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Spatial light modulators (SLMs) support flexible system concepts in modern optics and especially phase-only
SLMs such as micromirror arrays (MMAs) appear attractive for many applications. In order to achieve a precise
phase modulation, which is crucial for optical performance, careful characterization and calibration of SLM de-
vices is required. We examine an intensity-based measurement concept, which promises distinct advantages by
means of a spatially resolved scatter measurement that is combined with the MMA’s diffractive principle.
Measurements yield quantitative results, which are consistent with measurements of micromirror roughness com-
ponents, by white-light interferometry. They reveal relative scatter as low as 1074, which corresponds to contrast
ratios up to 10,000. The potential of the technique to resolve phase changes in the subnanometer range is ex-
perimentally demonstrated.  © 2016 Optical Society of America
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1. INTRODUCTION

Spatial light modulators (SLMs) offer the programmable, spa-
tial control of light (amplitude, phase, polarization, etc.) and
have become a versatile instrument in modern optics, e.g.,
for pattern generation in photolithography [1-4], wavefront
control in adaptive optics systems [5,6], or the generation of
computer-generated holograms for optical tweezers [7,8]. As
opposed to amplitude modulation, where energy is lost by
(partially) blocking light, phase modulation offers the capability
to redistribute coherent light without losses caused by the
modulation principle itself. Therefore, phase-only SLMs are
very attractive in scenarios that benefit from a high optical
efficiency, e.g., high-power laser beam shaping or holographic
optical tweezers. Furthermore, pure phase modulation is de-
sired in applications such as aberration correction or wavefront
shaping. Liquid-crystal (LC) SLMs typically provide coupled
amplitude and phase modulation, and strong efforts have been
dedicated to the development of phase-only LC SLMs [9-11].
The phase accuracy is a key factor for many application-relevant
parameters, e.g., the contrast ratio and gray-level performance
in projection applications or the diffraction efficiency in holog-
raphy. Consequently, special focus is being directed to the ac-
curate calibration of the phase modulation, which has become a
burgeoning field of active research [12-16].

We study micromirror arrays (MMA, Fig. 1), which are
SLMs that provide pure phase modulation due to their physical
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working principle, i.e., the reflection of light from a program-
mable surface topography. Compared to conventional SLMs
like digital micromirror devices and LC SLMs, their main fea-
tures are high precision, polarization independence, analog
phase control, high-speed capabilities in the 1...1000 kHz
range, and a broad spectrum of usable wavelengths from the
deep UV to the infrared. From an SLM developer’s perspective,
two strategic directions are pursued to efficiently achieve a high
phase accuracy. On the one hand, the technology is continu-
ously improved by process innovations [17-19] and, on the
other hand, precise characterization techniques are developed
to better understand and optimize the individual device perfor-
mance through calibration [20,21]. Because the surface topog-
raphy is the most important factor for the optical performance
of an MMA, optical profiling techniques such as white-light
interferometric (WLI) microscopy are classical candidates for
a variety of MMA inspection, characterization, and optimiza-
tion tasks. For example, a WLI calibration routine provides pre-
cise control of the micromirror deflections with an uncertainty
of only a few nanometers corresponding to about 4/100 for
visible light [20]. The ultimate goal of all these characteriza-
tions and calibration efforts is to deliver the SLM with the best
possible phase accuracy to support an out-of-the-box utilization
with minimal or no application-specific calibration. Naturally,
the better the calibration the more applications of precision op-
tics might be addressed in this manner. For example, in order to
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Fig. 1. MMA device developed by Fraunhofer IPMS for microscopy
applications consisting of 256 x 256 torsional micromirrors with
16 pm pitch in a ceramic packaging (left) and a SEM micrograph
(right) showing individual micromirrors together with the underlying
hinge and electrode structures. For a detailed description of the tech-
nology see [17].

generate 256 intensity levels of the zero diffraction order of an
MMA, which might be used to generate gray scale patterns [22],
the micromirror deflection has to be set with accuracy in the
order of 1/1000. In the optical domain this corresponds to sub-
nanometer deflection accuracy, which is very challenging to mea-
sure with interferometric microscopy due to the vibration and
temperature related noise level in a standard lab environment.

Looking for a potential alternative we started to study an
intensity-based measurement approach where the phase modu-
lation of the MMA is indirectly measured by the intensity of
scattered light. Whereas mechanical vibrations, thermal fluctu-
ations, and aberrations limit the phase resolution practically
achievable in a two-beam interferometric microscope, the
intensity-based approach is generally less sensitive to these envi-
ronmental conditions. Consequently, it should offer better scal-
ability, i.e., the possibility to improve the sensitivity to subtle
phase changes by increasing the dynamic range of the intensity
measurement, e.g., with the help of filters. Moreover, in a
scatter-based measurement even laterally very small surface
features contribute to the measurement signal and might be
extracted by appropriate measurement and analysis. In a
WLI microscope, on the other hand, the magnification has
to be increased to resolve finer surface features and this leads
to longer measurement times due to the smaller field of view.
Because of these potential advantages it appears very attractive
to study an intensity-based scatter approach as a complemen-
tary tool for MMA characterization.

In this paper we focus on a new scatter technique that is
specialized for diffractive MMAs. It is partially based on our
previous work on MMA contrast [23]. Here we present for
the first time a self-contained description of spatially resolved
scatter. The diffractive working principle of MMAs provides an
elegant way to extract scatter information and is combined with
a measurement design that provides spatial information.

After a brief review of some basic optical properties of
MMAs, we illustrate our measurement concept in the next sec-
tion and describe its implementation in Section 3. First results
are discussed in Section 4 where we show that spectral scatter
measurements are consistent with estimations based on surface
roughness parameters obtained by WLI measurements.

2. MEASUREMENT CONCEPT

Light scatter from structured surfaces carries valuable infor-
mation about topographic properties. Scatter measurements
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therefore are used as fast, noncontact, versatile instruments in
both scientific and industrial environments, e.g., in the optics,
semiconductor, and paper industries for surface roughness mea-
surements or the detection of particles and contaminations.
Since the phase modulation of diffractive MMAs is primarily
determined by their surface topography, the study of surface
scatter appears as a suitable approach for MMA characterization
[24]. Nonetheless, the application of scatter techniques to dif-
fractive MMAs is not straightforward since samples of scatter
measurements typically are supposed to be sufficiently smooth.
MMAs, however, consist of a regular grid of micron-sized ele-
ments with abrupt surface-height changes at the micromirror
edges, which lead to strong diffraction effects. Additionally, a
high spatial resolution is required in order to investigate varying
characteristics across the MMA surface. Typical scatter mea-
surements, however, do not provide spatial information. The
two main challenges for a measurement of scatter from dif-
fractive MMAs are thus (a) the separation of scatter and diffrac-
tion effects, and (b) the recovery of spatial scatter information.

A. Optical Properties of Diffractive MMAs

MMAs act as phase gratings where monochromatic light is
being diffracted into distinct directions that are determined by
the mirror pitch and the wavelength according to the grating
equation [25]. The intensity in these so-called diffraction orders
is mainly determined by the deflection state of the micro-
mirrors, which here is supposed to be the same for the whole
MMA. The deflection 4 is defined as the distance of the micro-
mirror edge, which is parallel to the rotation axis, to the plane
of the array (see inset of Fig. 2). To illustrate the relationship
between deflection and diffraction, the intensity in the zero
diffraction order is shown as a function of the deflection in
Fig. 2 for an ideal MMA. Here ideal means that the MMA
consists of perfectly flat, smooth micromirrors with exact de-
flections, and that it extends infinitely with a 100% fill factor.
We want to highlight two important cases for the following
discussion. When all micromirrors are not tilted (4 = 0), the
MMA basically acts as a plane mirror and reflects the maximum
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Fig. 2. Zero-order diffraction intensity /, of an ideal, laser-
illuminated MMA (wavelength 4, normal incidence) with equally
deflected micromirrors. The special cases of zero deflection (micro-
mirrors form a plane, reflective surface) and & = n4/4 (blaze condi-
tion) are highlighted. 4, deflection; p, mirror pitch; sinc(x):= sin(x) /.
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Fig. 3. Surface corrugation of real MMAs causes scatter (not to scale).

of light in the specular direction, i.e., the zero diffraction order.
If all micromirrors are deflected to a multiple of a quarter of the
wavelength (d = nA/4), the MMA forms a blazed grating and
diffracts all the light into a single higher-diffraction order
yielding zero intensity in the specular direction.

B. Separation of Grating Diffraction and Scatter
Contributions

For real MMAs any deviation from the ideal phase profile such
as introduced by micromirror surface corrugation results in
light scatter (Fig. 3), which superimposes the diffraction pattern
of the ideal MMA. For clarity from here on we use the terms
diffraction and scatter to distinguish between the diffraction
contributions of an ideal MMA (as defined in the previous
section) and the additional scatter contributions due to, e.g.,
surface imperfections, respectively. This choice of terms reflects
our experimental interest to investigate the deviation of a real
MMA’s phase modulation from that of an ideal one.

The general idea to realize this separation in practice is to
choose appropriate micromirror tilt angles to suppress the dif-
fraction into certain directions. For example, the diffraction
contribution in the specular direction (zero diffraction order)
vanishes when the MMA fulfills the blaze condition d = nl/4

as discussed above (see Fig. 2).

C. Principle of Spatially Resolved Scatter
Measurements

Typical scatter measurements, e.g., angle-resolved scattering
(ARS), do not provide spatial resolution. To review the physical
reason for this, let us take a look at the geometry of an ARS
measurement, which is sketched in Fig. 4(a). The power dP;
that is scattered into a solid angle 4Q, is measured for different
incident and scatter angles 6;, 6, and yields the ARS after nor-
malization to € and the incident power P;. Generally, the
surface profile can be represented as a sum of different spatial-
frequency terms, each corresponding to a certain scatter angle.
The basic idea of ARS measurements is to investigate the scat-
tered light in a large range of angles to extract information
about the profile. For smooth, clean, front-surface-reflective
surfaces the so-called power spectral density (PSD) can be de-
rived from the ARS and allows deep insight into statistical sur-
face properties, e.g., the rms roughness or rms slope [24]. More
specifically, the PSD is defined as the squared absolute value
of the Fourier transform (FT) of the sample’s surface profile.
As such, it represents the spatial-frequency spectrum of the sur-
face profile. We may therefore say that an ARS measurement
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Fig. 4. (a) Simplified configuration in a typical ARS measurement
where light scatter is measured in spatial-frequency space. (b) Principle
of a spatially resolved scatter measurement of diffractive MMAs. A 4 f
arrangement of two convex lenses (or mirrors) provides the transfor-
mation back into position-space enabling spatially resolved measure-
ments. The Fourier aperture blocks all higher diffraction orders to
facilitate the separation of diffraction and scatter when the MMA
is driven as a blazed grating (see Section 2B). Corresponding to the
angle between the optical axis and the MMA normal, the detector
is slightly inclined (Scheimpflug imaging [27]). Both the angle and
the inclination are exaggerated for clarity. FT, Fourier transform;
f focal distance.

takes place in spatial-frequency space. It follows from the basic
properties of the FT that a lateral shift of the surface profile
will appear only as an additional phase factor [26]. This phase
factor is lost in the PSD by taking the absolute value of the FT.
Therefore, the PSD is invariant under arbitrary shifts in the
surface profile so that surface features cannot be localized,
i.e., there is no spatial resolution.

One way to recover the spatial information that is contained
in the phase of the scattered light field is to optically perform
another FT. This can be easily achieved by a focusing lens or
mirror, which is well known to realize an FT between its con-
jugate focal planes [25]. Two lenses in a 4/ arrangement may
be used to provide the required transformations into spatial-
frequency space and back into position space, i.e., realizing an
imaging setup [Fig. 4(b)]. However, the surface profile infor-
mation is then encoded in the phase of the light field and again
is lost in the measurement process just as the spatial resolution
in an ARS measurement.

It seems that we can measure only surface profile statistics
without spatial resolution (ARS, PSD) or do imaging without
access to profile information. However, we might be able to
gain some insight into the scattering behavior of the MMA
while maintaining spatial resolution. To this end we introduce
a so-called Fourier aperture that is positioned in the intermedi-
ate Fourier plane, i.e., in spatial-frequency space. It serves as a
spatial-frequency low-pass filter and by blocking the higher dif-
fraction orders it enables the separation of scatter and diffrac-
tion as discussed in the previous subsection. The light scattered
from a point on the MMA into the solid angle € is imaged onto
a detector, which provides a trade-off between positional and
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spatial-frequency information. A smaller Fourier aperture de-
creases the spatial resolution of the image but also narrows
the spatial-frequency range over which the scatter is integrated,
i.e., the spatial-frequency resolution is increased and vice versa.
For the extreme case of a very small aperture, the spatial res-
olution vanishes and a very high spatial-frequency resolution
is achieved like in a typical scatter measurement. In the other
extreme, a very large Fourier aperture collects a broad spectrum
of spatial frequencies including higher diffraction orders and
provides a high spatial resolution.

In principle, the scatter could be measured in any direction
by realigning the detection optics and choosing a suitable
micromirror deflection to minimize diffraction in the chosen
direction. The zero diffraction order offers the unique advan-
tage of being achromatic and thus enabling multispectral mea-
surements without any change in the geometry of the setup.
Furthermore, in this configuration it is easy to perform relative
measurements by using the MMA with all micromirrors set to
zero deflection as a plane mirror reference (refer to Section 2A
and Fig. 2). The normalization to such a reference measurement
eliminates the influence of illumination intensity, exposure time,
fill factor, overall MMA reflectivity, and camera sensitivity.

Let the MMA state be designated by the deflections d =
(dy, ..., d,) of its n micromirrors and AP(x, y; d) be the optical
power that is scattered into the solid angle Q2 and imaged to the
point (x, y) in the image plane. Let d be the MMA state to be
investigated and d = 0 = (0, ..., 0) the zero tilt state, i.e., the
MMA acting nearly as a plane mirror. With the latter state used
as a reference, we define the relative scatter S,q(x; y; d) as

A AP(x, y;d = d)
Srel(x)_y)d) - AP(X,)/,d — 0) .

So far we assumed d = (A/4, ..., A/4) to result in zero in-
tensity in the zero diffraction order leaving only the scatter to be
measured. If the deflection could be set exactly, such a measure-
ment would comprise all deviations from the ideal MMA as
defined above. In practice there are two reasons for a slightly
different approach. First, the deflection can only be set to a
certain precision and is known to exhibit certain systematic un-
certainties. Second, asymmetric scatter contributions can ac-
tually be compensated to some extent by the micromirror
deflection because of the MMAs diffractive working principle,
i.e., the coherent addition of all diffraction and scatter con-
tributions. Conversely, the symmetric scatter contributions,
which cannot be compensated, are the most relevant for appli-
cations so we choose d as the MMA state in which the com-
bined diffraction and scatter (into the zero order) have been
minimized to isolate mostly the symmetric scatter contribu-
tions. The minimization procedure and the image processing
involved in the measurement of S, (x, y;d) are discussed in
Sections 3C and 3E, respectively.

0]

3. EXPERIMENTAL WORK

A. System Setup

The experiment is based upon an existing characterization
setup for diffractive MMAs (Fig. 5) [20-22]. Five laser sources
provide different illumination wavelengths from the deep
ultraviolet to the near infrared (NIR): (i) a KrF excimer laser
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Fig. 5. Sketch of the multispectral, mostly reflective measurement
setup. The beam paths for all wavelengths are identical after the super-
position cascade. In the experiment only one laser at a time is utilized
to realize a monochromatic illumination of the MMA. The figure is
not to scale and especially the angles of the incident and reflected light
at the MMA are exaggerated. Folding mirrors are omitted for clarity.

“MLI-1000LC” by MLase AG at 248 nm (10 W average
power, 1 kHz repetition rate, 10 ns pulse width, 3 mm x 6 mm
beam exit); (ii) three customer-specific laser diode modules
“51nano” by Schifter 4+ Kirchhoff GmbH at 405, 680, and
830 nm and all modules have 1 mW maximum power, tem-
perature and power stabilized, single-mode fiber exit, and
collimator with Gaussian beam profile, diameter2 mm. The
electronics have been specifically tuned to provide a modula-
tion up to 100 kHz and lowest residual glow (ratio of max/min
intensity modulation >10°) to support stroboscopic scattering
experiments with pulsed laser operation; (iii) a diode-pumped
solid-state laser module “Flexpoint” by Laser2000 GmbH at
532 nm (1 mW). The pulsed operation of the sources together
with synchronization to the MMA actuation cycle enables stro-
boscopic experiments (see also Section 3E). Only one source
at a time is operated to provide a monochromatic illumination
of the MMA. A multispectral device characterization therefore
comprises a sequence of experiments for the wavelengths of
interest.

The laser beams are individually expanded by variable zoom
optics (6 mm entrance aperture, lx - 8x magnification, Sill
Optics GmbH) and the beam profile of the excimer laser is
symmetrized with an anamorphic prism pair (CVI Laser
Optics). Additionally, a rotating diffuser (SUSS MicroTec AG)
is placed in front of each zoom to reduce interference effects
and speckle. The beams of all sources pass a cascade of custom-
made dichroic mirrors (mso jena Mikroschichtoptik GmbH,
now Optics Balzers Jena GmbH), which form a beam combiner
for an efficient overlay of all s-polarized sources.

An achromatic beam homogenization has been achieved
with a fly’s eye condenser [28] in a reflective layout. Two faceted
mirror arrays (30 x 30 square facets, 1 mm pitch, / = 100 mm,
quartz substrate etched by advanced microoptic systems
GmbH, Al-coated in-house) and a spherical integrating mirror
(f =2 m) form a reflective Kéhler integrator in an imaging
arrangement to produce a square illumination profile at the
MMA sample. The MMA in its ceramic packaging (Fig. 1) is
mounted on an XY stage with tip/tilt adjustment capabilities
(OWIS GmbH). It is controlled by an address electronics de-
veloped in-house, which provides a voltage resolution of 10 bit.

Only a single spherical mirror (f =300 mm) is util-
ized to image the MMA onto a camera. This layout features
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three characteristics. (i) It magnifies the active MMA area
(4.1 mm x 4.1 mm) to fill the camera sensor, (ii) it creates
an intermediate focus where a motorized iris diaphragm
(OWIS GmbH) is placed as a Fourier aperture, and (iii) it en-
ables diffraction-limited imaging of the MMA with single-
mirror resolution for all laser wavelengths on the camera with
virtually no distortions. This last feature is not easy to achieve
with a spherical mirror, which usually creates significant aber-
rations at larger incidence angles. An optical simulation con-
ducted in-house showed that <6° angular incidence may
effectively avoid any significant distortion if only one mirror
is used for imaging. In our setup we realized an incidence angle
below 1.5° that enables diffraction limited imaging for all
illumination wavelengths up to the NIR. A second spherical
mirror, which would be necessary for a standard reflective im-
plementation of a 4 f setup as shown in Fig. 4(b), significantly
increases the aberrations caused by an oblique incidence and
would set a spectral limit below 500 nm.

As an image sensor we use a charge-coupled device (CCD)
camera with a 16 bit analog-to-digital (A/D) converter (Finger
Lake Instruments ML-1603-2-LUM with Kodak KAF-1603
sensor, 1536 x 1024 pixels, 9 pm pitch, and Lumogen-coating).
The illumination power can be adjusted by neutral density filters
to reposition the signal within the camera’s dynamic range, which
allows effective increase of the dynamic range by choosing differ-
ent illumination intensities for the scatter and normalization
measurements.

The key tasks that were necessary to develop a spatially
resolved scatter measurement are a careful consideration of the
CCD linearity, a systematic stray-light reduction, the fine tun-
ing of the micromirror deflections, and the development of
measurement and image processing routines. Apart from stan-
dard techniques to control stray light, such as the strategic
placement of baffles, we found that the introduction of an
adjustable slit right in front of the MMA was a decisive mea-
sure. In this way, the illumination can be tailored to the active
micromirror area to avoid scatter from surrounding passive
device structures, which easily couple into the imaging path.

B. CCD Linearity

Since we want to measure both low and high light intensities to
calculate the relative scatter of the MMA, the camera linearity,
i.e., the (ideally linear) relationship between the number of
incident photons V, p and the measurement signal /V, should
be characterized in a reasonable dynamic range of at least three
to four orders of magnitude.

Modern scientific CCD cameras, whose A/D conversion
electronics are attuned to the linear part of the CCD transfer
curve to avoid the saturation region close to the well depth, are
generally considered to be highly linear devices. The linearity
stated by camera manufacturers is typically a number given in
percent, e.g., >99%. This would suggest that the error due to
nonlinearity is at most 1% for any measurement. However,
since this measure of linearity is often derived from the maximal
deviation from a linear camera response divided by the highest
signal [29], it is in this case biased toward high signal levels, and
the impact of the detector nonlinearity on measurements at low
light levels can hardly be estimated. Therefore we decided to
individually characterize our camera’s linearity. In the following
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discussion we use the term analog-to-digital units (ADU) for
the output units of the CCD camera.

Let us consider the case of monochromatic radiation im-
pinging on a CCD camera, which corresponds to our experi-
mental conditions. In this case the camera signal /V can be
written as the number of incident photons N, multiplied
by a conversion factor C, which comprises the wavelength-
dependent quantum efficiency (converted electrons per incident
photon) and the overall gain of the CCD readout electronics
(converted electrons per ADU):

N = C(NyA)x Ny @)

For a linear detector, C is by definition independent of
the number of incident photons N e For a real, nonlinear de-
tector, however, it might depend on both wavelength 4 and the
signal level IV (or equivalently on V). If we assume that these
two variables are separable, i.e., C(V, 1) = Cn(IV)Cy(4), we

may write

N = Cn(V)C(ANg = Cn(N) Ny, 3)

Cn(N) = N/Ny, 4)

with Ny, = Cy()Ng. For a linear detector, C(V) is con-
stant so that Ny, corresponds (up to a constant factor) to the
signal that would be output from a linear detector. Conversely,
for a nonlinear detector Cy (V) represents the nonlinearity, i.e.,
the deviation from a linear detector response. The functional
character of this description of the camera linearity enables
us to estimate its impact on different measurement scenarios.
Another advantage is its independence of any external factors
(wavelength, intensity, exposure time), which makes it possible
to directly compare measurements at different wavelengths or
with different illumination conditions. We found the approach
to characterize the CCD linearity by plotting the measured
camera signal /N normalized to the ideal linear response Ny,
against N in [30] where Cp (V) is called relative gain.

To measure the relative gain the MMA is replaced by a mir-
ror and the laser sources are operated in continuous-wave mode
to provide a constant photon flux at the camera. A series of
measurements with varying exposure times is then performed
to acquire signals across the dynamic range of the camera, and,
after a bias correction, a linear fit of the data provides the signal
Ny, which would be expected from a linear detector. Each
(bias corrected) measured signal N is then divided by the cor-
responding Ny, value according to Eq. (4).

We measured the relative gain of our camera by performing
such measurements for different wavelengths as shown in
Fig. 6. The measurements clearly show that the relative gain
is independent of the illumination wavelength, which confirms
the assumption from above that the dependencies of wave-
length and signal level are separable. Physically this is plausible
because each photon of the same wavelength should have
the same probability to create an electron in the CCD regard-
less of the photon flux. On the other hand the wavelength
independency shows that the nonlinearity is introduced after
the photon-electron conversion, i.e., within the readout
electronics.

The relative gain of our camera decreases monotonically
toward lower signal levels. It is >0.95 above 3000 ADU
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Fig. 6. Relative gain measurements of the employed CCD camera
for three different wavelengths show a pronounced, wavelength-
independent nonlinearity. A fit (solid line) is used to correct the camera
signal for this nonlinearity.

corresponding to a nonlinearity error <5% but drops to about
0.75 for the lowest measured signal levels around 50 ADU.
This means that the camera only displays about 75% of the
true signal at low light levels. We found the relative gain to
be reproducible in repeated measurements and since it depends
only on the signal level, a fit of the measured relative gain
data C(2V) (solid line in Fig. 6) can be used to calculate a
nonlinearity-corrected signal Ny, = N/C\ (V) for any mea-
sured signal NV according to Eq. (4).

C. Intensity-based MMA Calibration

We want to measure the relative scatter S (x, y; d) across the
MMA area for the MMA state d = (dl, oo dn) in which dif-
fraction into the zero order has been minimized as outlined
in Section 2C. To find the optimal individual micromirror de-
flections 4, ..., 4, we directly utilize the projected intensity in
the image plane that is to be minimized and hence call this
process an intensity-based MMA calibration. More specifically,
we measure the optical response of each micromirror for differ-
ent deflection settings to determine the optimal MMA state d.

One starting point for this approach is a profilometric cal-
ibration of the micromirror deflections by WLI, which is based
on the measurement of several surface profiles related to differ-
ent mirror-deflection states. After extracting the individual mir-
ror deflections with a pattern matching algorithm, the relation
between address voltage and deflection for each mirror in the
array is described individually by a polynomial function. By uti-
lizing these characteristic curves the deflections can be set with an
accuracy of a few nanometers [20,21], which has been found to,
however, still provide good potential for contrast optimization.

Essential for an intensity-based calibration is also the locali-
zation of the optical response of each micromirror. This is pro-
vided by a geometric calibration of the imaging system (next
subsection). For the following let us assume that we know the
position of each micromirror (more precisely, its optical response)
in the recorded camera image.

The micromirrors’ optical responses do slightly overlap in
the image plane because spatial frequencies higher than about
half the micromirror pitch frequency are blocked by the Fourier
aperture. Nevertheless we may assume that the intensity at a
certain location in the image plane is dominated by the deflec-
tion state of the corresponding micromirror. This assumption is
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Fig. 7. Principle of intensity-based MMA calibration: (a) for several
deflection settings d® the intensities for each micromirror image
position are measured; (b) for each micromirror the deflection, where
the intensity becomes minimal, is determined and all of these are
combined into a deflection map d.

found to be valid when the deflections are nearly the same be-
tween adjacent micromirrors, which is provided by the WLI
calibration.

The deflections for all micromirrors might then be opti-
mized in parallel. For a single measurement all mirrors are
set to the same deflection 4, i.e., the MMA state is d =
(d, =4d,...,d, =d), and the intensities IV,(d) at all micro-
mirror image positions i = 1, ..., z are evaluated. Such inten-
sity measurements are then performed for a range of deflections
d=dD, ..., d?,assketched in Fig. 7(a). Finally, for each mi-
cromirror i the deflection ; that yields the lowest intensity is
extracted,

Ni(d) = min {N,(d)} (5)

These deflections are combined into the calibrated MMA
state d = (dy, ..., d,), which we also call a deflection map
[Fig. 7(b)].

D. Geometric Calibration of the Imaging System

In our setup a CCD camera samples the two-dimensional in-
tensity distribution in the image plane and the acquired data is
output as an image whose pixels correspond to the CCD’s pho-
tosites. The prerequisite for any optical calibration is to know
the position of each micromirror’s optical response in such an
image. More specifically, since both the MMA and the camera
image have intrinsic coordinate systems, this means finding a
coordinate transformation, i.e., a bijective mapping between
the MMA and the camera image coordinate systems. We refer
to this process as geometric calibration.

The MMA consists of 256 x 256 micromirrors arranged in a
square grid, which suggests a Cartesian coordinate system with
physically defined row () and column (¢) axes. Cardinal direc-
tions are technologically defined so that the row coordinate in-
creases from north to south and the column coordinate from
west to east as shown in Fig. 8(a). The camera image consists of
a square grid of pixels for which we use the standard (Cartesian)
coordinate system for images: The first coordinate (x) increases
from left to right and the second (y) from top to bottom. The
relation of both coordinate systems in the current setup is
shown in Fig. 8(a).
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Fig.8. (a) Approximate relation of the camera image coordinate sys-
tem (x, y) and the MMA coordinate system (7, ¢) in the current system
configuration. O, and Oya are the respective origins of the two
coordinate systems. (b), (c) Geometric interpretation of the translation
vector ¢ and the rotation angle ¢. See Eq. (6).

Since the light field sampled by the CCD chip is an image
of the MMA generated by low-NA optics, we start with the
assumption that the image is free of distortions. The mapping
from MMA coordinates (7, ¢) to image coordinates (x, y) can
then be described by a simple combination of translation, ro-
tation, and scaling. (Both coordinate systems are left-handed, so
there is no need for a reflection.) Using vector notation this may
by concisely written as

()=l (2)] =se(2) +-
(5 ) (mr () (2) @

with a scaling matrix §, a rotation matrix R with rotation angle
¢, a translation vector ¢, and TP the transformation operator
for the parameter set p = {s,, S bt ty}. The geometric inter-
pretation of the rotation angle and the translation vector is illus-
trated in Figs. 8(b) and 8(c).

To find the parameter set p, which provides the best map-
ping in some sense, we generate a number of reference points
i=1,...,nat known MMA positions (7, ¢); and measure the
corresponding coordinates (x, y); in the camera image. More
specifically, the whole MMA is set to zero deflection except
for certain micromirrors that are deflected to about /4, which
generate a bright background with dark spots at the positions of
the deflected mirrors that are detected and localized by image
processing software (LabVIEW Vision).

The above transformation model, Eq. (6), is then fitted to
these reference points as follows. For a certain parameter set p
the image positions (x, y); = T,[(r, ¢);] of all reference points
are calculated and compared with the measured positions
(%, 9);. The sum of squares of the Euclidian distances between
the measured and calculated spot positions serves as the loss
function

Lp) =Y It y); - oI5
=1

with ||(4, 6)||* = 4> + 6*. We use the Levenberg-Marquardt
method to find the optimal parameter set p for which L(p) be-
comes minimal. The coordinate transformation between the
MMA and image coordinate systems is then given by 7’;
according to Eq. (6).

For practical reasons we chose to perform the geometric cal-
ibration in two steps: First, the transformation parameters are
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Fig. 9. Geometric calibration in two steps: (a) image of the MMA
with successfully detected and localized corner patterns. (b) Same
MMA with a grid of reference spots created by deflecting individual
micromirrors. (c) Detail of a single spot in its bounding box; the pixel
closest to the measured spot position (red dot) and the pixel closest to
the calculated spot position with optimal transformation (green dot).
All images have been normalized to a MMA image where all micro-
mirrors have zero deflection.

coarsely determined by udilizing specific patterns to detect and
localize the corners of the MMA as shown in Fig. 9(a). Second,
a grid of reference points is used as described above to yield
precise transformation parameter values [Figs. 9(b) and 9(c)].

The first step serves to quickly gain an estimate at which
image position, the spot corresponding to a certain deflected
micromirror, will appear. This eliminates the need to find the
correspondence of deflected micromirrors and detected spots
and offers a speed advantage because a small bounding box can
be defined around each estimated spot position as the search
area for the spot finding algorithm. Furthermore, spots whose
measured positions are too far off the initial estimate, which
indicates an inaccurate spot detection, e.g., because of close-
by defective mirrors or particles, can be filtered out to improve
the robustness of the calibration procedure.

The aim of the second calibration step is to obtain precise
transformation parameters, but it also provides information to
assess the validity of the assumption that there are no significant
image distortions. For this purpose we use the distances be-
tween the measured spot positions (x;, y), and the positions cal-
culated with the optimal transformation (x, y); = T5[(r, 0)]
[see Fig. 9(c)]. A simple measure is the mean absolute devia-
tion 1/7x Y7, |I(x %), - (x, )|, which is typically about
0.2 pixels or about 1/10 of the micromirror pitch. This indi-
cates that the mapping between the MMA and the camera
image can be well described by the distortion-free model given
in Eq. (6). Furthermore, the deviations across the MMA area
show no signs of systematic patterns like an increase of the
deviations with the distance to the optical axis, which would
be expected for instance in the presence of radial distortion.
The setup thus appears to be free from any practically relevant
distortions.

E. Measurement Automation and Image Processing

The diffractive MMAs have been designed for a highly dynamic
pulsed operation, which means that the micromirrors are de-
flected for a fixed time. Consequently, the laser sources have to
be synchronized with the MMA actuation cycle so that the
MMA is illuminated precisely when the micromirrors are
deflected. Within one camera exposure, which is typically
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Fig. 10. Data processing for spatially resolved scatter measurements.
For a particular illumination wavelength, multiple scatter images are
acquired with the deflections calibrated toward minimal intensity (see
Section 3C) and reference images with all deflections set to zero. Both
image sets are fed into an image processing chain and divided afterward
to generate a (relative) scatter map. See main text for a detailed descrip-
tion of the image processing chain.

about 200 to 1000 ms, several laser pulses are usually inte-
grated. A self-written LabVIEW program, running on a PC,
controls this pulsed operation and synchronization of the
MMA, the laser sources, and the CCD camera and is also used
to perform automated measurement and analysis tasks.

We use trigger inputs to the laser sources to dynamically
switch them on and off. The trigger rate of the MMA we use
can be as high as 1000 Hz. The present experiment comprises
different trigger rates ranging from 2.5 up to 1000 Hz. For
example, in one trigger scheme we use a deflection time of
1150 ps and a laser pulse width of 850 ps at a repetition rate
of 400 Hz.

To perform a relative scatter measurement according to
Eq. (1) for a particular illumination wavelength, a set of so-
called scatter images is acquired with the deflections calibrated
toward minimal intensity as described in Section 3C and a set
of so-called reference images with the deflections set to zero,
i.e., the MMA acting basically as a plane mirror. Both image
sets are fed to an image processing routine (Fig. 10).

(1) An average image is calculated from /V exposures to aver-
age out the jitter in the exposure time, which is introduced by
the camera’s mechanical shutter, and to reduce the noise by a
factor of 1/,/N. (2) A bias image, i.e., the A/D converter
offset, is then subtracted to get physically meaningful measure-
ment values. (3) A spatial averaging over an M x M neighbor-
hood around each pixel further reduces the noise by a factor of
1/M and inherently reduces the spatial resolution. Never-
theless, with a micromirror pitch of 16 pm the image consists
of about 3.5 x 3.5 pixels per micromirror in the current con-
figuration, and since the spatial resolution is limited by the
Fourier aperture to less than the mirror pitch, no physical in-
formation is lost, e.g., by 3 x 3 spatial averaging. If the signal
level is very low, negative pixel values that cannot be interpreted
physically will occur due to pixel noise and lead to artifacts in

the subsequent analysis. The main purpose of the initial aver-
aging steps is therefore to minimize the number of these nega-
tive pixel values. Since the averaging steps are linear operations,
the order of the first three processing steps is arbitrary but the
chosen one minimizes the number of necessary calculation
steps. (4) The nonlinearity correction is straightforwardly per-
formed by dividing each pixel value by the respective relative
gain (see Fig. 6 in Section 3B). Since the relative gain is not
defined for negative values, the correction cannot be performed
for the aforementioned pixels with negative values, resulting
in undefined pixel values (NaN). (5) These NaNs are replaced
by the median of the surrounding pixels to enable further pro-
cessing. (6) An optional, additional spatial averaging further
reduces image noise.

This image processing routine was initially implemented as
a macro for the free and open-source Fiji image processing
package (Fiji Is Just Image]) [31] but was also implemented
in LabVIEW recently. After both sets of exposures are proc-
essed, the scatter image is divided by the reference image to
yield the relative scatter S, (x, y) across the MMA, which we
call a scatter map.

4. EXPERIMENTAL RESULTS AND DISCUSSION

Spectral-scatter measurements were performed on several
MMAs. The data shows generally a very low relative scatter
level in the range of 1072 - 1073, reaching as low as 104 and
below for some devices and wavelengths. From an application
perspective, this corresponds to global contrast ratios up to
10,000 and above, since the contrast ratio is simply the recip-
rocal of the relative scatter as defined in Eq. (1) [23]. As an
example the scatter map of a device with a particularly low scat-
ter is shown in Fig. 11(a). This very low scatter is not only an
interesting device property because of the extraordinary con-
trast potential but is among the highest that has been reported
for SLMs to the best of our knowledge. It also demonstrates the
suitable dynamic range of our measurement setup of at least
four orders of magnitude. Scatter measurement on the same
device with deflection offsets of 40.5 and +1.0 nm with re-
spect to the calibrated state were performed. This deflection
offset is based on the deflection curves obtained by WLI cal-
ibration. The seemingly small changes in the deflection, i.e., the
phase modulation, result in an increase of the measurement
signal by 50% (+0.5 nm) and 300% (41.0 nm) in the central
region where the scatter is lowest [Fig. 11(b)]. Here we inten-
tionally deviated from the condition of minimized intensity
and the measurement signal clearly incorporates a significant
contribution of grating diffraction. On the one hand, this result
underlines the accuracy with which the phase modulation can
be adjusted by a combination of WLI and intensity calibration.
On the other hand it also demonstrates the potential of the
technique to resolve phase changes in the subnanometer range.
In comparison, such sensitivity would be quite difficult to reach
with an interferometric microscope in standard laboratory con-
ditions, which is a main reason why we started the investigation
of complementary techniques with better scalability. This first
result thus seems promising for the further development of the
intensity-based measurement concept for the precise investiga-
tion of the phase modulation of MMAs.
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Fig. 11. (a) Scatter map of an MMA device with particularly low
scatter at a wavelength of 532 nm with calibrated deflections (refer to
Section 3C). The relative scatter across the MMA is represented by the
gray value using a logarithmic scale as shown in the scale bar. The
whole active area consisting of 256 x 256 micromirrors with a 16 pm
pitch is shown. (The bright spots correspond to localized scatter cen-
ters such as, e.g., dust particles on the MMA.) (b) The profile along the
indicated line in the scatter map (yellow line) shows a strong spatial
variation of the scatter of nearly one order of magnitude. Additional
measurements where the mirror deflections were globally offset by
nominally 0.5 (blue line) and 1.0 nm (green line) show a distinct in-
crease in the relative scatter. This demonstrates the high sensitivity of
the technique to phase changes in the subnanometer range.

To check the consistency of our measurement results we
estimated the relative scatter based on the micromirror surface
roughness, which is known to be a determining factor for the
MMA contrast [32]. In general, surface corrugation causes sur-
face scattering, which scales inversely with the wavelength
squared [24]. However, as a central result of the studies perfor-
med earlier, only a single symmetric spatial-frequency compo-
nent of the surface corrugation remains in the specular direction
after consideration of the diffraction from the regular grid of
micromirrors. Here this spatial-frequency component is repre-
sented by the surface parameter z;, which corresponds to the
peak-to-valley amplitude of the symmetric surface corrugation
at the mirror pitch frequency. For the case of an MMA with
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surface corrugation, the relative scatter S into the specular
direction can be estimated as [32]

(A A (7 2
i)~ (=) @

The parameter 4, is routinely measured for each MMA de-
vice at several positions by WLI and might therefore serve as a
starting point for a quantitative consistency check. Since the
measurement setup was built with multispectral measurement
capabilities, we can vary both #; and 1 in Eq. (7) by choosing
MMA devices with different surface roughness and by switch-
ing between the five laser sources in the range 248-830 nm,
respectively.

The results of spectral-scatter measurements for two typical
MMA devices and the estimations calculated from the respec-
tive values of 2; with Eq. (7) are shown in Fig. 12. For these
measurements the scatter map was derived from scans over dif-
ferent deflection settings instead of the individually optimized
actuation of all micromirrors. It could be shown, however, that
this method produces equivalent results. Sample A has a very
shallow surface corrugation (2;) of about 2 nm resulting in scat-
ter as low as 1074 at higher wavelengths while sample B has
stronger surface corrugation around 6.6 nm leading to relative
scatter from 1072 to 5x 1074 over the spectral range. This
shows that the very low relative scatter measured for some de-
vices is indeed to be expected with the current, excellent state of
the MMA technology in terms of micromirror roughness.
Generally, the measured data fits well to the estimations, which
underpins the plausibility of the present data. Latest experi-
ments indicate that additional factors also come into play
for distinct samples, which will be subject for future analysis
together with an investigation of the spatial variation of the
scatter across the MMA.

Another conclusion that might be drawn from the dominant
influence of the surface roughness is the effectiveness of the
employed calibration procedures. In the current approach,
the intensity is minimized in the image plane. In this case,
the micromirror surface roughness or more precisely the
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Fig. 12. Relative scatter measurements of two typical MMA devices.
The range of relative scatter values across the MMA area is shown as
vertical lines with whiskers, which represent minimal and maximal
values. To guide the eye the centers of these ranges are marked by solid
symbols and should not to be confused with the average scatter over
the MMA area. Relative scatter curves calculated from the devices’ re-
spective @; values according to Eq. (7) are shown as dotted lines.
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symmetric roughness term at the mirror pitch (spatial) fre-
quency cannot be compensated by an appropriate deflection.
Conversely, however, we can conclude that other device features
such as hinge stiffness, pre-deflection, or the electrode-mirror
distance are effectively compensated for by the combination of
WLI and intensity calibration.

5. SUMMARY

For the characterization of optical MMA properties and their
calibration toward a precise phase modulation, an intensity-
based measurement concept appears promising. It might com-
plement the successful WLI tools due to its scalability in terms
of phase sensitivity. To this end we implemented a spatially
resolved measurement of scattered light from diffractive
MMAs. The setup consists of a multispectral zero-order imag-
ing system with a Fourier aperture to block higher diffraction
orders. The MMA is driven as a blazed grating in order to min-
imize the zero-order diffraction and to focus on surface rough-
ness contributions and deflection variations. The MMA state
with non-tilted micromirrors serves as a reference to define
the so-called relative scatter. Through stray-light minimization
and appropriate image processing, a dynamic range of at least
four orders of magnitude has been reached. Measurements re-
veal very low relative scatter down to 10~# and below in selected
samples and are consistent with calculations from micromirror
roughness parameters obtained by WLI. From an application
perspective, this corresponds to global contrast ratios of 10,000
and above, which is one of the highest values reported for SLMs
to the best of our knowledge. The dominant contribution of
the micromirror surface roughness to the measured scatter sig-
nal shows that the employed WLI and intensity calibration is
effective. The first experiments clearly show for the first time
that spatially resolved scatter techniques can also be successfully
applied to diffractive MMAs with subnanometer sensitivity.
Together with the theoretical consistency of the measurement
data this provides a very promising start of a new intensity-
based measurement concept for the precise phase analysis and
calibration of diffractive MMAs. One of our next goals is,
e.g., the calibration of MMAs toward 256 gray levels.
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