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Abstract: Biaxial quasistatic MEMS micro mirrors can be used in vector scanning applications to
arbitrarily direct a laser beam towards a target in a step-and-settle operating mode, or to follow a
setpoint signal in a tracking mode. However, MEMS structures are typically underdamped mass-
spring systems - any transient excitation results in a slowly decaying oscillation. Actuators based on
sputtered AlScN allow for computationally efficient open-loop control due to the inherently linear
piezoelectric properties of the material over a wide operating range. We demonstrate this using a
real-time tunable digital filter design based on the inversion of a second order transfer function.
This approach effectively reduces the decay time to the millisecond range.

Keywords: microscanner; MEMS; MOEMS; open-loop control; quasistatic actuation; residual
oscillation; piezoelectric actuator; AIScN; rapid control prototyping; MATLAB

1. Introduction

Quasistatic micro mirrors can be used for vector scanning in applications like metrology, laser
machining or optical communication. By vector scanning, we mean the arbitrary positioning of a laser
beam in a step-and-settle mode or by smoothly tracking a position setpoint signal. Potential
application examples are LIDAR or triangulation-based distance measurement, additive
manufacturing or laser gravure and optical free-space communication.

The MEMS technology (micro-electro-mechanical system) with its planar lithography
techniques on the wafer level produces such devices in small size and its mass production capability
makes them equally suitable for industrial, automotive or consumer markets. Given the bearing-less
construction of MEMS scanners, they are ideal candidates for vacuum environments like in quantum
technology or space application. However, with springs and masses being the only construction
elements, one has to deal with resonant modes of the underdamped structure: Any transient
excitation causes long-lasting oscillations in various parts of the mechanics. Adding physical viscous
damping elements, if technologically feasible, would significantly reduce the usable bandwidth of
the system. A more efficient approach is to shape input signals in a way that avoids resonant
excitation. The most versatile technique for this purpose is the use of digital filters. In this paper, we
want to show how a simple realization of an open-loop control algorithm can reduce the settling time
of a gimbal-less, biaxial, quasistatic MEMS micro mirror with piezoelectric Aluminium-Scandium-
Nitride (AlScN) actuators by a factor of one thousand. Although such an open-loop control is clearly
not capable of suppressing the effects of exogeneous excitation by shock or vibration, it already
addresses the needs of many applications and shows the principal dynamic capabilities of the device.

The algorithm presented here targets controller platforms with limited resources, like many
microcontrollers or embedded systems with spare processing resources. We used a Rapid-Control
Prototyping system (RCP) based on high-level modeling and automatic code generation. For
application specific implementation options, the algorithms can be programmed in a compact form,
e.g., as C-code or in VHDL.

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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In this paper, we also mention new piezoelectric sensors that are integrated on each of the four
actuators. Such sensor elements may offer closed-loop control or in-situ calibration options for the
MEMS that will be discussed. A thorough characterization of these sensors will be subject of future
publications.

2. Materials and Methods
2.1. Brief Description of the MEMS Design and Manufacturing

Our basic gimbal-less, biaxial micro mirror design for quasistatic operation was already
described in [1], highlighting the superior linearity of AIScN as piezoelectric actuator material. The
MEMS used for this paper are essentially new design variants targeting lower stiffness because of the
new coupling springs, and including a novel type of sensor structure on each actuator. These
piezoelectric sensors are formed like a ribbon enclosing the drive electrode area to capture the
bending of the actuator structure (Figure la,c). Sacrificing approx. 20% active area for sensing
purposes reduces the tilt angle of the mirror, but principally the sensing structures can also be used
to extend the actuator area if no sensing is needed.

(c) (d)

Figure 1. (a) The new design features piezoelectric sensor ribbons on each actuator and a few

mechanical changes to reduce structural stiffness. (b) With the mirror plate mounted above the
actuators, a high leverage translates small actuator displacement into large tilt angles (FEM
simulation). (c¢) Overview with actuator names, and (d) zoom on functional details of the mirror
suspension.

The MEMS mirrors are completely manufactured on standard 200 mm monocrystalline silicon
wafers. At first, polycrystalline silicon is deposited on the wafers using chemical vapor deposition
(CVD) and then thinned down to 25 pm final thickness using chemical/mechanical polishing (CMP).
Wafers are then covered with 650 nm thick high-temperature oxide in a low-pressure CVD (LPCVD)
chamber and heat treated for one hour at 1000°C.

A1 pum thick piezoelectric AlIScN layer with 32% Scandium is deposited using co-sputtering and
sandwiched between thin metal electrodes. The resulting thin film stack is structured using a
combination of wet/dry etching methods and electrically insulated with a thin oxide layer. A
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conductive metal film is utilized to achieve electrical contact with top/bottom electrode metals. At
this point, a secondary passivation layer is deposited on the wafers.

Active mechanical structures are formed by a deep reactive ion etching process. The mirror
plates are mounted in a triple-wafer bonding process comparable to [2], which leads to superior
symmetry compared to manual sample assemblies used in earlier works. An additional advantage is
the use of thinner mirror plates (80 pm polysilicon instead of 200 um), which speeds up the mirror
dynamics.

2.2. MEMS Model

The aim of our work is to provide a basic control method for tilting the mirror plate within
milliseconds without causing excessive oscillation. The behavior of each mirror axis is represented
by a second order model, assuming both axes as independent. This is clearly an oversimplification of
a gimbal-less biaxial mirror system, but leads to acceptable results for a wide range of applications.
A practical application of the method has been demonstrated in [3,4]. Here, we focus on the algorithm
implementation and test with more recent micro mirror samples using the triple-wafer process.

The Bode plots of the used sample (Figure 2) illustrate the typical behavior of the gimbal-less
construction: Resonance frequencies of the tilting mode of each axis are close to each other, and there
is a mode coupling between the axes that leads to an energy transfer between vibration modes. The
figures were obtained by measuring the angular laser beam deviation on a position sensitive detector
(PSD). Therefore, they would not show any common mode oscillation, if such behavior resulted from
structural asymmetry e.g., of the mirror position. The figures show that a second-order
approximation of the system is a viable assumption with this MEMS mirror.
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Figure 2. Bode plots of the amplitude (top) and phase angle (bottom, phase is wrapped to +/-180°) of
the mirror’s response, frequency sweep from 2 kHz to 800 Hz. (a) Driving the X-axis only leads to a
major resonance peak at 1490 Hz, with some excitation of the Y-axis. (b) Driving the Y-axis shows the
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resonance at 1520 Hz and a cross-coupling comparable to (a).

An overview of methods for characterizing second-order systems on the basis of step- or impulse
responses is given in [5]. However, taking advantage of the real-time tunability of the algorithm
presented below, we can also optimize the parameters experimentally by observing periodic test
patterns while sweeping the model frequency parameter. Regarding the damping, setting a typically
low value, e.g., {=0.0001, is sufficient since the model is not very sensitive to variations in this
parameter.

A noteworthy detail is that the piezo amplifier WMA-02 from Falco Systems B.V. has an output
impedance of 50 kOhm, which adds a low pass behavior to the actuator’s response due to the
capacitance of the piezo layer. With an actuator capacitance of 1800 pF, the RC time constant is 90 ps,
which means a first order cutoff frequency at 1768 Hz.
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2.3. Control Hardware

The filter implementation and experiments are performed on a MicroLabBox™, a Rapid Control
Prototyping (RCP) system from dSpace Systems GmbH. The MicroLabBox processor is programmed
through automatic C-code generation from a SIMULINK™ model and MATLAB™ code, which
requires licensing the MATLAB Coder™ and SIMULINK Coder™ packages from The MathWorks,
Inc. All operations are repeated in fixed time intervals, the fundamental sample time T;, which is
defined in the SIMULINK model settings. The solver was set to “ODE4 (Runge-Kutta)”. In RUN
mode, the parameters and signals of the SIMULINK model can be modified and observed with the
ControlDesk™ software from dSpace™. Various instruments, displays and time or XY-plotters are
available to interact with the model. The plot figures of experimental results in this paper are
extracted from screenshots of the running ControlDesk user interface.

2.4. Filter Design

The idea of the filter design is to compensate the approximate transfer function of the physical
system by a numerical representation of its inverse and to define a “desired” behavior instead, which
is structurally very similar but essentially shows a higher damping than the original system. A
moderate frequency tuning can help synchronize the motion of both axes when performing jump
transitions. However, we cannot arbitrarily choose the desired transfer function, since this may
exceed the physical capabilities of the system and lead to overvoltage and dielectric or mechanical
damage of the MEMS. For numerical stability, an additional cut-off filter above the resonance
frequency is implemented. Beside the relatively low computational effort, the implementation shown
here allows tuning of the filter frequency and desired damping in real time.

The filter is calculated as follows: First, the model transfer function of the physical system is
determined by two parameters, the natural frequency w, and the damping ¢ of the tilt axis.

w2

G(s) = 1)
(s) 2+ 20w, S+ wy? (
The desired behavior is expressed by G4(s), a similar type of transfer function with the desired
frequency wy and desired damping {;:

(I)dz

G =
a(s) $24+ 20, wy s+ wy?

@

Combining the two as below mathematically compensates the physical model behavior and
replaces it with the desired one:

Ga(s) _ wg? s%42 wy stwy?
G(s) wn? 5242 {4 wgq stwg?

H,(s) = 3)

To realize the filter in practice, the number of poles should be superior to the number of zeros.
This is achieved by implementing a low-pass filter defined by a time constant 7, or cutoff frequency

w. =1/t
wC
H = = 4
2(5) T.5+1 s+w, @)
Now, the filter function H(s) can be built. Using w, as parameter, it becomes
H(s) = H,(s) - Hy(s)
0w P+ 20w stw® w ©®)
T wp? S22 wys+wi? s+ w,
The term is brought into standard control form
2 2
WcWg~ 2 2 chwd 2
5%+ s+ w.w
wnz Wy, ctd (6)

H(s) = 3 2 2 2
3+ (W, +20wg)s?+ (wg" + 205 wwy) s+ wwy
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and the coefficients of s are replaced by more convenient indexed variables:

bys*+ b;s+b
H(s) = ——2> 270 @)
dszs3+d, s?+d; s+d,

with
P 2. 5 o— 2 oA = s — 1.
Ay = WwWe*, 0 =wa“+2 0wy G =w.+2{;wy dz3=1;
= = 2 {wcwg? = wewg? = (8)
_ 2. —_ cWd | _ Wclg _
bO_wad 7 bl_ 7 b2_ 2 7/ (b3_0)
wWn wWn

In order to realize this filter on a digital controller hardware, it has to be discretized for the
targeted sample rate. This process is based on substituting the Laplace number s through the relation
z = 5T with sample time T. To convert the polynomial from the Laplace domain into the z-domain,
a bilinear approximation frequently known as Tustin’s method is used:

)

An important step in Tustin’s method is a procedure called frequency prewarping, otherwise the
spectral filter characteristics will not match to their continuous-time equivalents. Hence, any relevant
frequency w in the continuous-time domain is transformed to its discrete-time representation
through

Q= ; *tan (w ;) (10)

Using (9), the z-domain representation of H(s) from (7) can be transformed by some elementary
mathematical operations to obtain the following structure:

H(Z)=§3Z3+BZZZ+IA)12+BO

— — — (11)
a;z3+a,z%>+ 4, z+ a4,

However, the polynomials are usually written in a form without a coefficient for the highest power
of z in the denominator:

by z3 + b, z2 + by z + b,

H(z) =
@) z24+a,z?+a,z+q,

(12)

Hence, we first calculate d3 as
Qs = dzks + dyk, + dyky + dy (13)

with k; = 2/T, k, = k,®, k3 = k;°. Then, we divide all coefficients in (11) by d; to obtain the
discrete-time transfer function (12) with

a; =1

by = (bsks + bk, + bk, + by) /@5

a, = (—3dzk; — dyk, + dky +3d,) /a5

b, = (—3bsks — byk, + byky + 3by)/as 14

a, = (3dzks — Gyky — Gyky +dp) /a3

by = (3bzks — byk; — biky + 3b,) /s

ay = (—Gzk; + dyk, — a1k, +dy) /a3

by = (—bsks + byk, — biky + by)/as

The obtained transfer function in the z-domain is now converted into a state-space
representation, which allows parameter tuning in real time on the running system. This procedure is
explained in [6] (chapter 3.7) and other textbooks. Using the first companion form of the state-space
representation, we write
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A=

0 1 0 0
0 0 1 l ; B= IO];
_ao _al _az 1

C=[by—aghs by —aibs by —azbs]; D=bh;

(15)

The matrices of the state-space representation form a set of first-order differential equations
equivalent to the higher-order differential equation that characterizes the system. The system
evolution without any external force is described by the system matrix A, whereas B brings in the
exogeneous inputs, i.e., the control signal. The outputs of the system are extracted by C. The matrix
D is a scalar in this case and describes any direct coupling from the input to the output. In a digital
system, it is usually assumed to be zero because there is always a delay time between input and
output.

X1 = AXp +Buy ;

(16)
yk=ka+Duk

using D=[0].

2.5. Implementation

For the calculation of the model matrices (15), a user-defined MATLAB function is used (see
code in Annex A). The state space model (16) is readily available in the SIMULINK function block
“Discrete Varying State Space”. Filter coefficients are updated in each operation cycle, which is
however not necessary in general.

Test signals are generated within the SIMULINK model, but could also be produced by an
external source connected to the analog inputs of the MicroLabBox. The MicroLabBox acquires and
plots the PSD signals in real time. The piezoelectric sensor signals were recorded as well, but could
not yet be presented here due to ambiguities with electric crosstalk from the actuator signals. Several
functions (not relevant for this paper) allow fine rotation of the PSD X/Y axes and conversions e.g.,
from voltage to deflection angles. A visual calibration procedure with a white screen is used to
convert the actuator control signal and the measured PSD amplifier output voltage into the expected
and obtained optical tilt angles in degrees.

The fundamental sample time of the whole model was T; =50 us. A turnaround time of approx.
30 ps was needed to perform the filter calculations and all signal generation and conditioning
processes. Using only the processor platform, execution cycles below 20 ps are possible when only
the filtering is implemented and no plot functions run in ControlDesk. For faster execution, the
platform provides a programmable logic part.

The cutoff frequency was more or less arbitrarily set to w. = 3 w, in all experiments. The low
pass behavior of the piezo amplifier in combination with the actuator capacitance was not
compensated by the filter.

3. Results

The results presented here were obtained with the spring design shown in Figure 1d.
Comparable results were achieved with other sample types.

3.1. Calibration Procedure

The measurement acquisition and scaling operations were performed programmatically on the
running MicroLabBox. The results were documented by screenshots of the ControlDesk user
interface with custom layouts of time plotters and control parameters. After testing all actuators
independently, the displacement of the laser spot on a screen in front of the PSD was measured for
each axis at 50 V. The screen was then removed and a constant reference voltage of +/-20 V was set
for the actuator pairs A1/A3 (X-axis) and A2/A4 (Y-axis), respectively. The corresponding PSD
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measurements were entered as calibration parameters, as well as the PSD voltages when all actuators
are set to zero.

3.2. Linearity Measurement

The linearity was measured with a slow triangle signal with a periodicity of 4 seconds (Figure 3,
left). The relative deviation from the expected angle was calculated online as a percentage based on
the 20 V reference voltage, although the linearity was measured over a range of 50 V or more.
Interference effects in the PSD glass lid and the beam splitter cube can lead to noticeable deviations
of the measurements from the real laser spot trajectory. Such effects were reduced by keeping the
laser spot diameter larger than approx. 1.5 mm and rotating the PSD and beam splitter by a few
degrees. However, it has not been determined to which degree the remaining nonlinearity is due to
the MEMS mechanics or to measurement artifacts. Related to the +/-20 V reference, the error in a -50
V to+50 V actuation range (corresponding to approx. +/-2.3° optical tilt angle) is below +/-0.5% (Figure

3, right).
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Figure 3. Linear variation of the actuator voltage from -50 V to +50 V on the X- (top) and Y-axis
(bottom). Left half: Time plots (seconds). Right half: Linearity error relative to a +/-20 V reference
range.

3.3. Tuning the Filter Parameters with Step Responses

For comparing the step responses of the MEMS with and without the filter, a periodic
rectangular waveform with a 4 seconds period was used, giving two seconds time for oscillations to
decay. The approximate natural frequency of each axis was determined by counting the oscillations
in a 10 ms time window after a step from 0 V to 20 V without filtering the control signal. Obviously,
an ideal step excitation cannot be realized in practice: The RC time constant when charging the
actuator’s capacitance has significant influence, but the objective here is to produce oscillations to
determine the frequency parameter for the filter. The damping coefficient was generally set to { =
0.0001, because it revealed to be insensitive in a wide range under the given experimental conditions.

From Figure 4, the X- and Y-axis oscillations were estimated to approx. 1580 Hz and 1530 Hz.
The amplitude remains observable for clearly more than 100 ms in this plotting scale. The decay is
not perfectly exponential as it would be with independent systems: There is a coupling between
vibration modes that leads to a kinetic energy transfer from the X-axis to the Y-axis.

Figure 5 shows how the step response changes after entering the system parameters and
activating the filter algorithm. A fast, smooth transition to the target angle (approx. 2.5° at 50 V) is
achieved within less than 2 ms. A small residual oscillation is still visible.
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(red) absorbs the initial peak and reaches the target deflection angle after approx. 1.5 ms.
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3.3. Dynamic Response to a Stair Pattern

In an additional test pattern, the full test voltage range was divided into five equidistant steps
and the switching intervals were reduced to 10 ms. This stair pattern is continuously repeated to
check whether a faster repetitive pattern would produce resonant oscillations. It is very useful for
fine-tuning the filter characteristics, e.g., by varying the “desired damping” parameter to prioritize
either shorter switching times or lower residual oscillations (Figures 6 and 7).
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Figure 6. A periodic stair pattern with a duration of 10 ms for each step. Using a “desired damping”

{4 = 1, slight oscillations permanently remain.
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4. Discussion

We presented the calculation and real-time implementation of a simple filter algorithm for
underdamped second-order systems and its application to the open-loop control of a gimbal-less,
biaxial, quasistatic MEMS micro mirror with piezoelectric AIScN actuators. Owing to the inherently
linear piezoelectric material properties of the sputtered AlScN, the MEMS structure follows the
assumed mass-spring-damper model sufficiently well to obtain good results with this algorithm in a
wide range of applications. We demonstrated how tuning the “desired damping” allows to trade-off
between precision and speed in a step-and-settle application. However, the linear filtering approach
remains limited in terms of robustness and speed:

Obviously, an open-loop control cannot be robust against external disturbance. With our new
piezoelectric sensor structures, we target implementing a closed-loop system capable of
compensating external shock events and vibration. However, some electronic signal conditioning
will be necessary to capture the piezoelectric charge transfer. This will be developed in a next step.

When it comes to faster positioning sequences, a significantly more complex approach may be
followed, e.g., using model-based prediction algorithms. Given the presence of modal coupling
between structure elements, a more precise model of the mechanical behavior would be beneficial.
Predictive algorithms involve many matrix multiplications that will require a programmable logic or
digital signal processor implementation in fast scanning systems.

6. Patents

The sensor structures and arrangement shown in Figure 1 are subject to a patent application
process; the first publication date being in October 2023 (DE 10 2022 203 334 A1, WO 2023/194385
Al).
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Appendix A

The MATLAB code below implements the filter algorithm explained in Section 2.4. It was used
in the SIMULINK model as a user function block, therefore the function end statement is omitted.
Some trivial definitions were left in the code for completeness of the mathematical concept.

function [A,B,C,D] = compensationfilter ss discrete(wn,zeta,wd, zetad,wc,Ts)

[}

o\

3rd order filter to compensate a 2nd order system

°
I3
o

oe

Discretization using Tustin’s method with frequency prewarping.

% Calculate some fixed values

k = 2/Ts;
k2 = k"2;
k3 = k"3;

)

% Frequency prewarping

wn = 2/Ts*tan (Ts/2*wn) ;
wd = 2/Ts*tan (Ts/2*wd) ;
wc = 2/Ts*tan(Ts/2*wc) ;

% Calculation of continuous-time coefficients
b0 = wc*wd”"2;

bl = wc*2*zeta*wd*wd/wn;
b2 = wc* (wd/wn) *2;

b3 = 0;

a0 = wc*wd"™2;

al = (wc+wd) *2*zetad*wd;
a2 = 2*zetad*wdtwc;

a3 = 1;

Q

% Calculation of discrete-time coefficients

dena3 = ( a3*k3 + a2*k2 + al*k + a0);

da3 = 1;

da2 = ( -3*a3*k3 - a2*k2 + al*k + 3*a0) / dena3;
dal = ( 3*a3*k3 - a2*k2 - al*k + 3*a0) / dena3;
da0 = ( -a3*k3 + a2*k2 - al*k + a0) / dena3;
db3 = ( b3*k3 + b2*k2 + bl*k + b0) / dena3;
db2 = ( -3*b3*k3 - b2*k2 + bl*k + 3*b0) / dena3;
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dbl = ( 3*b3*k3 - b2*k2 - bl*k + 3*b0) / dena3;
db0 = ( -b3*k3 + b2*k2 - bl*k + b0) / dena3;
A= O/ 1, 0 7
0, 0, 1

-da0, -dal, -da2 1;
B = [ 0; 0; 11;
C = [ db0-da0*db3, dbl-dal*db3, db2-da2*db3];
D = db3;
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