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ABSTRACT 

A high-speed large-amplitude piezoelectric varifocal 
MEMS micromirror is reported. The mirror is capable of 
both quasistatic and resonant actuation. In quasi-static 
mode, the shape of the mirror can be tuned to aspherical 
shapes by adjusting the excitation of individual electrodes 
using a superposition principle. In resonant mode, the 
mirror was shown to achieve the total optical power of 
+/- 100 m-1 at 90kHz. A novel figure of merit for resonant 
varifocal mirrors is introduced as a product of mirror 
diameter, frequency and optical power, and state-of-the-art 
devices are reviewed and compared. Our device features 
the highest figure of merit ever reported.  
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INTRODUCTION 

Fast remote control over the axial position of the focal 
spot of an optical system is essential to many optical 
applications including focusing and optical sectioning in 
imaging applications, focus control in laser processing, and 
optical sensing. Especially in systems with high numerical 
apertures fulfilling the Abbe sine condition, the phase 
profile required to stigmatically focus to a point located at 
position �  can be written as [1]:  
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where n is the refractive index of the medium, k is the 
wavenumber, � is the semi-aperture acceptance angle of 
the lens, and � is the normalized pupil radius.  
Reproduction of such a spherical defocus requires 
additional higher-order aberrations, typically not easy to 
generate. Generation of such a phase profile has first been 
demonstrated using a perfect imaging system employing a 
second objective lens, while other later techniques reported 
later include piezoelectric an in-plane aspherical mirror [2], 
diffractive optical pair  [3], segmented electrostatic MEMS 
mirror [4], and recently a spatial light modulator like 
MEMS mirror  with annular partitioning [5]. 

In this paper, we propose a design of an aspheric 
varifocal mirror with Pulsed Laser Deposited (PLD) thin 
PZT film. The mirror features annularly segmented 
electrodes to adjust the shape of the membrane to any 
rotationally symmetric aspheric shape. In resonant mode, 
the mirror operates with a pure parabolic shape.  To 
compare our work to the state-of-the-art on the varifocal 
mirrors in a fair and transparent way, we introduced a novel 
figure of merit for varifocal mirrors, similar to the figure of 
merit, used in resonant mems scanners [6]: 
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Fig.1: a) drawing of the presented device b) cross-section of the 
device, c) backside of the final device, when mounted on the 
PCB. d) frontside with a 3D printed protection cover. Arrows 
mark the MEMS chip 
 
with P being the optical power in [m-1], d being the mirror 
diameter and f being the maximal operating frequency. 
We note that the product of beam diameter and optical 
power is analogous to Lagrange invariant, hence constant, 
and cannot be improved using additional auxiliary optics. 
Fig.2 reviews selected varifocal mirrors from the 
literature and shows their � � product as a function of 
frequency. Dotted lines represent isolines of a constant 
figure of merit. Results depicted in the graph are 
summarized in Table 1. Our proposed design outperforms 
the best existing mirror by a factor of 1.5.  
 

Table 1: State of the art of varifocal mirrors 

Author Year Principle 

d 

mm 

P  

[m-1]  U[V] 

fmax 

 [Hz] P*d*f 

Dickensheets  1999 el.static 0.2 160 190V 20000 640 

Himmer  2001 el.static 1 25 100V 25000 625 

Dickensheets  2006 el.static 1.25 41.5 - 10000 518.8 

Wang 2007 el.static 4.5 20 160V 70 6.3 

Hokari 2009 el.static 1 41.3 215V 87000 3593 

Lutzenberger 2010 el.static 3 21.3 415V 40000 2556 

Moghimi 2012 el.static 4 10 305V 7000 280 

Moghimi 2013 el.static 3 17.8 332V 25000 1335 

Lukes 2013 el.static 4.2 18.6 313V 500 39.4 

Lukes 2014 el.static 3.01 7.7 350V 222 5.12 

Moghimi 2015 

Pneum. 

el.static 4 21 300V 2000 168 

Alzaydi 2008 

hydr. 

magnetic 0.95 286 22.5kPa 15 4.1 

Burns 1998 thermal 1 66 480mW 120 7.9 

Li 2013 thermal 1 28 10-100C 8 224 

Morission 2015 thermal 0.4 2132 27mW 83 70.8 

Brunne 2011 piezo 15 0.23 60V 9900 34.2 

Wapler 2018 piezo 10 8 150V 1300 104 

Janin 2018 piezo 1.4 7 20V 26100 255.8 

Lukes 2016 el.static 4 4.5 255V 2283 411 

Ersumo 2020 piezo 8.2  30V 15440 - 

Sasaki 2020 piezo 1 35.7 150V 462730 16526 

Nakazawa 2016 piezo 2 28.6 30V 9500 136.6 

Nakazawa 2016 piezo 2 7.19 150V 18500 266 

Pollock 2017 piezo 0.38 48..8 - 1 0.0185 

This work 2021 piezo 2.6 105.9 5V 90000 24780 



 
Fig.2: Performance comparison from the state of the artt. 
Dotted lines represent isolines of equal figure-of-merit. 

 

MIRROR DESIGN AND 

MICROFABRICATION 
The mirror design is shown in Fig.1. The design 

features four equally spaced annular electrodes, with outer 
radii of the segments placed at 25, 50, 75 and 100% of the 
radius. The mirror membrane diameter is 2600µm. The 
membrane is supported by the flexures to allow free axial 
movement of the mirror edges.  The fabrication of the 
micromirror was done from a (100) 4”-SOI substrate with 
a 50 µm-thick device layer, a 2 µm-thick buried oxide 
layer, and a 380 µm-thick silicon handle layer. First, a 1 
µm-thick SiO2 layer was thermally grown on both sides of 
the SOI wafer. Then, a bottom Ti(20nm)/Pt(300nm) 
electrode was deposited by magnetron sputtering at 350°C 
using a cluster tool Pfeiffer SPIDER 600. Pulsed laser 
deposition was used to deposit 1 µm thin film of PBZT 
(Pb0.9Ba0.1(Zr0.52Ti0.48)O3). For the PLD process, the 
SMP 800 tool from Solmates was used and the PBZT was 
deposited at 525°C on LaNiO3 (LNO) used as a buffer 
layer. In the following, a Titanium adhesion layer followed 
by 200 nm-thick platinum top electrode was sputtered on 
the entire surface of the wafer at ambient temperature. Top 
electrodes, the PZT thin film, and bottom electrodes were 
patterned by Ion Beam Etching in two lithographic steps. 
Top SiO2 and Si etching of the device layer has been 
performed using a dry etch process. Finally, SiO2/Si/SiO2 
back dry etching was performed to release the structure. 
Backside SiO2 is removed to be able to use the mirror from 
the backside as depicted in Fig.1c. In the future, a thin 
metal coating will be applied to this surface to improve the 
reflectivity. In this paper, measurements have been made 
using the bare silicon surface which features only about 
35% reflection at 633nm. After fabrication, the mirrors 
were attached to the PCB and wire-bonded using the 
Kulicke and Soffa wedge wire bonder and 25 µm gold-
wire. The final fabricated device is depicted in Fig.1c,d.  
 

EXPERIMENTAL  
Fig.3 depicts the experimental setup. A laser beam 

from a pigtailed laser diode (Thorlabs ) collimated by a lens  
(CL) to form a 3mm collimated beam spot. Next, the 
collimated beam is passed through series of mirrors and a 
50:50 beam splitter s reflected from the MEMS mirror and 

enters the wavefront sensor.  An 8-channel signal generator 
(Teledyne Lecroy T3AWG3K), amplified through two 
high voltage amplifiers (Tabor Electronics 9260) were used 
to supply the mirror. The signal generator also provides 
triggers for both camera and laser to allow for a 
stroboscopic illumination of the high-speed mirror. The 
trigger signal for the laser is amplified using a DRV200-A 
Koheron driver. First, the collimation of the beam was 
checked with the Shack Hartmann wavefront sensor 
(Thorlabs WFS40-7AR). For this, a  /20 flat mirror was 
inserted instead of a MEMS mirror and p-v deformation of 
120 nm was measured. The  /20  mirror was then replaced 
by the MEMS mirror, and a defocus-shaped wavefront with 
approximately 2 µm p-v parabolic deformation was 
observed with an unpowered mirror. This parabolic bow is 
attributed to the stress introduced during the thin film 
deposition.   

 

 
 
Fig.3: Experimental system for characterization of mirror 
performance 
 

QUASISTATIC OPERATION 
For a given electrode voltage distribution, the mirror 

membrane response $�%, '� is analytically modeled by a 
differential equation, 
 () ∇�$ � �+,∇�- � 0 
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which must be solved subject to boundary conditions for 
the electrode-voltage distribution -�%, '� in question. 
Here, C is defined by the combined mechanical stiffness of 
substrate and ceramics. It was shown, that for a fixed 
number of electrodes, the equation can be written as a linear 
combination of the individual responses [7]. To estimate 
the individual response of the electrodes we have 
performed a coupled electrostatic and mechanical FEM 
simulations using COMSOL Multiphysics. In a static 
simulation mode, we applied DC voltage to the individual 
electrodes to induce the tensile stress in the piezo layer. The 
mechanical response was recorded for each electrode 
individually (Fig. 4), while the combined response of the 
membrane can be modeled by assuming a linear 
relationship between electric field and strain and linear 
superposition of the individual mechanical responses:  
 . � /01 02 03 04 15/67 6+6� 6, 859 (4) 
 
where :; represents measured mechanical responses of i-th 
electrodes, 6< the voltages applied to it, and c a free 
constant representing a vertical shift in the wavefront.   



 
Fig. 4: Quasistatic mirror response of each electrode at 10V DC 
voltage excitation 

Eq.(4) represents the linear system of a form ' � =%. In a 
typical application, we are interested in the calculation of 
voltage vector u, required to reconstruct a certain 
wavefront shape. For this, the response matrix A is 
decomposed to = � >?@A using the SVD matrix 
decomposition. The pseudo-inverse of A is then found as: 
 =B � @?B>A (5) 
 
where Σ+  is given as the reciprocal of all the non-zero 
elements. The required electrical voltages are found as 
follows:  
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Fig.5 (top side) shows the experimentally recorded Zernike 
coefficients for defocus and primary spherical aberration 
for individual electrodes. The measured experimental 
response of individual electrodes is observed to be slightly 
different than the one predicted by COMSOL 
Multiphysics, and these changes are attributed to the initial 
bow and possible inhomogeneities in the layer. In the 
bottom side of Fig.5, a response of combined excitation 
was predicted using (Eq.4). (blue and green bars). Next, the 
real response of the combined excitation was measured (red 
and green bars).  Here, all electrodes were supplied by 
5VDC, and the initial bow was subtracted from the 
measurements. In general, good agreement between 
calculated and measured responses is observed. The 
discrepancies correlate with the excitation of electrode 2 
which on the other hand also has the dominating 
mechanical response.  
 
RESONANT OPERATION 

An eigenfrequency analysis was performed using 
COMSOL Multiphysics to identify natural modes of the  

 

Fig.5: Top: Zernike coefficients of the measured response of 
individual electrodes. Bottom: Zernike coefficients of the 
combined response of different electrode combinations: 
comparison of calculated response by Eq.4) (blue and green 
bars) and the measured response (orange and red bars) 

system. Out of all modes, two rotationally symmetrical 
modes were selected which can be excited with our set of 
electrodes: parabolic mode and primary spherical mode. 
The secondary spherical mode would in principle also be 
possible, yet its resonant frequencies lie above the practical 
range. Other mechanical modes like piston, primary and 
secondary astigmatism as well as other higher-order modes 
do also exist but cannot be excited with the given electrode 
set. A suitable electrode set for those modes can be found 
by the inverse design method recently reported in [8]. 

Fig. 6: Defocus mode, parabolic mode at 87539 HZ, and primary 
spherical mode at 391180 Hz.  



Next, the frequency response was recorded around a 
peak frequency for defocus as identified in an 
eigenfrequency analysis. Mirror was supplied with 5V 
offset and 5Vpp amplitude and frequency was swept from 
80 kHz to 91 kHz with steps of about 50 Hz when close to 
the peak. At each measured frequency step, a phase 
between the excitation and the laser pulse is swept from 0 
to 2π to locate the maximal mechanical response. Once the 
phase delay JKLM  that maximizes the response is found, 
the wavefront is recorded at JKLM +180° to acquire the 
wavefront at both concave and convex cases. In the case of 
a divergent beam, the beam size exceeds the active area of 
the wavefront sensor, resulting in the pupil clipping at 
89250 Hz, yielding inaccurate estimation of the max 
response. Instead, we rely on the convergent case, where 
the beam always stays smaller than the active area, except 
for the case where the beam is focused on the sensor 
directly and no measurement is possible there. Next, 
Zernike polynomials were fitted to the wavefront. A 
defocus term N�F measured at the wavefront sensor is then 
converted to the mirror deformation $KLM;K<OO7O and 
finally to the optical power � by using the following 
relation: 

$KLM;K<OO7O � 2√3 N�F �K<OO7O�RST<U  
� � 4 $KLM,K<OO7O

V�K<OO7O2 W�   
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Fig. 7 shows the obtained frequency response, with a 
typical nonlinear behavior, manifested as a shark-fin-
shaped frequency response followed by a sudden fold-over 
effect. This nonlinearity results from the spring stiffening 
effects of the flexure designs and can be particularly useful 
as it artificially increases the bandwidth of the mirror. An 
f-3dB was obtained at 89150Hz yielding a total bandwidth of 
1100Hz.  
 

 
 

Fig.7: Frequency response measured at excitation with 5Vpp 
and 5VDC offset. The mirror features a typical nonlinear 
response with hysteretic behavior when the frequency is 
scanned up and down.  

 

CONCLUSIONS 
We present the design, fabrication, and 

characterization of a 2.6mm varifocal mirror with the 

highest figure of merit ever reported. When operated in 
resonant mode, the mirror can provide optical power over 
105mm-1 at 90kHz.  Applications might include focusing 
in high-speed high-NA applications, biomedical imaging, 
and others.  
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