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Abstract

Micromirror arrays, Stress compensation

We present a method to fabricate planar metal layers to be used as micromachined mirrors. Released mirrors of pure
metal involve severe stress and reveal specific challenges to obtain planar mirror structures. Introducing sub-struc-
tures generating corrugated patterns, the metal mirror layers can be mechanically stabilized and undesired mirror
bending can be reduced. For our investigations we used different arrangements of line structures on our metal mir-
rors, such as a group of straight or curved lines oriented differently. Comparing all the implemented different designs,
planar micromirrors were achieved via sub-structures with a combination of straight lines arranged orthogonally to a
single line. These planar micromirrors allow steering of the incident light by reflection and adjustment of the window
transmittance. The presented low-cost method is suitable for large area fabrication of micromirror arrays, but also can
be customized for other applications, where planar free-standing metal layers are required.
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Introduction

Advantages in terms of high reliability, low power con-
sumption, minimum weight and size, high stability, low-
cost, and large area fabrication have promoted huge
interest in the field of microelectromechanical systems
(MEMS) and advanced applications of these systems in
various sectors [1, 2]. However, the aspect of energy effi-
ciency and energy saving by applying these systems has
not been sufficiently exploited. We devote our research
to this goal by focusing on improving energy efficiency of
buildings. By using daylight for indoor lighting/heating
or blocking daylight to prevent rooms from heating-up,
we expect a drastic reduction of the load on cooling and
heating units and the need of artificial light. Especially
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the use of daylight for illumination in buildings is chal-
lenging: in summer the sun rises high so that areas near
the windows are bright, but the depth of the room stays
dark; in winter the low position of the sun causes glare.
To meet this challenge electrostatically actuated micro-
mirrors were chosen for daylight steering purposes
applied between window panes [3-5]. Since these MEMS
structures are applied to manipulate light, they can also
be classified as micro-optoelectromechanical systems
(MOEMS). The mirrors with dimensions of a few 100 pm
are made of thin stressed metal layers, which in the nor-
mal case results in a curved structure, as is known from
microshutters [6], shown in Fig. la. In this case the
structures can be selectively opened (full daylight trans-
mittance) or closed (complete reflection) by electro-
static actuation to modulate the incident light through
a transparent substrate. The goal of our research group,
however, is to fabricate micromirrors, which also allow
steering of the incident light via reflection and adjust-
ment of the window substrate transmittance. This can
only be achieved with metal mirrors that contain planar
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Fig. 1 Cross section of microshutters in opened state (a), micromirrors in opened non-actuated state (b), and in an intermediate state during
actuation (c)

reflecting areas. Thus, our micromirror structures can be
divided into 3 areas as shown in Fig. 1b, c:

1. The anchor area, which allows the attachment of the
mirrors to the substrate.

2. The curved hinge area, which is obtained by intro-
ducing intrinsic stress in the metal layer through
specific deposition parameters [7], which leads to
opened mirrors in the non-actuated state. The mir-
rors presented in this paper consist of an aluminum
(Al) bi-layer deposited by physical vapor deposition
(PVD), applying an electron beam source for the first
layer of 200 nm Al followed by a further 200 nm Al
layer deposition from a resistance heated evapora-
tion source. According to literature these single lay-
ers, deposited with PVD under comparable condi-
tions, should give rise to nearly stress free-layers [8],
however once combining these 2 layers the stress of
the new layer system increases noticeably. The inves-
tigation of the cause for this intrinsic stress was not
included in the scope of this research, but was per-
formed and described in detail in the EU research
project MEM4WIN [9]. In this project such an Al
bi-layer was examined by transmission electron
microscopy (TEM) and Auger depth profile analysis,
revealing an interface layer between the 2 deposited
Al layers, which shows a high level of oxygen. Thus,
it was assumed that the stress in the Al bi-layer origi-
nates from Al,Os, which was formed by the reaction
of Al and Oxygen in this area. Since the stress value
for Al,O; of 300-350 MPa from literature [10] is
in the same range as the stress we observed for the

applied Al bi-layer in this research, this hypothesis is
further substantiated.

3. The planar mirror plane, which is the main part to
interact with the incident light.

To enable the electrostatic actuation of these micromir-
rors further components, namely an insulator layer and
a transparent electrode on a glass substrate are required
(the same applies to microshutters). The main concept,
the technological fabrication and various experimental
results are presented in detailed papers [11, 12].

In order to obtain planar mirror areas, local pla-
narization is required. For compound semiconductors,
dielectrics or in this case stressed metal layers, the pla-
narization is commonly accomplished by introducing
an additional tailored counter-stressed layer on the cor-
responding area [13]. Alternatively the planarization can
also be achieved by adding a nearly stress-free layer with
larger thickness compared to the compensated layer.
Note that this additional effort is not required for Si-
based MEMS, where flat mirror are easily obtained [14].
These approaches have in common that additional layers
have to be deposited and structured to define the planar-
ized area. This results in a more sophisticated fabrication
procedure with further production costs and a complex
layer system, which may negatively influence the device
function. To avoid these drawbacks we propose a new
method to define planar areas in stressed metal layers
without requiring additional compensation layers. Intro-
ducing sub-structures we generate corrugated patterns,
which mechanically stabilize these metal mirror layers
and efficiently reduce undesired mirror bending. This
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idea derives from observations of corrugated patterns on
the macroscopic scale (for e.g. corrugated metal sheets
applied in the construction sector), where the stiffness
along the corrugation is perceivably increased, motivat-
ing us to find the optimum sub-structure design provid-
ing a planar metal layer in the structured area.

Sub-structure design and method of fabrication

In order to find the most suitable sub-structure design,
which results in planarization of the structured area, dif-
ferent arrangements were investigated. 3 sub-structure
designs (I-III) presented in this letter are shown in Fig. 2.
The idea of each design is based on the aforesaid stabili-
zation through corrugated structures. In design I this was
pursued by applying concentric circles originating from
the corners opposite to the anchor of the mirrors. Design
IT consists of parallel lines along the short sides of the
mirrors (along y-axis) to prevent bending of the mirrors
around the x-axis. Design III introduces an additional
line along the long side of the mirrors (along x-axis) to
further stabilize and prevent bending of these mirrors
around the y-axis.

Micromirrors with these chosen sub-structure designs
were fabricated by a process based on photolithography.
3D sacrificial structures made of photoresist AZ®nLOF
2070 (Microchemicals GmbH) are fabricated on a glass
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substrate (Fig. 3a) using 3 photoresist layers, which are
structured consecutively above one another. This gener-
ates the 3 components: mirror area, sub-structures, and
separating walls. After each step the photoresist is hard
baked to maintain its shape. These 3D sacrificial struc-
tures act as shaping structures in the following deposition
step of the intrinsically stressed aluminum layer (Fig. 3b).
Since an anisotropic deposition method was applied,
sidewall deposition in the separating walls is avoided.
The solvent TechniStrip NI555 (Microchemicals GmbH)
is used to selectively remove the sacrificial structures
underneath the metal layer. This enables the lift-off of the
separating walls and mirror release. Finally the mirrors
only remain attached to the glass substrate by the anchor
area, establishing the desired opened state (Fig. 3c).

Even though the implementation of sub-structures
requires an additional step in the fabrication process, it
is only a single conventional photolithography step. This
is relatively simple, in comparison to the planarization
by a compensation layer, where at least 2 further steps: a
stress-tailored material deposition and structuring of this
material to define the planarized area are required [13].

An even more valuable advantage of the presented
fabrication concept can be exploited, when transfer-
ring the fabrication to a process based on nanoimprint
technology [15, 16], where 3D structures can be shaped
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Fig. 2 Sub-structure designs I-lll with defined x- and y-axis. The bottom edges of the designs present the hinge area, connected to the anchor,
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Fig. 3 A representative 3D sacrificial structure (with sub-structures design Ill) made of photoresist (a), after deposition of stressed aluminum layer
depicted in grey (b), and released micromirror in non-actuated state (c). Insulator and transparent electrode are not shown here
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in a single process step. Since this technology facilitates
a rapid, low-cost, and large area fabrication, it is highly
suitable for industrial production, which is the final aim
of our research work on micromirrors in light steering
applications.

Experimental results and discussion

Micromirrors including 3 sub-structure designs (Fig. 2)
were successfully fabricated. The influence of these
sub-structures on the planarity behavior of the mirror
area is focused in our study. The profiles of the mirrors
in opened state were investigated by means of scanning
electron microscopy (SEM), whereby the planarity of the
micromirrors were determined by examining the cross-
section of these mirrors. In general, we observed that the
implementation of sub-structures into stressed metal lay-
ers has a strong impact on the behavior of these metal
mirror layers, resulting in profiles significantly different
from the curved structures of microshutters [6]. Micro-
mirrors containing sub-structures with design I exhibited
mirror curling expanding out from the edges, preventing
them to rise up from the substrate (Fig. 4a). Micromir-
rors with design II sub-structures, on the other hand, met
the expectations by successfully suppressing bending of
the mirrors around the x-axis. Bending around the y-axis,
however, was still present in form of curling originating
from the short sides of the mirrors, resulting in non-pla-
nar micromirrors (Fig. 4b).

Our goal to fully planarize the structured mirror area
was achieved by sub-structures with design III (Fig. 5a),
where a combination of lines along the x- and y-axis of
the mirrors suppressed bending of the metal layers in
respective directions. A single additional line along the
long side of the mirrors (along x-axis) was sufficient
to eliminate bending around the y-axis of these mir-
rors (compare design II, Fig. 4b), since the anchors also
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contribute to the stabilization of the mirrors in the same
direction. The corresponding structured photoresist layer
(Fig. 5b close-up) analyzed by atomic force microscopy
(AFM) and the resulting micromirrors with planar mir-
ror planes are depicted in Fig. 5¢c—e.

For the sub-structure design III, some alteration of
the parameters including position of the long horizontal
line (defined by geometric parameters y and z), length of
the parallel lines x, linewidth as full width at half maxi-
mum values (FWHM), and height of the sub-structures
were also considered. Table 1 depicts the possible range
for each value, which reveals planarization of the mirror
plane (distance between parallel lines v and hinge length
w kept constant at 11 pm and 20 pum, respectively).

Besides the sub-structure design, the shape of the hinge
also plays an important role for the functionality of the
final micromirrors. In order to gain maximum transmis-
sion of light in the non-actuated opened state, not only
the mirror plane has to be completely planarized, but also
the hinge has to exhibit a suitable curvature to reveal a
90° angle between the mirror plane and the surface of
the substrate. For our defined hinge length w the suitable
curvature r, is equal to 2w/m=12.7 pm.

For the fabricated micromirrors in this study a maxi-
mum transmission in opened state of 85% and a mini-
mum transmission in closed state of 5% were estimated.
These values were calculated from the geometrical cov-
erage of the opaque and transparent areas. Since the
scope of this study was the planarization of the mirror
plane area and not the actuation voltage or minimum
and maximum transmission, we intentionally designed
the mirrors with large gaps to the neighboring mirrors,
in order to isolate our study from possible parasitic
influences. However, other micromirror studies in our
research group having optimized mirror array arrange-
ments demonstrated a minimum transmission of 0.01%

Fig. 4 SEM images of micromirrors containing sub-structures with design | (a) and design Il (b)
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Fig. 5 Schematic of sub-structure design Ill with mirror dimensions and geometric parameters v-z (a), profile of the corresponding structured
photoresist layer analyzed by SEM and a close-up of the parallel lines of design Il analyzed by AFM (b), SEM image of the resulting micromirrors

with entirely planar mirrors (c), close-up SEM image of the mirror plane corner (d), close-up SEM image of the hinge area with the depicted radius of
curvature r. (e). Within our structure screening, design Ill was identified to work best

Table 1 Values for geometric parameters x-z of sub-
structure design lll depicted in Fig. 5a and height
and linewidth values originating from AFM measurement
in Fig. 5b

Geometric Parameters Possible Range of Values

X 109.3-112.8 um
y 10.1-11.1 ym

z 6.1-8.6 um
Height 0.6-0.9 um

Linewidth (FWHM) 3.1-45um

and a maximum transmission of 73%, revealing a contrast
of 7300. The smallest voltage to fully actuate the mirrors
was 12 V, while typical actuation voltages for our micro-
mirrors lie between 20 and 40 V [11, 12].

Conclusion

We proposed a new method to fabricate planar metal
layers without requiring additional compensation lay-
ers. The method is based on mechanical stabilization
through corrugated structures in the target metal layer
introduced via sub-structures. The optimum sub-struc-
ture design, which results in a planar mirror plane,
consists of a combination of straight lines arranged
orthogonally to a single line. Applying this method we
have successfully fabricated micromirrors that can be
applied to both steer the incident light and to adjust the
transmittance of the substrate. However, this method

can also be customized for other applications where
planar free-standing metal layers are required. Our fur-
ther research will focus on developing a micromirror
fabrication process based on nanoimprint technology
to facilitate an easy transfer to industrial production.
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