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Abstract. Micromirror based spatial light modulators (SLMs) developed by the Fraunhofer Institute for Photonic
Microsystems are well established in microlithography applications. Serving, e.g., as reflective, programmable
photomasks in deep-UV mask writers, they enable highly flexible pattern generation. During operation, the
micromirror bow significantly impacts contrast and the resolvable feature size of generated patterns. In
some situations, MEMS micromirrors tend to change their bow during laser irradiation. A test regime including
a characterization unit for the in situ analysis of MEMS micromirror topology has been developed to measure the
bow change under various irradiation conditions. Experiments in which SLMs were irradiated by a 1-kHz, 248-nm
pulse laser revealed that mirror bowing can occur in both directions (concave and convex). The bowing direction
is dependent upon the applied irradiation parameters such as pulse-energy density, pulse number, and the
deposited energy. Sustained irradiation at energy densities exceeding a certain limit can potentially become
a limiting factor for the resolvable feature sizes of the patterns generated and, therefore, for the usable SLM
lifespan. © The Authors. Published by SPIE under a Creative Commons Attribution 3.0 Unported License. Distribution or reproduction of this
work in whole or in part requires full attribution of the original publication, including its DOI. [DOI: 10.1117/1.JMM.15.3.035502]
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1 Motivation

1.1 Reliability of Micro-(Opto)-Electro-Mechanical-
System Devices

The characterization of a micro-(opto)-electro-mechanical-
system device [M(O)EMS] includes the investigation of
mechanisms that lead to device failure, as well as the descrip-
tion of changing device characteristics during a degradation
process far below the level that leads to catastrophic failure.
An overview of common MEMS design elements and their
related failure mechanisms for metals and brittle materials
is presented in Ref. 1. Therein, Spengen specifies several
mechanisms including: creep, fracture, stiction, electromi-
gration, wear, and the degradation of dielectrics.

In the field of MEMS mirror devices, degradation mech-
anisms leading to nonfunctional (sticking) mirrors caused by
repeating operation cycles or by environmental conditions
typically include hinge memory, hinge fatigue, particulate
contamination, surface residue, or capillary condensation.2,3

The present work investigates degradation introduced by
laser irradiation within the intended operating limits. The
literature in this field is rather limited, with existing works
often focusing on the laser damage threshold rather than on
degradation mechanisms far below this threshold.4,5 Bowing
and the deformation of optical surfaces and other actuator
elements (springs, supports) is one type of degradation
occurring at lower power levels.6 At higher power levels,
metallic coatings tend to show a loss of reflectivity possibly
resulting from degradation in terms of surface roughening,

agglomeration or complete ablation of the coating material.4

In addition, laser-induced charge trapping in dielectric layers
presents yet another challenge in that trapped charges may
seriously impact the performance of devices operating
according to electrostatic principles.7,8

1.2 Spatial Light Modulators for Microlithography

The Fraunhofer Institute for Photonic Microsystems (FH-
IPMS) develops spatial light modulators (SLMs) based on
arrays of micromirrors (Fig. 1). Such SLMs have become
an established technology, e.g., in the field of microlithog-
raphy. Utilized as reflective, programmable photomasks in
deep-UV mask writers, they enable highly flexible pattern
generation.9–12 Another application of IPMS-SLMs in micro-
lithography, laser direct imaging, uses a high-speed one-
dimensional SLM for processing advanced substrates for
semiconductor packaging.13

During SLM operation, the micromirror bow has a signifi-
cant impact on the contrast and on the resolvable feature
size of the patterns generated.14 Demanding specifications
regarding mirror planarity for SLMs used in microlithogra-
phy applications are therefore needed. These specifications
include the initial planarity at the beginning as well as the
allowable change during operation. The analysis of micro-
mirror planarity has been a standard tool of process control
in SLM fabrication for many years. However, in the past, the
analysis of mirror topology was conducted only in a separate
step, following the irradiation. Providing in situ analysis
parallel to normal operation allows a direct evaluation of
the effects of different irradiation parameters (such as laser
fluence, laser wavelength, laser repetition rate, and purging
gas) on micromirror topology.
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2 Method

2.1 Sample

The SLM characterized in the present study is a two-dimen-
sional array of 2048 × 512 pixels on a 16-μm pitch. Each
pixel is composed of a mirror plate mounted on two posts
onto a separate layer of torsional springs. The mirrors can
be tilted about an axis through the torsional springs by the
electrostatic principle. For this purpose, a voltage is applied
between the mirror plate and underlying electrodes (Fig. 2).
An underlying CMOS circuitry allows an individual control
of each pixel.9,15 The mirror plate and torsional springs are
realized in two independent metallization layers, allowing
for the use of different materials. The mechanical and optical
properties of springs and reflector can therefore be optimized
independently from each other.

It should be mentioned that the SLM investigated in this
experiment was not designed for high-intensity irradiation.
The energy level applied during the experiment was orders
of magnitudes higher than the level, which is used in its
intended application. The intense optical load was placed
on the sample to provoke measurable sample reaction and
to investigate possible limitations of applications.

2.2 In Situ Measurement of Mirror Bow by
Phase-Shift Interferometry

As single-mirror curvature affects the imaging behavior and
the contrast of the generated patterns, the present work
focuses on the main question of what effect UV-laser light
has on mirror curvature. The measurand “bow” is used to
characterize this curvature; it is the height of a circular

segment fitted to the mirror surface profile. In this work,
two bow values are reported, each resulting from fitting
a cylinder to the three-dimensional (3-D) surface with the
axis orientated along the mirror edges [Fig. 3(a)].

Phase-shift interferometry (PSI) delivers the in situ detec-
tion of mirror curvature during the laser exposure, with the
required accuracy in the nanometer range. A very sensitive
contact-free optical measurement principle for 3-D surface
characterization, PSI allows a resolution in z-direction in
the range of λ∕1000.16 The concept of the experimental
setup illustrated below shows an excimer laser (KrF) emit-
ting at 248 nm, an attenuator for the adjustment of pulse
energy, UV-optics for beam guiding and beam shaping, a
vibration isolated optical table, the interferometer and hous-
ing to protect said interferometer from ambient conditions
[Fig. 3(b)].

In normal operation, the SLM is often irradiated perpen-
dicularly (0 deg angle of incidence). As the present experi-
mental setup combines laser irradiation and interferometric
measurement, the laser’s incidence angle must be changed to
55 deg to fit in the two separate optical paths. This results in
a decrease of mirror reflectance from 91% to 88% when
compared to normal operation.

2.3 Procedure of Data Acquisition and Analysis

The characterization of such a complex device raises the
question of whether the results show typical properties of the
investigated mirror material or whether they show the spe-
cific behavior of just a few investigated samples. Although
it is nearly impossible to totally eliminate device-dependent
results, they must be kept to a minimum.

Fig. 1 Photograph of the IPMS-SLM investigated within the present experiment with (a) SLM bonded into
a ceramic package and (b) scanning electron microscope-image of a collection of single micromirrors
with 16-μm × 16-μm mirror pitch.

Fig. 2 Design of one-axis tilting mirror with (a) mirror plate and (b) design of mechanical and electrical
components allowing the mirror actuation (torsional springs with yoke and electrodes underneath).
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For this purpose, a study was conducted prior to the actual
experiment to determine general parameters and experimen-
tal conditions that have an impact on the detected mirror
bow. Furthermore, each particular measurement series was
carried out several times and cross-checked by using differ-
ent samples. During the investigation of the effect of a certain
irradiation parameter (e.g., the pulse energy), only samples
from the same fabrication batch were used. All in all, more
than 20 devices were analyzed within the experiment.

After data acquisition, a commercially available, inter-
ferometric analysis software (IntelliWave™) is used to
calculate the sample height map. A typical optical path dif-
ference (OPD) map, resulting from this analysis, is presented
here [Fig. 4(a)]. This topology map is then passed through
another image processing software to recognize each single
mirror within this pattern and to separate the mirror surfaces
from surrounding slits and post holes [Fig. 4(b)].

This necessary step eliminates disturbing spikes in the
height profile that result from light reflected out of slits
and holes. Finally, an automated fitting routine individually
fits each of the mirror surfaces. One can then derive statis-
tical information about the average mirror bow and the
spread in values.

2.4 Procedure of Single and Multiple Measurement
Cycles

Figure 5 provides an introduction to the general measure-
ment procedure. While Fig. 5(a) illustrates a single measure-
ment cycle, Fig. 5(b) shows a series of five irradiation cycles.
As depicted in Fig. 5(a), a single measurement cycle consists
of three periods, including the data acquisition before (I),
during (II), and after (III) the laser irradiation. Both periods
II and III have a duration of 1 h. The y-axis charts the average
bow change (measured in nanometers), for a selection of
500 mirrors. The bow measured prior to the first irradiation
cycle is defined as zero, the initial state. The x-axis plots the
number of applied pulses. After 3.6 × 106 pulses, irradiation
is stopped, however, bow measurement continues until
7.2 × 106 pulses.

For a better understanding of the bow change in the longer
run, five of these irradiation cycles were carried out one after
another with a 1-day break between each cycle [Fig. 5(b)].
As irradiation conditions and sample position were kept con-
stant during each series, subsequent cycles show the real bow
change with respect to the first cycle. Before each cycle,
a nonradiated reference area was measured to monitor the

Fig. 3 In situ analysis of micromirror bow with (a) definition of the measurand “bow” and (b) experimental
setup with excimer laser (KrF), attenuator, optics for beam guiding and beam shaping, phase-shift
interferometer, vibration isolated optical table and housing.

Fig. 4 Contact-free measurement of micromirror topology in the nanometer scale with (a) optical path
difference (OPD) map of a selection of mirrors (derived from the interferometer’s intensity data) and
(b) clearance cutting of each single mirror and separation from the surrounding mirror slits and post holes.
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effect of ambient conditions on measurement accuracy. A
detailed description of the experimental setup, an analysis
of measurement error and an explanation of the measurement
procedure are provided in Ref. 17.

3 Results

3.1 Mirror Bow as a Function of Energy Density

The following section describes the mirror bow change as
a function of different irradiation parameters: energy density,
deposited energy, and pulse number and also discusses the
effect of laser-induced heating.

To investigate the bow as a function of the applied energy
density, samples were irradiated within the range of 10−2 to
30 mJ∕cm2. The lower value was chosen as the minimum
level at which a laser-driven bow change was observed at
all in the sample, the upper value was limited by the maxi-
mum pulse energy attainable in this experimental setup.
Table 1 further summarizes other irradiation parameters
during the experiment.

Lower energy levels of up to 1 mJ∕cm2 produce a cumu-
lative change of the bow in the positive (concave) direction
[Fig. 6(a)]. The majority of the bow change occurs during the
first irradiation cycle and subsequent cycles follow the same
tendency. When irradiation is stopped, mirrors show hardly
any relaxation and even continue bowing slightly in the
same direction as before. Therefore, the detected bowing
is defined as one of a permanent manner. Over the whole
series, the positive bow change adds up to 0.5, 2, and 4 nm,
respectively.

As illustrated [Fig. 6(b)], we see that in cycles using
energy levels above 1 mJ∕cm2, bowing during irradiation
can differ significantly from bowing after irradiation has
stopped. Bowing during the first irradiation cycle is different
compared to the following cycles. Within a couple of hun-
dreds of thousands pulses, the mirrors show a rapid positive

bow change. However, after this initial phase, while the
irradiation is ongoing, the initially positive direction of
bow change turns negative. The higher the applied energy
level, the quicker the turn around and the stronger the follow-
ing negative change. Depending on the applied energy den-
sity, this negative change adds up to −1.5, −3, and −13 nm,
respectively, within the first 3.6 × 106 pulses. When the irra-
diation is stopped, the bow then slightly relaxes toward the
initial value. This relaxation adds up to about 1 nm within
the first hour. After each of the subsequent cycles, the bow
becomes progressively more negative as compared to the
starting state.

The fact that the change in bow (at the higher energy
levels) is composed of two parts with different signs and
timescales indicates the presence of two different driving
mechanisms behind the observed behavior. One mechanism
is assumed to cause the same permanent positive bow change
as is observed at energy densities up to 1 mJ∕cm2.

The other is assumed to cause the bow change in negative
direction, an effect that is observed only at higher energy
levels.

3.2 Mirror Bow as a Function of Deposited Energy
(Over Shorter Time Scales)

The results presented in Fig. 6 have indicated that unirradi-
ated mirrors go through a unique conditioning process dur-
ing their first irradiation cycle. Figure 7 presents the bow
change as a function of the deposited energy using informa-
tion derived from Fig. 6 and using energy rather than pulse
number on the x-axis. Depending on the applied energy den-
sity, the different curves represent varying pulse numbers,
but always the same deposited energy. As a consequence,
the curve shows more than the first irradiation cycle for the
1 mJ∕cm2 case, but only a fraction of the first cycle for the
30-mJ∕cm2 case (hence the negative trends seen later in
the high energy irradiations are not included). All curves

Fig. 5 Introduction of the measurement procedure with (a) procedure of a single measurement cycle with
bow analysis before (I), during (II), and after (III) the laser irradiation and (b) procedure of a series of five
irradiation cycles at constant sample position and constant measurement conditions.

Table 1 Irradiation parameters applied during the investigations of mirror bow as a function of pulse-energy density

Energy density (mJ∕cm2) Repetition rate (kHz) Pulse length (ns) Pulse number Atmosphere

10−2 to 30 1 16 5 × 3, 6 × 106 N2 (O2 ≤ 1%)
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depicted (energy densities) show a similar bow change
within the deposited energy of 5 × 103 J∕cm2. The further
deposition of up to 104 J∕cm2 has almost no effect on the
bow. These results confirm the assumption of a conditioning
process, possibly arising from a permanent change of mirror
material properties, completed at a deposited energy of
about 104 J∕cm2.

3.3 Bow Change Over Longer Time Scales

The following section analyzes the bow change during a
long-term irradiation. The sample was exposed to 250 ×
106 pulses (at 10 mJ∕cm2), as compared to 18 × 106 pulses
during the former series. Contrary to the previous procedure,
the sample was submitted to a continuous irradiation for
three days, with only a few short interruptions for laser gas
exchanges. Longer gaps within the curve (Fig. 8) occurred at
night when the data collection was paused, but irradiation
itself was still ongoing.

As seen previously during the short-term irradiations,
first, mirrors show a rapid bow change for a couple of

hundreds of thousands pulses in the positive direction,
followed by said inversion in the direction of bowing.
From that point on, there is a steady bow change in the
negative direction until the irradiation is stopped. Within
the 250 × 106 pulses period, the bow change sums up to
−15 nm. When the irradiation is stopped, the mirror bow
slowly relaxes over several days. After 4 days, the initial bow
change was relaxed by about 50%.

Long-term irradiation revealed that the positive bow
change at the beginning is a rather small effect, which does
not have much relevance in the long run. For irradiations
exceeding several hundred million pulses and beyond, the
negative bow change is the limiting factor for energy den-
sities above the 1-mJ∕cm2 level. The question is: which
mechanism is behind such a long-term behavior?

3.4 Laser-Induced Heating

The following section analyzes the micromirror temperature
during a pulsed laser irradiation. The measurement is based
on the detection of the temperature-dependent ohmic resis-
tance of an electric conductor. Many mirrors are connected in
a chain to form an ohmic resistor and a four-terminal sensing
is applied to detect the change of the temperature-dependent
resistance of the irradiated mirrors (Fig. 9). Prior to measure-
ment, a test section must be calibrated by means of a preci-
sion oven to determine the resistance-temperature curve. The
laser-induced effect on mirror temperature is then determined

Fig. 6 Analysis of micromirror bow as a function of the applied pulse-energy density with (a) bow change
at “lower” energy levels (10−2 to 1 mJ∕cm2) and (b) bow change at “higher” energy levels (10 to
30 mJ∕cm2).

Fig. 7 Micromirror bow change during a UV-laser irradiation as a
function of the deposited energy at rising pulse-energy densities
from 1 to 30 mJ∕cm2 (data is extracted from the datasets presented
earlier in Fig. 6).

Fig. 8 Micromirror bow change during a long-term UV-laser irradia-
tion of 250 × 106 pulses (at 10 mJ∕cm2).

J. Micro/Nanolith. MEMS MOEMS 035502-5 Jul–Sep 2016 • Vol. 15(3)

Mai et al.: In situ bow change of Al-alloy MEMS micromirrors during 248-nm laser irradiation



using the four-terminal sensing technique. As illustrated
[Fig. 9(b)], a constant current is applied along the yellow
path and the temperature-dependent voltage is detected
between the green contacts using an oscilloscope, which
allows the resolution of short-time scale changes on the
microsecond scale. Mirror temperature is ultimately deter-
mined by using the fit function of the resistance–temperature
calibration curve. The sample preparation and measurement
principle are discussed in more detail in Refs. 17 and 18.

First, the temperature change following a single-laser
pulse was analyzed. Therefore, the test section was irradiated
at increasing energy densities from 0.1 up to 30 mJ∕cm2. It
has to be mentioned that each of the presented curves
[Fig. 10(a)] depicts the average of 64 events (pulses) to
reduce the measurement noise level. At the lowest level
of 0.1 mJ∕cm2, the mirror temperature shows no significant
response to the incoming pulse. The maximum level of
30 mJ∕cm2 results in a peak value of 117 K. Rise and
fall times were derived from the 10-mJ∕cm2 curve to provide
a quantitive description of the time response. The rise time
from the 10% to the 90% level equals tr ¼ 0.6 μs. The
fall time from ΔTmax to the ΔTmax×e−1 level equals
τ ¼ 27 μs.

Next, the temperature change during a longer pulse train
was analyzed. In this case, a single data point represents the

time-averaged temperature over many pulses [Fig. 10(b)].
During the course of the measurement series, the sample
was irradiated continuously for 1 h at a given energy level,
followed by an interruption of 30 min and then progression
to the next energy level. The detected temperature changes
are measured as 5, 12, 26, and 34 K, respectively, depending
on the irradiation pulse energy. The timeframe needed until
the irradiated section reached a thermal equilibrium is unex-
pectedly long. Above 5 mJ∕cm2, it takes more than 15 min
until the temperature has leveled out. It is assumed that such
a course arises from the gradual temperature change in the
underlying material layers (substrate). The final “laser off”
level at the end, where temperature seems to remain several
Kelvin above room temperature is also remarkable. It is
assumed that this effect is caused by a permanent modifica-
tion of the grain structure and ohmic resistance of the irra-
diated mirrors. These phenomena are discussed in more
detail in Ref. 17.

3.5 Laser-Induced Degradation Analysis of the Mirror
Material with Transmission Electron Microscopy

Cross-sectional transmission electron microscopy (TEM)
studies were performed to correlate the variation of optical
and mechanical properties during laser irradiation with
microstructural changes, in particular with the mirror grain

Fig. 9 In situ analysis of micromirror temperature during a UV-laser irradiation by means of a four-
terminal sensing with (a) rows of micromirrors connected to an ohmic resistor and (b) layout of the
four-terminal sensing.18

Fig. 10 In situ analysis of mirror temperature during a UV-laser irradiation with (a) rise of mirror temper-
ature introduced by single-laser pulses at varying pulse-energy densities (0.1 to 30 mJ∕cm2) and
(b) analysis of the time-averaged mirror temperature during a long pulse train at varying pulse-energy
densities (5 to 30 mJ∕cm2).
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and the mirror surface structure. For this purpose, a sample
exposed to 100 × 106 pulses at 10 mJ∕cm2 was compared to
a nonirradiated reference mirror. TEM lamella preparation
was done by in situ lift-out using a Zeiss Crossbeam
NVision 40 system at the Helmholtz–Zentrum Dresden–
Rossendorf (HZDR). To protect the sensitive surface of
the area of interest, a carbon cap layer was deposited, begin-
ning with electron-beam-assisted and subsequently followed
by Ga-focused-ion-beam (FIB)-assisted precursor decompo-
sition. Afterward, the TEM lamella was prepared using
a 30-keV Ga FIB with adapted currents. Its transfer to a
three-post copper lift-out grid (Omniprobe) was achieved
with a Kleindiek micromanipulator. To minimize sidewall
damage, Ga ions with only 5-keV energy were used for the
final thinning of the TEM lamella to electron transparency.
TEM investigations were conducted using an image-corrected
Titan 80-300 microscope (FEI) at HZDR. In addition to
bright-field imaging, high-resolution TEM (HRTEM) micro-
graphs were also obtained to analyze the grain and surface
structure of the Al-based mirrors. Mounted in a double tilt
analytical holder, the specimen was placed for about 30 s
into a Model 1020 Plasma Cleaner (Fischione) to remove
organic contamination prior to TEM analysis.

This example (Fig. 11) shows a cross-sectional bright-
field TEM image of the mirror setup consisting of the mirror
plate, the mirror post, and the torsional spring below.

For comparison of the grain structure, further examples
show bright-field TEM images of the mirror plate before

and after laser irradiation, respectively [Figs. 12(a) and
12(b)]. During mirror fabrication, the Al-alloy (mirror
plate) was deposited onto a sacrificial layer (SiO2), which
is removed in a later process step. The top and bottom
sides of the mirror plate are oxidized, as evidenced by the
presence of a thin homogeneous light-gray layer [Fig. 12(a)].
With a height of a few nanometers, the oxide layer is about as
thick as naturally grown aluminum oxide. Underneath the
bottom oxide layer, there is another inhomogeneously struc-
tured film of about 60-nm thickness. This layer consists of
material redeposited onto the unprotected backside of the
mirror plate during FIB lamella preparation. The mirror
plate (Al-alloy) itself shows columnar grain growth with
grain diameters of 50 nm� 20 nm and grain heights up
to the mirror thickness of 730 nm, whereupon grain nucle-
ation and growth selection occurs within the first 100 nm.
When comparing the samples that represent the mirror
state before and after irradiation, there are no significant
changes in grain shape or grain size visible [Fig. 12(b)].

Most metallic surfaces such as aluminum develop a nat-
urally grown oxide layer when coming into contact with
atmospheric oxygen. Visible in the bright-field TEM image
[Fig. 13(a)] as a homogeneous light-gray film at the mirror
surface, this ∼3-nm-thick oxide is of amorphous structure.
High-resolution images [inset Fig. 13(a)] confirm this
observation.

After laser irradiation, the thickness of oxide on the top
side of the mirror has increased significantly. The postexpo-
sure thickness is in the range of 15 to 20 nm [Fig. 13(b)]. In
addition, the laser-irradiated mirror shows pore formation
within the surface oxide. The bright areas are indicative
of regions of reduced mass contrast. Hence, the pores are
empty or filled with a low-density material. In addition to
the pores, small dark spots within the surface oxide are
observed in the bright-field TEM micrograph [Fig. 13(b)],
hinting to the presence of crystalline inclusions. Lattice
fringes observable in the HRTEM image [inset Fig. 13(b)]
confirm this observation.

The irradiation seems not to have an effect on the bottom-
side oxide layer. Thickness and structure of the bottom oxide
do not show significant changes [Fig. 12(b)]. The conse-
quence of the unequal oxide growth is an asymmetry in the
mirror layer composition caused by the irradiation.

Fig. 11 Cross-sectional bright-field TEM overview micrograph of the
nonirradiated specimen showing the mirror plate, the mirror post and
the torsional spring below. The mirror surface is covered by a carbon
protection layer deposited during TEM lamella preparation.

Fig. 12 Bright-field TEM micrographs comparing the mirror plate grain structure for (a) the nonirradiated
specimen and (b) after laser irradiation with 100 × 106 pulses at 10 mJ∕cm2.
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4 Discussion
The laser irradiation at 248 nm of the micromirrors presented
in this work shows that a minimum pulse-energy density of
10−2 mJ∕cm2 is required to detect any laser-induced change
of the mirror bow. The detected bowing can, in principle,
occur in both directions (positive/concave and negative/
convex). The mechanism behind the particular bowing is
sensitive to the applied irradiation parameters such as pulse-
energy density, deposited energy, and pulse number.

The analysis of bow change as a function of the deposited
energy (Fig. 7) shows that for these test structures there is
a positive bow change occurring during irradiation up to a
deposited energy of some 103 J∕cm2. The effect is observed
for all of the pulse-energy densities tested, but it is particu-
larly notable that it occurs for pulse-energy densities up to
1 mJ∕cm2, where a laser-induced heating of the mirrors
can be neglected. Within the said range of deposited energy,
the positive bow change sums up to about λ∕100. After the
irradiation is stopped, the bow remains more or less stable,
and a relaxation is not observed. This forms the hypothesis
that such a permanent positive bowing arises from the irra-
diation-induced oxide formation on the upper mirror side.
The modification of the mirror top oxide layer might result
in a stress gradient, which forces the mirror to curve.

Irradiation at “higher” pulse-energy densities (>1 mJ∕
cm2) results in an additional negative (convex) bow change.
When irradiation is stopped, the bow partially relaxes toward
the initial value. Within a period of 250 × 106 pulses and for
a pulse-energy level of 10 mJ∕cm2, the bow change of these
test structures sums up to a change of λ∕20, hence this is the
dominating effect in the long run (Fig. 8). An explanation for
the observed bowing at higher energy levels might be the
laser-induced increase of the mirror temperature [Fig. 10(a)].
The pulsed increase of mirror temperature reaches a level of
some tens of Kelvins and beyond. It is assumed that at the
moment where the pulse arrives, there is a short-term thermal
gradient between mirror top and bottom, which might be sig-
nificantly higher than the measured temperature rise itself.
This leads to the hypothesis that each individual laser pulse
introduces a temporary bimorph effect that acts as a driving
force, in turn forcing the mirrors to bend. Accordingly,
the mirror bowing would in fact occur rather dynamically
(pulsed) than statically. Such a dynamic bowing induced
by the individual laser pulses cannot be time-resolved with
the current measurement setup. The interferometer used in
this work averages the bow values over a time span equiv-
alent to 100 laser pulses. Consequently, the detected bow
data represent a time-averaged bowing. A more detailed

discussion of the hypothesis of dynamic bowing is presented
in Ref. 17.

5 Conclusion
The laser-induced bow change of micromirrors, belonging to
the particular design of SLM, during an irradiation at 248 nm
can roughly be separated into two distinct components:
a permanent concave bowing at “lower” pulse-energy levels
and a (partly) reversible convex bowing at “higher” energy
levels.

Irradiation with pulse-energy densities up to 1 mJ∕cm2

results in a slight concave bowing in the range of λ∕100.
Such a bowing, including the resulting effect on image
quality, may be acceptable for most of the current SLM
applications. A certain preirradiation of the SLM could even
be applied to minimize the subsequent changes in mirror
bow during operation of the SLM.

The situation appears to be different at higher energy lev-
els. For pulse-energy densities above the 1 mJ∕cm2 level, the
laser-induced temperature rise becomes increasingly influen-
tial and causes a progressive convex bowing. Over a time
span of 250 × 106 pulses, this mechanism sums up to a
change in surface bow of about λ∕20 and, therefore, might
have the potential to become a limiting factor in SLM oper-
ation. For a successful implementation of SLM design used
for this work, at energy levels of 10 mJ∕cm2 or higher,
certain modifications in the micromirror design need to be

Fig. 13 Bright-field TEM micrographs and HRTEM images as inset comparing the mirror surface oxide
layer for (a) the nonirradiated specimen and (b) after laser irradiation with 100 × 106 pulses at
10 mJ∕cm2.

Fig. 14 Analysis of laser-induced bow change of micromirrors
adapted to higher pulse-energy applications at 20 mJ∕cm2 and
50 × 106 pulses.
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made. A further improvement of the mirror reflectivity, the
selection of a material that is more robust against the irradi-
ation and using an increased mirror thickness could be prom-
ising approaches for such design advancement.

6 Outlook
The improvement of micromirror design for applications
that involve higher pulse-energy levels has been part of the
Fraunhofer IPMS’s current activities. As a first step, the
SLM was equipped with thicker and therefore stiffer mirrors
to reduce the effect of laser-induced bowing. Initial irradia-
tion tests at 20 mJ∕cm2 show a significant improvement in
the detected bowing behavior (Fig. 14). Irradiated mirrors
show a bow change of just 2 nm within a couple of million
pulses, followed by a stabilization of the mirror curvature
around this level. Although the approach based on using
thicker mirrors has some limitation, it shows promising per-
spectives for applications requiring the manipulation of
higher power laser beams, e.g., in the laser material process-
ing business.
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