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ABSTRACT

The present article discusses an optical concept for the characterization of diffractive micromirror arrays (MMAs) within
an extended wavelength range from the deep ultra-violet up to near-infrared. The task derives from the development of a
novel class of MMAs that will support programmable diffractive properties between 240 nm and 800 nm. The article
illustrates aspects of the achromatic system design that comprises the reflective beam homogenization with divergence
control and coherence management for an appropriate MMA illumination as well as the transfer of phase modulating
MMA patterns into intensity profiles for contrast imaging. Contrast measurements and grey scale imaging demonstrate
the operation of the characterization system and reflect the encouraging start of technology development for
multispectral, diffractive MMAs.

Keywords: micromirror array, MOEMS, diffractive MEMS, multispectral characterization, deep-UV, NIR, reflective
design, beam homogenization, contrast, microscopy

1. INTRODUCTION

Micro-opto-electro-mechanical systems (MOEMS) have opened a prominent micro system application in the field of
semiconductor fabrication since more than one decade. For example, diffractive micromirror arrays (MMASs) serve as
reflective programmable photo masks projecting variable illumination patterns at frame rates in the kHz range in a novel
generation of laser-mask-writers operating in the deep ultra-violet (DUV) ([1], [2]). An essential feature of these MMAs
is the grey scale modulation of DUV laser pulses to adjust pattern edges that derives from the continuous deflection
capability of single mirrors.

Currently, a new application emerges for micromirror arrays in the area of optical microscopy [3]. MMAs are expected
to generate structured illumination patterns within microscopy systems as a flexible alternative to conventional shadow
masks. In order to cover the whole microscopy wavelength range between DUV and near-infrared (NIR), a new MEMS
technology is being explored to increase the dynamic mirror deflection of MMAs [4]. Within that development the
characterization of optical device properties of programmable mirror arrays becomes an essential subject.

The present article discusses a concept for the characterization of the multispectral performance of diffractive MMAs.
Aim of the setup is the recording, analysis, and characterization of programmable MMA patterns. A reflective system
concept is proposed to realize the optical requirements within whole the DUV-NIR spectral range. The discussion
illustrates initial results of the laser beam shaping with faceted optics, aspects of how to resolve associated interference
effects, and the current approach of reflective MMA imaging with an intermediate Fourier filter. Contrast measurements
and grey scale imaging finally indicate first results of the multispectral MMA characterization.
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2. CHARACTERIZATION CONCEPT

Torsional micromirror arrays can be used as programmable, diffractive optical elements. They act as variable phase
gratings with a programmable saw-tooth surface profile. Structured illumination patterns can be generated for laser
sources by means of an additional optical filter, which converts the pure phase modulation of the MMA into an intensity
pattern at a given image plane. As illustrated in Figure 1, this task can be carried out by means of two lenses and an
appropriate spatial filter (Fourier aperture) [5], which blocks the first and higher diffraction orders within the pupil plane
to generate dark features. Spatial frequency components less than the mirror pitch frequency may propagate through the
Fourier aperture and generate the local illumination patterns in the image plane. Partially, this principle may limit the
optical resolution of illumination patterns. Effectively, it enables the grey scaling of illumination patterns, based on the
continuous deflection of micromirrors and the corresponding intensity control in the image plane (see Figure 2).
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Figure 1: Optical principle for the diffractive Figure 2: Optical response of a laser-illuminated MMA (wave-
MMA operation. The blocking of higher length A) with Fourier filter in the image plane as a function of
diffraction orders in the pupil plane creates continuously deflected, torsional micromirrors (insert sketches:
contrast features in the image plane. 1D-MMA profile and conditions of illumination/diffraction).

Aim of the present work was the design of an optical characterization system for the detailed recording and analysis of
programmable MMA patterns within three independent modes of operation:

1.  Multispectral contrast measurements within the wavelength range of 240 nm — 800 nm.

2. Analysis of MMA patterns at defined, partially coherent or incoherent illumination/imaging conditions (whole
spectral range).

3. Temporal resolution of dynamic MMA imaging performance between 1 - 30 ms (whole spectral range).

All measurement modes correspond to requirements of microscopy applications that quantify MMAs spectral contrast
performance, partial coherent image features and the desired dynamic illumination at kHz frame rates. The first two
requirements directly lead to an achromatic optical system design that realizes the variable MMA illumination and MMA
imaging optics of Figure 1 and will be illustrated in section 4. Section 3 describes our approach to realize the temporal
resolution for MMA analysis and introduces the MMA samples to be characterized.
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3. MMA CHARACTERISTICS AND SYSTEM SYNCHRONIZATION

MMA samples for microscopy application comprise 65.536 electrostatically driven torsion elements, monolithically
integrated onto a CMOS backplane [4]. Figure 3 illustrates the sample geometry with an active area of 256 x 256
actuator elements, 16 um mirror pitch and 0,5 pm slit width. MMAs are designed to operate with up to 1 kHz frame rate,
0 - 26 V analogue mirror driving voltage, and 350 nm edge-deflection (for the definition of deflection d, see Figure 2).

Figure 3: Monolithically integrated micromirror array of Fraunhofer IPMS on CMOS-electronics with ceramic chip carrier,
256 x 256 torsion mirrors, 16 pm x 16 pm mirror size, analogue deflection up to 350 nm

Specialized control electronics has been developed at Fraunhofer IPMS to fully support the MMA e.g. for application in
microscopy with mainly three boundary conditions:

- Loading of pattern information at 1 kHz frame rate and 26 V maximum address voltage.
- Address voltage control at resolution levels up to 10 Bit individually for all 64k single mirrors.

- External data transfer via USB interface (Ethernet optional).

Figure 4: MMA control board with flex cable and socket.

The control electronics provides hardware signals and software functions to synchronize the motion of all micromirrors
with external devices like laser sources or camera systems. In our experiment, pulsed laser diodes have been chosen to
realize a stroboscopic illumination of MMA samples enabling a time resolved application and analysis of MMA
properties within an appropriate optical system. Thus, no special requirements arise for a high-speed detector to reveal
the temporal characteristics of structured illumination patterns. Actually, laser diodes with up to 100 kHz modulation
frequency are applied to realize the stroboscopic MMA analysis between 400 and 830 nm. Temporal effects even above
the nominal frame rate of 1 kHz can be resolved this way. Similarly, the utilisation of a pulsed KrF-excimer laser
(248 nm) with 10 ns pulse width complements that concept. The general arrangement for the synchronized MMA
operation with external sources and cameras is outlined in Figure 5. A computer controlled triggering of MMA
electronics, camera and laser enables a flexible system setup with the additional data exchange from MMA and camera
interfaces.
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Figure 5: Synchronized operation of MMAs with PC, camera, control board, laser.

4. OPTICAL SYSTEM DESIGN

The diffractive operation principle of MMAs defines the main boundary conditions for the conception of a suitable
characterization optic (see Figure 1). Its requirements comprise:

- An appropriate illumination divergence that permits the separation of MMAs diffraction orders for Fourier
filtering.

- MMA imaging with low pass filtering to convert the phase modulation of micromirrors into an intensity pattern
in the image-/camera plane.

- Homogeneous illumination of the MMA for a proper analysis of pattern structures.

All conditions may be straightforwardly designed for the case of monochromatic laser illumination. Main functional
units can rely on a Koéhler illumination system for divergence and aperture control [6], a fly’s eye condenser or a rod-
integrator for beam homogenization ([8] - [14]), and a spatial filter for MMA imaging. The layout of such an optical
system is briefly sketched in Figure 6.
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Figure 6: Optical system for monochromatic MMA characterization with three functional units to support the diffractive
MMA operation.

The present goal of a multispectral MMA characterization requires an achromatic layout of these functional units. Owing
to the fact that DUV as well as NIR wavelengths need to be shaped and imaged, our approach relies mainly on reflective
optical components. In fact, mirror optics may simplify the system layout in such a case, because of the strong effort to
correct for chromatic aberrations of lens systems with a decreasing number of UV-transparent lens materials.
Furthermore, reflective optics may allow for a reasonable variation or extension of test wavelengths in future
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experiments. The following sections show the main functional units of the characterization system with their reflective
performance.

4.1 Combination of laser beams

Five characterization wavelengths have been selected for MMA testing, in order to cover the whole spectrum of
microscopy. Sources comprise a KrF-excimer laser at 248 nm, three laser diodes at 405 nm, 680 nm, 830 nm, and a
diode-pumped solid-state (DPSS) laser at 532 nm. The common beam path of all lasers has been realized in form of a
cascade of dichroic mirrors. Efficient beam overlay with a power transmission around 97 % has been attained for the
coupling of all sources (see Figure 7) due to the distinct arrangement of lasers (exploitation of Bragg reflectors also as
optical long pass filters), the source- and mirror configuration with s-polarized components, and the experienced design
and deposition of interference coatings [15].
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Figure 7: Combination of five laser sources with dichroic mirrors for high efficient beam overlay. The transmittance axis
indicates the spectral throughput of incident laser power at the exit of the beam combiner as a function of the source
wavelength and the cascade position.

4.2 Beam homogenization and divergence control

Laser beam shaping can be achieved with different optical measures, such as microlens arrays ([9] - [13]), integrating
rods [14], static and rotating diffusers ([10], [12], [13]), diffractive elements [16], or fibre bundles [17]. The choice of the
appropriate technique may depend on several boundary conditions like the physical parameters of laser sources, the
target profile and the available space for construction. Guideline for our concept has been the search for i) a truly
achromatic homogenization principle for sources of variable shape and ii) a proven suitability for deep UV wavelengths.
While the first condition suggests two similar solutions, namely an integrator rod and a fly’s eye condenser, the second
criterion favours a multi-aperture beam integrator because of its standard application for laser beam shaping at 248 nm,
193 nm [10] and experiences down to 157 nm [13].

We started our system design with the reflective layout of a K&hler integrator [6]. Two faceted mirror arrays and an
integrating mirror form a Koéhler [12] or “imaging” homogenizer. This configuration has been applied to prevent
diffraction effects in the homogenized plane in contrast to the “non-imaging” arrangement. References [9] and [12]
excellently outline details for the system layout of fly’s eye condensers that are directly applicable for the present
reflective arrangement (see sketch of Figure 8).
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Figure 8: Sketch of a reflective, multi-aperture homogenizer (Kohler integrator).

Figure 9 illustrates first results of the reflective beam homogenization with a tandem of faceted arrays containing 30 x 30
subaperture elements and a focal length of 10 cm. At the beginning, the DUV laser (248 nm, KrF-excimer laser) shows a
certain trapezoidal intensity distribution. The reflective homogenizer converts it into a square shaped profile, which,
however, yields not exactly a uniform intensity distribution. A characteristic pattern with interference fringes shows up,
which is a well known result of the superposition of the multi-aperture beamlets by the integrating lens [11] or mirror.
This interference pattern is a direct expression of the coherence volume of the source, overlaid to the geometry of the
multi-aperture optics. In the case of the excimer laser, the spatial coherence length at one single laser axis lies in the
order of the mirror pitch distance of the faceted array so that some of the beamlets may interfere at the image plane and
form the 1-D grating.
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Figure 9: Results of reflective beam homogenization with a tandem of 30 x 30 faceted mirror arrays.

Several strategies exist to reduce or even avoid this pattern with the usage of a coherence delay line ([11], [18]), the
temporal integration of a varying interference pattern with a rotating diffuser, or, if possible, the adaptation of facet’s
dimension. In our present setup, we decided to use the rotating diffuser for the starting of our experiments, accepting a
certain loss of source intensity and the necessary increase of acquisition time for data averaging. Future experiments are
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planned to include coherence measures with higher efficiency. The reflective homogenizer system yields an illumination
uniformity of about 5% standard deviation for the DUV source.

Distinct interference patterns emerge for the visible to NIR spectral range, shown at 680 nm, in form of a 2-dimensional
array (Figure 9). The high spatial coherence of these laser diodes lies in the order of few times the facet distance so that
multiple beamlets interfere at the image plane and form the 2-D pattern. Nevertheless, the utilisation of a rotating
diffuser enables the uniform illumination of the MMA. Figure 9 demonstrates this way the successful multispectral beam
homogenization with a reflective, multi-aperture beam shaper.

The present homogenizer in form of a Kohler integrator admits furthermore a straight forward solution for the beam
divergence adjustment for MMA illumination, mentioned in Figure 6. Instead of appending a “Kdhler illumination
system” after the homogenizer as the classical way for divergence control, this function is inherently integrated in the
homogenizer unit itself [12]. Simply by varying the illuminated area of the first faceted mirror array, the divergence
changes at the homogenized plane, accordingly. Using at least 10 x 10 facets for homogenization, also the degree of
beam uniformity remains almost constant [12]. The realization may be carried out with a variable iris at the entrance of
the homogenizer unit. In that case, all wavelengths would have the same divergence but a significant loss of laser
intensity may occur at the aperture. For the present setup, we applied a beam expander with variable zoom for each laser
source to realize a wavelength-specific control of divergence at high illumination efficiency.

Finally, the last illumination step asks for an alternative solution for the polarizing beam splitter (Figure 1, Figure 6), in
order to realize the MMA illumination at normal incidence in a truly achromatic way. We take advantage of the fact that
a certain deviation of the normal incidence illumination condition does not affect the diffractive MMA operation, as a
short diffraction calculus may confirm. Therefore, the beam splitter has been omitted by realizing a direct, oblique MMA
illumination close to normal incidence.

4.3 Reflective MMA imaging

The utilisation of MMAs for structured illumination purposes is typically achieved with a double lens system (4-f) and
an appropriate Fourier filter ([1], [7]), sketched in Figure 1 and Figure 6. The MMA itself acts as a programmable,
diffractive optical element that creates a phase modulation to be converted into an intensity pattern by means of the low-
pass filtering of the Fourier transformed phase pattern. An achromatic realization of this 4-f principle with two mirrors
might be carried out on the basis of two off-axis parabolic mirrors.

For the present characterization setup, a more simple approach is proposed to initially i) keep with standard adjustment
techniques and ii) use one single spherical mirror to properly image the MMA onto the camera system. Illustrated in
Figure 10, the spherical mirror magnifies or demagnifies the MMA object into the camera image plane. The variable iris
aperture realizes the low-pass filter at the intermediate mirror focus. Concerns may arise on the performance of spherical
elements with respect to aberrations. Initial simulations of the setup (ZEMAX) led to the conclusion that a diffraction
limited MMA image is feasible, as long as the low numerical aperture (NA) of the mirror is carefully kept as fixed
boundary condition, i.e. small angle illumination and imaging are realized in the optical setup. This condition can be met,
bearing in mind that already the first diffraction order rules the upper limit of the system NA, which is determined from
the maximum wavelength A,,,x and the mirror pitch p according to NA < sin(Ay.x /2%*p) ~ 0.025. This condition finally
allows a diffraction limited imaging of MMAs with single pixel resolution for whole the wavelength range between
240 nm up to 800 nm, just with one spherical mirror.

The Fourier filter consists of a programmable iris aperture with variable diameter, to automatically adjust the imaging
numerical aperture to the wavelength of interest or to realize a specific mode of partial coherent imaging in combination
with a predefined source divergence.
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Figure 10: Reflective MMA imaging with one spherical mirror and a variable iris filter in the pupil plane.

Figure 11 a)-c) indicates main steps for the generation of a “black” image with the diffractive MMA setup. Initially, all
torsion micromirrors are tilted to form a blazed grating with high diffraction efficiency (Figure 11 a). The diffraction
pattern, visible in the focal plane of the spherical mirror (Figure 11 b), clearly shows the energy distribution almost
completely outside the zero diffraction order, i.e. the blaze condition is met. Unlike a conventional grating with one
single diffraction peak at the mirror pitch frequency, our specially chosen MMA tilt-scheme of alternating rows
deflection results in a symmetric diffraction pattern [7]. The main intensity is located in the first orders of the mirror
pitch and additional “half orders” appear that correspond to the alternating row period and its double pitch frequency.
The remaining intensity in the zero order will be transmitted through the low-pass aperture and forms an image on the
camera that shows an almost complete black area surrounded by a white frame generated by non-deflected mirrors. The
pure phase grating of the MMA topography transforms completely into an intensity pattern in the camera.
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Figure 11: Example of MMA pattern generation: black image
a) Surface topography of the micromirror array with alternating tilted rows and a non-tilted frame around.
b) Symmetric MMA diffraction pattern within the pupil plane (measurement), first diffraction orders (plus/minus 1)
appear together with “half orders” of alternating tilt scheme; the iris aperture transmits only the zero diffraction order
(containing the intensity of the frame area) and blocks all higher orders.
c) Black MMA image, measured at camera with bright frame of non-deflected mirrors.
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Arbitrary patterns can be loaded to the mirror array and may analyse the performance of the characterization setup. First
test pictures show a good image quality of the reflective optical system with a modulation transfer function equal to the
expectation of the actual state of partial coherent imaging and without relevant aberrations (see also Figure 12).
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Figure 12: Test pattern comparison: a) original bitmap, b) camera image of reflective system (532 nm illumination, MMA
without calibration).

The complete system setup, sketched in Figure 13, finally integrates all functions for the detailed testing of diffractive
micromirror arrays with the laser source combination, the reflective beam homogenization and the diffractive MMA
imaging. It enables the MMA analysis with respect to the multispectral contrast performance, the temporal pattern
characteristics, as well as effects of partial coherent imaging.
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Figure 13: Sketch of the reflective system layout for multispectral MMA characterization.

5. FIRST RESULTS OF MMA CHARACTERIZATION

Samples of the newly developed MMA technology have been tested for their imaging- and multispectral contrast
performance [4]. The reproduction of grey scale images already demonstrates (see Figure 14) that the diffractive
operation of MMAS can be successfully applied in the visible wavelength range, recently applicable only in the deep UV.
The high-speed capability of MMAs becomes amenable this way for fast pattern generation in the kHz-range, since the
grey level writing is carried out instantancously within one single laser shot. The present grey-image still relies on
coarsely adjusted micromirror deflection characteristics, which might be strongly refined in the future, when a mirror
specific correction routine will calibrate the optical transfer function and higher pattern fidelity can be reached.
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b)
Figure 14: Grey scale image comparison: a) original bitmap, b) image of diffractive MMA device (532 nm illumination).

Last but not least, Table 1 shows a preliminary measurement of the visible on/off-contrast of MMAs. This measurement
indicates the coarse diffraction performance of the MMA device, where the micro mirror specific calibration is still not
applied and a larger spectrum of mirror-tilt variations sets limits to the precise diffraction control. The recorded on/off-
contrast around 300, however, is a very encouraging indication of the status of the current MMA technology
development since relative diffraction efficiencies above 99 % are reached. Higher diffraction efficiency may be
achieved in the future, as soon as the micro mirror calibration is available and contrast values above 1000 might become
realized, in good agreement with previous studies for the deep UV [19].

Table 1: On/Off-contrast measurements for a non-calibrated MMA in the visible spectral range.

Wavelength A 532 nm 680 nm

non-calibrated
MMA contrast 334 310

Imax / Imin

6. SUMMARY AND CONCLUSION

We propose a reflective optical setup to test the multispectral performance of diffractive MMAs. Several laser sources
can be combined for MMA testing, relying on a completely achromatic beam homogenization with divergence control
and the diffraction limited MMA imaging. Single micro mirror resolution for the whole deep ultra-violet, visible, and
near infrared wavelength range is reachable with standard spherical mirror components, relying on the low numerical
aperture of the diffractive MMA operation mode. The time resolved pattern analysis has been implemented with pulsed
laser sources and specialized control electronics. First contrast tests demonstrate the operation of MMAs with a coarse
on/off contrast above 300 and reflect the encouraging start of technology development for multispectral, diffractive
MMAs. Future steps of MMA development may reach even higher contrast performance and, therefore, open up new
application areas of diffractive micromirror arrays in the whole DUV/VIS/NIR spectral range.
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