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Executive Summary
REALHOLO is a project to develop an advanced display system for real holographic 3D mixed reality
(MR) applications, structured illumination, and other, related applications. The core component of
such systems is a micro-mirror-based piston-type spatial light modulator (SLM) with challenging
specifications, which has not been available before this project. REALHOLO is developing this new
type of SLM based on micro-mirror-array (MMA) technology in its Work Package 3.
This document reports on the results of Work Package 3 of the REALHOLO project, which is
structured into 4 topics.
The first of these topics, discussed in Chapter 2, is the actuator concept with reasons for our basic
choices. It includes the prediction of the actuator properties by finite-element-simulations (FEM)
promising superior actuator performance and the determination of suitable manufacturing
parameters like thicknesses of structural and sacrificial layers and design details.
The second topic, discussed in Chapter 3, is the MEMS manufacturing process development. This
is experimental work done in the Fraunhofer IPMS clean room: many wafer runs for process step
and process module development, improvement and fine tuning, as well as in-line characterization.
We succeeded developing a complete working manufacturing process flow suitable for the MEMS
design discussed above. These results have been applied to the manufacturing of actively
addressed MMA chips. First wafer lots of these active MMAs have been finished.
The third topic, discussed in Chapter 4, is the packaging of these actively addressed MMAs.
Packaging of such a chip is quite challenging, as it has to fulfil high standards regarding very high
bandwidth signal quality, protection of the sensitive MEMS mirrors while allowing optical access to
them, proper cooling of the backplane while keeping a good mirror area planarity, and more. We
succeeded in developing a packaging concept and process flow meeting all these requirements.
The fourth topic, discussed in Chapter 5, is the characterization of various MMA chips. Due to some
delays in the previous steps, the active MMA chips could not be operated as designed, yet. Instead,
a passive addressing method has been set up that allows deflecting all the pixels with a common
DC voltage applied to the stator. This at least allowed verifying the functionality of the MEMS as
manufactured on CMOS backplane. We found that in good chips almost all pixels can be deflected
properly and precisely. Chapter 5 also includes measurement results of other specified parameters
such as local and global flatness, pixel tilt, and the like.
Even more information and details on our results can be found in the papers that we’ve written and
presented during the project. References to these are listed at the end of this report.
In summary, the work reported here has been very successful, overcoming serious manufacturing
and external issues, and has produced the first MMA chips that are working well. This proves the
actuator concept and feasibility of such a high-resolution phase-modulating SLM. The achieved
performance parameters are a very good starting point for fine-tuning the design and manufacturing
process to develop a very high-quality commercial product.
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Chapter 1 Introduction
The demand for 3D displays for virtual, augmented and mixed reality is increasing rapidly. While
there are a number of such displays already available, there is still a need for improvement of the
image quality. Regular and extended use of 3D displays demands a natural visual experience with
all natural depth cues, without limitations in depth perception, and especially without physiological
side effects for the user like eye fatigue, depth misjudgement, motion sickness and accommodation-
vergence conflict, which are known from alternative and intermediate technologies such as
stereoscopic displays. The best possible solution is the full reconstruction of a natural light field by
real holography for perfectly realistic images. The term 'holography' unfortunately is widely used for
all kinds of displays where the screen is not obviously visible, often even for 2D imaging. In this
report, we use this term in its original sense only for a display that realistically reconstructs the field
of light in three dimensions just as if it came from a real object. A display, as opposed to a still image,
moreover allows updating the image fast enough to show moving scenes.
The key component of such a real holographic 3D display is a spatial light modulator (SLM). For
holography, the best choice is a modulator allowing a multi-level precise phase control of the
incoming coherent light, see Figure 1. The huge amount of information in a hologram requires as
many millions of individually addressable pixels as possible. To keep the effort at all manageable,
only a small 'viewing window' for the user's eyes is provided with image content. Even then, the SLM
will have quite challenging specifications.
Unfortunately, none of the currently available kinds of SLMs can meet this challenge fully. Within
this project REALHOLO we are therefore developing a novel kind of MEMS (micro electro
mechanical system) SLM optimized for computer generated holography (CGH) applications.

Figure 1: A piston micro mirror array can modulate coherent light to produce fully realistic 3D images
correctly located in the real world

As a first application, REALHOLO is aiming for a medical holographic 3D display, see Figure 2. For
a good quality holographic image, the project partners anticipate that the SLM needs to fulfil the
specifications in Table 1.
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Figure 2: A holographic system for medical applications to display fully realistic 3D images

Parameter Value
pixel count 4000 x 2048
pixel size 4µm x 6µm
frame rate > 1kHz
vertical deflection range 0 … 350nm
deflection precision 8 bit
mirror tilt < 0.1°
pixel addressing voltage 0 … 3.3V
power dissipation < 4W

Table 1: Key SLM specifications and chip floorplan

From a MEMS point of view, we would like to have an even higher addressing voltage to get more
actuator force. However, to be able to deflect all the pixels individually they need to be integrated on
top of a mixed signal CMOS driving circuit (a so-called backplane) with the same pitch. Each micro
mirror pixel requires its own DRAM-like cell to store its individual analogue addressing voltage. We
didn't find a commercial CMOS process allowing to fit transistors for higher voltages into the space
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available. At the same time, higher voltages would also increase the power dissipation, which is
already challenging to comply with the limit at this voltage level considering the high data bandwidth.
The phase modulation of coherent light could in principle be achieved by existing SLMs based on
LCoS (liquid crystal on silicon) technology. Compared to these, micro mirror arrays (MMAs) can
have many advantages for real holography: the phase across a pixel is more uniform, there may be
much less cross talk between neighbour pixels, they can be switched much faster, and they are
independent from polarization. Well-known MMAs are offered by Texas Instruments as Digital Light
Processing technology (DLP). These, however, have been optimized for 2D-image projection and
are not well suited for holography: the pixels deflect in tilt mode instead of the piston mode preferred
in holography and there are only two possible addressing states for each pixel instead of the many
required here. The existing piston-mode MMAs have quite large pixels and therefore small diffraction
angles and too few pixels for good quality holography.
REALHOLO is a project to develop an advanced display system for real holographic 3D mixed reality
(MR) applications, structured illumination, and other, related applications. The core component of
such systems is a micro-mirror-based piston-type spatial light modulator (SLM) with challenging
specifications, which has not been available before this project. REALHOLO is developing this new
type of SLM based on micro-mirror-array (MMA) technology in its Work Package 3.
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Chapter 2 MEMS Actuator Concept
The commonly used actuation method for phase modulating micro mirrors is often using an
electrostatic parallel-plate actuator. This approach is not suitable for this application. A stroke of
about 350nm would need a vertical gap of around 1.8µm to reliably avoid the electrostatic pull-in
phenomena. This, however, would result in only a very small force with the available voltage budget,
which then would lead to a very fragile hinge design. The non-linearity of the response curve means
that at large deflections the voltage has to be extremely precise for a required precision of the
actuator position. Figure 3 does give an example with a bias voltage of 3.3V.

Figure 3: response curve of a parallel plate actuator with the planned parameters, including a bias
voltage of 3.3V

Furthermore, the crosstalk between neighboring pixels would be quite large, depending on the
deflection position of the two pixels, since the gap between the top and bottom electrode is almost
50% of the pixel width. In the worst case it could be above 10%, which would make the required
deflection precision of 8bit completely out of reach.
Due to those negative points we optimized a comb drive type actuator, see Figure 4 and [15], which
is a rather new concept for closely packed micro mirror arrays. For a comb-drive actuation there is
no electro-static pull-in in the stroke direction since the force in the deflection direction does have a
maximum and is then reduced again when getting closer to having the yoke in plane with the stator
electrode. Therefore, the electrodes can be much closer together and the obtainable forces are
about a factor of 10 larger compared to the parallel plate type.
The concepts in the figure still have some issues: even a small overlay mismatch between yoke and
stator plate would result in a tilting motion of the mirror. Also, the electric field might induce charging
of the oxide layer underneath the stator electrode, which then will influence the deflection curve and
reduce the precision.

Figure 4: Sketches of some of the first concepts of comb-drive devised in this project
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To improve on those issues, we came up with the comb drive actuator and design shown in Figure
5. The deflection of the mirror is now guided by two hinges in different MEMS layer that act as a
parallelogram guide for the mirror, see Figure 5 and [16]. Therefore, the tilt from possible overlay
mismatches will be rather small.
The CMOS addressing circuitry will be connected to the lower half of the actuator. It consists of a
base plate (cyan in the figure), lower hinge (dark blue), and yoke (green). Those elements are all
carrying the address voltage supplied by the CMOS so there is no electric field in between them and
there is also no oxide present and therefore no charges induced.

Figure 5: Improved comb drive design with a straight hinge (left) or a Q-type hinge (right)

The dual hinges stabilize the mirror during actuation quite well, and also against stress gradients in
the hinges themselves. We did a comparison simulation between a single hinge and the double
hinges under different stress situations, shown in Figure 6

Figure 6: Comparison of tilt for a single hinge with an example stress gradient of 100MPa (top picture, tilt:
4.8°) to a double hinge design where both hinges have the same stress gradient (lower left picture, tilt:0.0°)
and a double hinge design with a 100MPa stress mismatch in the two hinges (lower right picture, tilt:0.6°)

The spring stiffness of those hinges scales roughly with thickness cubed. So, the version with dual
hinges still allows about 79% of its original thickness.
Calculating the response curve of the actuator is not straight-forward. Both the electrostatic force Fel
between the stator and the yoke parts and the mechanical force Fmec of the spring together define
this. However, it takes a high effort to assess these from different physical domains within the same
finite element method (FEM) simulation run. Therefore, simulations were performed for these two
forces independently and we get the response curves later from the force equilibrium.
The electrostatic force Fel in the actuator is simulated in a surrounding air box whose dimension is
equal to the pixel size. This box has mirror boundary conditions, so the effect of the neighboring pixel
geometry is implicitly considered here for the same addressing state (for cross-talk simulations see
below). The simulations are all performed for a specific potential difference Uref between the yoke
and the stator for a number of yoke positions. The resulting curve can then be scaled to any other
addressing voltage as the electrostatic force is proportional to the voltage squared for a given
geometry.
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The mechanical force Fmec is found from static structural simulations by applying various loads to the
FEM model. We find a very good linearity for the full range of design parameters and deflections,
meaning that we operate within Hook's law. Therefore, the stiffness can be calculated as a spring
constant.
Figure 7 shows an example of Fel curves for different potential difference at various yoke positions,
as well as an example straight line for Fmec. Each point where the Fmec line intersects a Fel curve
represents the force equilibrium for the respective voltage and position. The actuator response curve
is generated from these intersection points of the two force curves.

Figure 7: left: simulated data for Fel and an example Fmec and right: calculated response curve (voltage vs
position) using the force equilibrium points with ‘box of operation’

As a zero point for the position axis we chose the situation where the upper face of the yoke and the
lower face of the stator lie in the same plane. In this example geometry the stator and the yoke have
a thickness of 300 nm each and thus are fully overlapped at position 300 nm. One would expect the
electrostatic force to be zero at this position due to symmetry, but obviously the asymmetric
surrounding of the combs – the base plate below at yoke potential and the mirror above at stator
potential – still has a very strong impact so that the simulated Fel is reaching zero only at a much
larger deflection.
The red box in Figure 7 indicates an operating region of 350 nm. The lower edge of the box is given
by the bias voltage that is common for all pixels of a device and constant in time. The height of the
box represents the required operating voltage range which is individual for each pixel. This operating
voltage range is limited by the voltage that the backplane CMOS circuitry can provide (3.3V). Note
the small deviation of the response curve from being linear within the box of operation. This ensures
a good precision of the actuator positions at all addressing voltages for our comb drive actuator.
Due to the large open space between the stator and the base plate we also investigated a possible
electrostatic crosstalk between neighbouring pixels. To do this the geometric structures were
enclosed in a prismatic simulation volume, and two pixels were placed next to each other sharing
the long edge (see Figure 8). To evaluate the crosstalk, the electrostatic force was evaluated at one
pixel (the sensing pixel) and the position and voltage of the other pixel (the probe pixel) was set to
either top or bottom position. At the top position the voltage at the yoke and base plate is 6.6V,
whereas at the bottom position the voltage there is 3.3V. The sensing pixel was kept in the top
position with 6.6V applied to its yoke and base plate.
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Figure 8: Cross-section through the simulation volume for the crosstalk simulations. Shown are the voltages
throughout the air space. The labelled voltages are the ones that are applied to those structural surfaces

The original design had a crosstalk of about 0.65%. This means the force amplitude at the sensing
pixel did vary by this percentage depending on the deflection state of the neighbouring pixel. This
does not sound much, but the other neighbour pixel would have the same influence while the
specified deflection accuracy needs a crosstalk variation of much less than 0.4%. To achieve this
we investigated different geometric variants: shorter comb fingers, reducing the width of the base
plate, extending the edge of the base plate upwards, extending the main stator axis downwards,
adding a shielding ring in the same layer as the yoke. For a detailed analysis of the different variants
please see [8].
Those changes did all bring gradual improvements to the crosstalk. The final variant with the shield
ring was then also the best and the crosstalk simulation there did show a force difference of close to
0.0%. Figure 9 shows a design with this shield ring. It is made in the yoke layer and doesn’t require
any extra fabrication steps.

Figure 9: Placement of screening ring within the same layer as the yoke. Shown are only the layers up to the
yoke layer

In Figure 10 a cross-sectional view shows the voltage distribution within the pixels. The high voltage
of the left pixel is nicely confined within its own volume space. For further details please see [8].
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Figure 10: Cross-sectional voltage distribution of the geometry with screening ring at three different lateral
positions. A) cross section through a yoke finger, b) cross-section through the lateral gap between yoke and

stator finger, and c) cross-section through a stator finger

As a final design variation step we also investigated whether the DUV lithography tool newly
available at that time would allow for a better design. During this work a new 5 finger design was
established (see Figure 11 and [7]). The additional finger on the yoke structure did result in a larger
force available which allows for hinges with a larger spring stiffness. This larger stiffness can be used
to increase the hinge thickness and increase overall stability.

Figure 11: Final design with 5 fingers on each side of the yoke
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Chapter 3 MEMS Manufacturing
3.1 Process flow
The MEMS actuator and mirror are manufactured on a wafer after the addressing circuitry has been
made by a regular CMOS foundry (X-FAB) as partner of the REALHOLO project. This is done layer-
by layer in a clean room of Fraunhofer IPMS with processes similar to standard CMOS fabrication.
In general, structural and sacrificial layers are deposited and patterned alternatingly and the
sacrificial layers are planarized by CMP to get precise results. In a final step, the sacrificial layers
are removed leaving the designed actuator structure free to move according to the electrostatic
addressing.

Figure 12: schematic cross-section of the MEMS-part.

3.2 Wafer processing
The wafer processing had several challenges in the different parts of the actuator, most of them
related to extreme requirements on uniformity of CD, overlay and thickness. While the last one was
an optimization of deposition processes mainly, the two other ones are mainly lithography related.
Here at the beginning of the project Fraunhofer IPMS could only rely on i-line lithography, with typical
technical limits. Just later DUV-lithography became available in the Fraunhofer IPMS clean room,
offering much better possibilities, allowing shrinking of feature sizes, but also came with a lot of
challenges, since it was a totally new technology Fraunhofer IPMS had no experience with. In the
following section process development and measured of several parts of the actuator are discussed.

3.2.1 Springs

3.2.1.1 Deposition

The first part to discuss are the springs. Even more so than the CD-uniformity of the spring width,
the thickness of the spring is crucial for its stiffness and response to applied voltage. Simulations
showed, that the 32nm total thickness, consisting of 28nm TiAl and 2nm Al2O3 underneath and above
for passivation, should be a suitable value for the final AHS design. Even with some margin in the
case of variations of the CD values mentioned in the previous section, the full stroke for red light is
reachable within in the CMOS parameters. A slightly better linearity might be achieved by thicker
springs, at the cost of possible stroke limitations.
It was decided to split wafer lots, AHS#1a using a total thickness of 32nm and 36nm, respectively.
The later lots where split 32nm/34nm. Depending on the conditions of the sputter target, the
deposition rate changes and must be adapted for each lot. The long-term monitoring of for sputtering

Mirror (Al alloy)
Hinge 2 (TiAl)
Filled posts (aSi)
Stator (TiAl)
Sacrificial layers (SiO2)
Yoke (TiAl)

Hinge 1 (TiAl)
Base plate (TiAl)
Etch barrier (Al2O3)
CMOS passivation (SiO2)

CMOS top metal (Al alloy)
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of such ultra-thin layers is still work in progress and it is still a big challenge to exactly hit the target
value and achieve best uniformity. As shown in Figure 13, for AHS#1a the prediction of the sputter
process worked well, getting 32.2nm and 36.7nm average thickness. For the next lots the deposition
rates where overestimated, resulting in lower than aimed thickness. Just for AHS#3b, we could
return to a good prediction and hit the target values with 32.0 and 34.1nm quite well.
Looking on the uniformity of the spring thickness, usually values close to or even lower than 1.0nm
range can be achieved over a full wafer. Usually, the lower thickness values are close to the wafer
center with a small shift in south-east direction. This is due to the specific characteristics of the
sputter chamber. The best uniformity per chip is then also achieved for the chip in this region with a
total variation of <0.1nm. The highest thicknesses occur around a 60mm radius range, with chips in
this region still showing acceptable thickness variations of <0.2nm. Chips between the center and
half-radius can show increased thickness variation up to 0.4nm. Towards the wafer edge, the
thickness decreases again. The distribution can be changed, for a better levelling between center
and half-radius at the cost of worse chips at the outer wafer region. Thus, setting the best parameters
every time is a challenging trade-off between best thickness conformity, uniformity and yield per
wafer.

Figure 13: Optical measurement of spring 1 thickness. Left: Box plot per wafer for all lots. Right: Typical
thickness distribution on the wafer.

Another issue occurred in early lots was an effect of buckling of the springs after release. In early
trials it was found, that pure TiAl is very sensitive to oxidation at subsequent CVD processes but also
HF vapor of CF4/O2-plasma used for the release. Such oxidation causes heavy stress and stress
gradients in the spring since even a 5nm oxidation layer is a crucial part of the total thickness.
Replacing 2nm of TiAl top/down of the spring by Al2O3 improved the situation, however thereafter
even in the later PHS/AHS lots there were small steps of development trying to replace PVD-Al2O3
partly by ALD-Al2O3 and increase the thickness of the passivation layer in sub-nanometer steps to
get optimal passivation without exceeding the limits of spring stiffness. Together with the changes
in sacrificial layer thicknesses (described in 3.2.4.1) a significant reduction of buckling induced
sticking pixels could be achieved, leading to a stable yield of >90% of movable pixels in the last PHS
lots #4 and #5 as well as the very first AHS lot. However, due to delays in characterization a final
configuration of TiAl and passivation layers is still a matter of fine-tuning.

3.2.1.2 Lithography and patterning

At the beginning of the project, we relied fully on i-line lithography. The testing vehicle HTC used
400nm wide springs in 3 different configurations (straight, Q-springs, C-springs). Later, on PHS we
could reduce the width to 200/300nm at PHS and used a final CD of 240nm for AHS. The possibility
of DUV-lithography helped a lot, since pattern fidelity was greatly improved. In Figure 14 the
difference of a Q-spring from a HTC patterned by i-line can be compared to a Q-spring from PHS
patterned by DUV.
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Figure 14: Left: SEM-image of a patterned 400nm Q-spring from the HTC design patterned by i-Line
lithography. Right: SEM-image of a patterned 300nm Q-spring from the PHS design patterned by DUV-

lithography.

Besides pattern fidelity the imaging performance of the MMA device also depends on the CD-
uniformity of the springs. Here intensive development for finding the optimal parameter set of resist
thickness and exposure parameters was done like for no other layer. As outcome we could reach a
stable process keeping the CD close to the design value of 240nm as well as reach a CD-uniformity
(3 sigma) of ~4% per chip for all AHS lots, as shown in Figure 15. This should result in a very uniform
actuator response over the full MMA.

Figure 15: CD per wafer (left) and CD-uniformity per chip (right) of spring1 (top) and spring2 (bottom).
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3.2.2 Yoke/Stator

3.2.2.1 Patterning

Similar to the springs, we started with an i-line only design on HTC with fingers of 400nm width. Later
with availability of DUV-lithography we reduced the finger width and increased the number of fingers,
resulting in a higher electric force. For the yoke and the stator, we have two different basic
configurations, with 4 fingers or 5 fingers, respectively. Each of these has two variants, one with
extra narrow fingers and thus larger horizontal gap between the stator and yoke and one with slightly
smaller gap and wider fingers. The different designs and configurations are shown in Figure 16 (4-
finger) and Figure 17 (5-finger). The 4-finger design is more conservative, with a finger with of 400nm
and 360nm. For this the exposure and patterning is less challenging, but of course we gain the better
overlay performance of the DUV-scanner compared to former i-Line-stepper. The 5-finger design
reduces finger width to 280nm and 240nm, making patterning more challenging with respect to CD-
uniformity and corner-rounding. Furthermore, it incorporates the seal-ring with only 200nm CD and
small distance to the fingers. These make the process development much more complex than for
the 4-finger design. On the final AHS only the 5-finger design was applied.

Figure 16: Layout for the 4-Finger design with spring (purple), yoke (red) and stator (turquoise). From left to
right: 300nm straight spring, 200nm straight spring, 300nm Q-spring and 200nm Q-spring.

Figure 17: Layout for the 5-Finger design with shield ring (brown). From left to right: straight spring with
240nm gap, straight spring with 200nm gap, Q-spring with 200nm gap, and Q-spring with 240nm gap.

Regarding etching, we observed that the metal-RIE process already used with i-Line performed very
well even with the new DUV-BARC/resist combination. For both yoke as well as stator we got very
steep sidewalls, low overetch and no additional loss in corner-rounding compared to the resist mask
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We only observed a CD-loss of 10nm compared to the resist, but this will later be compensated by
a smaller dose during exposure. From the results of both single layers we expect very nice results
for the full devices especially compared to the former i-Line processes used in the HTC preparation.
With the improved overlay of the DUV-scanner, the final combination should look like the image
composition shown in Figure 18, representing a good pattern fidelity of the fingers.

Figure 18: Overlay of SEM-images from 4-finger yoke and stator.

The development of the 5-finger design only resulted in small changes of the parameters. We could
keep the same etching process but need to adapt the exposure conditions. However, on blank wafers
as well as PHS lots the pattern fidelity was still good even with the shrinkage of the finger width, as
shown in Figure 19. Later in AHS we suffered from problems with depth of focus due to the CMOS
topology. This issue could be solved, even with some loss of good chips and additional delay in the
manufacturing process. Details for this optimization are presented later in 3.2.6. This additional
development on AHS is also represented in Figure 20, were the first wafer of AHS#1a and the full
lot AHS#1b was used for process optimization for yoke exposure and patterning. However, for the
later lot we managed to stabilize the process, keeping the CD of the fingers (as well as the x-talk
ring) close to the specification, as well as obtain a CD-uniformity of <8nm per wafer.

Figure 19: Focus-Exposure Matrix for the 5-finger yoke (left) and stator (right) showing resulting CD of
240nm fingers.
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Figure 20: CD per wafer of the yoke finger width and the x-talk ring width (left) and the stator finger width
(right) for all AHS lots prepared yet at the corresponding layer.

Especially in the yoke and stator layers the benefits of DUV-lithography can be seen. Beside the
lower CD values and better uniformity, there was a great improvement of the overlay between both
layers. This is crucial since the fingers of both parts have to move symmetrically inside each other
for an optimal response curve. In Figure 21 one can see the improvement in overlay between HTC
(blue part) with values no better than ±50nm, and the later PHS (purple part) starting at ±40nm and
later improved to even ±15nm in resist. Due to the topography of the CMOS a certain deviation for
pattern overlay in the AHS devices was unavoidable. However, as shown in Figure 22, we could
keep the on-product overlay within the necessary specification of ±30nm for nearly all chips and
even ±15nm was possible for a 50% share of the chips.

Figure 21: Overlay between yoke and stator improvement over time. Gen1 marked by blue background
corresponds to HTC patterned by i-Line lithography, while Gen2 (PHS, 4-finger) and Gen3 (PHS, 5-finger)

are marked by purple background for using DUV-lithography.
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Figure 22: Overlay error between yoke and stator after patterning in X-direction (left) and Y-direction (right).
The necessary specification of 30nm and the aimed specification of 15nm are indicated by horizontal lines.

3.2.2.2 Planarity

Similar to the springs, the yoke and the stator should not bend too much, to ensure a proper and
uniform response curve. Unlike for the springs, the test structures on the HTC-design work well for
yoke/stator due to their higher stiffness. Originally both layers were planned to consist of 300nm TiAl
only. Since later we switched to a 2-step CMP process for SAC3 and SAC4, a CMP-stop layer of
40nm TiN was applied on top of the TiAl. The TiN is removed in the later course of the process and
thus is not part of the final device. However, chemical reactions between TiN and TiAl or degradation
of the TiAl during the TiN-removal can cause additional stress gradients in the structure. We tested
both variants, 300nm TiAl only and 300nm TiAl with removed TiN. For the first case, the WLI-data
are visualized in Figure 23. One can see that the paddle bend upwards by only 13nm. The bending
in the case of removed TiN was 3nm downwards. Both values are very small, especially since the
test structures are made softer than the final yoke/stator construction in the MMA. Therefore, and
unlike for the springs we are not expecting any issues from planarity for yoke and stator.

Figure 23: Visualization of WLI-data for test-structures representing the yoke/stator stack of 300nm TiAl.
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3.2.3 Mirror

Next we discuss the pattering of the mirror using DUV lithography. While the former process used
for HTC was an i-line process allowing a minimal width of the mirror slits of 400nm, DUV theoretically
can be scaled down to 110nm. However, to improve the precision and homogeneity of the slit width,
we decided to decrease the CD only to 200nm, which still is an increase of the mirror fill factor from
84% to 92%. The outcome of the new process in comparison to the i-line process is shown in Figure
24.

Figure 24: SEM top view comparing the 3µm x 6µm HTC-mirror patterned by i-line lithography (and with
open mirror posts, left) and the 4µm x 6µm PHS-mirror patterned by DUV lithography (right).

The process itself is quire stable for a CD of 200nm with an uniformity of ±10nm obtained as
presented in Figure 25. Even a further reduction of the slit width to increase fill factor in the future
may be feasible.

Figure 25: Measured CD for the mirror slit for all lots finishing the wafer processing yet.


