/3 of the vertical gap). In this example the gap is 2.4pm.

The maximum possible displacement is determined by the vertical gap between the micro-
mirror and the electrode and is limited to one third of the gap, in order to avoid snap-in of the
flexures onto the electrodes [11]. In the current design the gap is kept in the range 2.4-4.2um,
thus, the maximum allowed displacement is 0.8-1.4um. In the reported experiments a
maximum vertical displacement of 1.25um was achieved without noticing any degradation in
the pure piston motion.

The micro-mirror rotation around the short axis (tilt) can significantly degrade the optical
performance. On 80um-chips, a misalignment of roughly 1pum between the micro-mirror and
its electrode lead to an unacceptably large tilt, while for 50um wide mirrors tilt was
negligible. Measurements have also confirmed that there is no cross-talk between adjacent
actuated and non-actuated mirrors.

4. Optical characterization

The packaged devices have been tested on a dedicated optical bench used for characterizing
PMDGs [6]. The input beam, generated with adjustable sources (location, size, spectral type,
brightness), is dispersed by a grating and then imaged on the FPMDG, where each elementary
wavelength (spectral bin defined by one micro-mirror over the spectral wavelength range
dispersed by the fixed grating) is manipulated; the output beam is divided in two parallel
spectral and imaging channels for the optical analysis of the tailored signals. In the
experiment, the diffracted light from actuated micro-mirrors is filtered out by an output pupil
stop (Oth order operation) defining the “ON” state along the propagation axis. Measurement
of the throughput characteristics of single micro-mirrors at different voltages is made with a
point source, around 550nm in wavelength and focused on 2 to 3 micro-mirrors. For spectral
tailoring, measurement is done by addressing independently several consecutive micro-
mirrors. Schematic of the characterization bench are shown in Fig. 4 featuring the different
input and output channels: spectral tailoring could be obtained as described in the
introduction. Output channels permit to observe simultaneously image of the input as well as
its spectrum.
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Fig. 4. Schematic of the FPMDG characterization bench.

Figure 5 shows a typical signal coming from the image of the illumination when only one
50um micro-mirror is actuated electrostatically from OV to 40V. By increasing the voltage the
micro-mirror moves down and the signal is reduced. Once the micromirror has reached the
gap of /4 at 28V (A = 546nm), a minimum signal is obtained, equivalent to a © phase shift.
By increasing the voltage further, the micro-mirror continues to move downwards, reflecting
more light in the Oth order, until it finally reaches the A/2 condition (equivalent to a 27 phase
shift) at 37V, and the signal is fully recovered.
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PMDG Voltage (V)
Fig. 5. Optical response when a single micro-mirror is actuated.

When a single micro-mirror is actuated, the highest contrast is reached for the A/4
condition, and extinction ratios around 20 were obtained for 50um FPMDG. However, if two
or more micro-mirrors are used, the voltages on the micro-mirrors of the FPMDG can be
independently adjusted to improve further the extinction ratio. For example, when three
micro-mirrors are used, extinction ratios of up to 100 have been achieved. This value is
reached by using an iterative process where the voltages of individual micro-mirrors are
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scanned between OV and the voltage needed for reaching A/4 condition. By minimizing the
integrated light on these micro-mirrors; the best group of three voltages is selected and set on
the device. A further increase in the number of actuated micro-mirrors does not improve the
contrast significantly, meaning that diffraction efficiency maximum of this architecture has
been reached.

We have compared the performance of the FPMDG with the performance of GLV device,
which is constituted of 1086 “pixels” with 6 ribbons per pixel (3 fixed, 3 variable in Z
location). The width of the ribbons is 3.775um, and the gap width is 0.475um, leading to a
pitch of 4.250um. The length of the ribbons between two posts is 220 pum. Measured on the
same setup, the GLV has shown a maximum contrast of 35, obtained not with 3 consecutive
micro-mirrors, but with 6, as imposed by operating conditions: three fixed micro-mirror and
three active micro-mirrors at the same voltage. Thus, the FPMDG design gives better
performance due to the independent actuation of adjacent micro-mirrors. Moreover, it offers
three independently adjustable parameters (voltages) instead of a single one for the GLV.

Generic spectrum generation was tested in the following experiment: a grating disperses a
broadband input light on the FPMDG, where 78nm of dispersion is achieved across the field
of view. The dispersed light intensity is shown in Fig. 6(a), where the edges and numbers of
the micro-mirrors are superimposed. The FPMDG is used to control the intensity of the
dispersed spectrum in the different wavelength regions. As an example, 4 sets of micro-
mirrors were actuated to reshape the spectrum at 4 spectral positions (Fig. 6(b)), i.e. micro-
mirrors 14, 19, 24 and 28 are all biased at 26V; the output dispersed spectrum shows the
cancellation of the corresponding wavelengths. The normalized resulting spectrum with
respect to the non-actuated spectrum is shown in Fig. 7. At the actuated mirrors location, good
extinction is achieved.

In the wavelength proximity of a cancelled wavelength, an excess signal is measured, due
to constructive interference effects from diffracted light. One way of understanding this effect
is to note that the displaced mirror gives a single slit diffraction pattern which is out of phase
with the light reflected from the other mirrors. This effect can be cancelled by small
adjustments of the height of the adjacent micro-mirrors.

1600 1600
50 !1400 50 1400
3 100 #1200 é 100 1200
S
3 150 1000 2 150 1000
= : g 800
4 Q
g 200 ; 800 g 200
©
O 250 600 © 250 600
[} (0]
x X
o 300 400 o 300 400
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0
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(a) Pixel Camera Number (b) Pixel Camera Number

Fig. 6. Input light dispersed (a) over non-actuated FPMDG; (b) over the FPMDG actuated at 4
spectral positions (micro-mirrors 14, 19, 24 and 28 are biased at 26V).
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Fig. 7. Spectrum of the input light dispersed over the FPMDG actuated at 4 spectral positions;
the response is normalized by the spectral response of non-actuated FPMDG.

FPMDG devices are designed for spectroscopic applications while GLV™ devices are
devoted to display images. Therefore, GLV™ components have been designed for reaching
very high resonance frequency in the order of 1IMHz [6,12] FPMDG are designed to have the
first resonant frequency above 10 kHz. The Table 1 summarizes the FEM modelling of the
first (out-of-plane) and the second (in-plane) resonant frequencies for fabricated devices.

Table 1. FEM modelling of the first (out-of-plane) and the second (in-plane) resonant
frequencies for fabricated devices

Micro-mirror width Flexure length Number of serpentine fl f2

[um] [um] meanders [kHZ] [kHz]
20 340 18 18 216
50 415 15 13.7 24

Stability measurement has also been performed. Voltages for /4 condition have been
applied to 50um-FPMDG devices and the spectrum evolution has been checked over time.
Two sets of measurements have been studied: stability over 4 hours and stability over 12
hours. Photometric measurement reveals a very high stability on actuated micro-mirrors in
both cases, within 3% peak-to-valley.

Reproducibility tests have been made by alternating between two patterns: an all-0V
pattern and a 3-mirror-deflected pattern where the applied voltages are for the A/4 condition.
Two sets of 32 measurements have been performed for each pattern on the 50 um FPMDG.
Photometric responses of non-actuated (blue curves) and actuated micro-mirrors (red curves)
are shown in Fig. 8. In total, 128 curves are superimposed, revealing an excellent
reproducibility of the applied pattern. One relevant note is that from the same measurement
the crosstalk between micro-mirrors can be evaluated: it is clear that regions of the spectrum
that shouldn’t be concerned by the actuation of the specific micro-mirrors are effectively not
affected, revealing no crosstalk on adjacent micro-mirrors in the measurements.

A similar effect gives rise to a ripple across the entire spectrum (see Fig. 8). This is due to
slight differences in micro-mirror position when no voltage is applied. This effect, if
necessary, can be compensated through fine adjustment of all micro-mirror voltages, to set all
micro-mirrors exactly in the same plane.
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Fig. 8. Reproducibility measurement on the 50um FPMDG chip; superimposition of all
photometric responses obtained with non-actuated micro-mirrors (blue curves) and with three
actuated micro-mirrors (red curves) representing four sets of 32 measurements.

5. Conclusion

We have fabricated and characterized a FPMDG with 64 silicon micro-mirrors, with an
electrostatically-driven motion of 1.25um at voltages below 100 V. The micro-mirrors, 50pum
and 80um wide, show negligible cross-talk during the actuation. The micro-mirror bowing is
as small as 0.14pm over 700 pm and remains unchanged throughout actuation. Extinction
ratios of up to 100 have been achieved by actuating only 3 adjacent micro-mirrors. The
measurements have also confirmed a very high stability and good reproducibility over time.
Finally, spectral patterns have been successfully generated. Such devices are promising
candidates for compact spectroscopic systems as well as scanning and display devices.
FPMDG devices with 20um wide micro-mirrors have also been fabricated and packaged and
characterization is under way. Narrower micro-mirrors will provide higher optical
performance due to an increased angular separation of the diffraction orders.
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