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ABSTRACT 

(a)

(b) (c) 
Fig. 1 ISC concept evolution. (a) Single bimorph with lateral shift 
and tangential tip tilt. (b) Series-connected bimorphs with zero tip 
tilt but nonzero lateral shift.  (c) Inverted-series-connected 
bimorphs with zero tip tilt and zero lateral shift.  
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This paper presents the design, fabrication and test results of an 
electrothermally-actuated tip-tilt-piston micromirror with a large 
optical aperture size of 1 mm. The mirror has a mechanical rotation 
angle of ±6° about both x- and y- axis and displaces 141 μm in 
z-axis all at dc voltages of less than 6 V. Dynamic test of the 
micromirror shows the electrothermal response time of each 
actuator is about 20 ms. The resonant frequencies of the piston and 
rotation motion are 664 Hz and 714 Hz, respectively. The large 
tip-tilt-piston scanning capability at low driving voltage makes this 
type of devices suitable for biomedical imaging and laser beam 
steering applications. 

 
INTRODUCTION 

MEMS micromirrors have been widely used in various 
applications including optical communications, displays, medical 
imaging, and motion tracking [1]-[9]. For adaptive optics, optical 
phase arrays, and optical phase modulators, micromirrors with 
tip-tilt-piston (TTP) capability are required, which have been 
demonstrated using electrostatic, electrothermal and piezoelectric 
actuation [10]-[14][16][18]. Among various actuation mechanisms, 
electrothermal actuators usually are not very fast and consume 
relatively high power. On the other hand, electrothermal 
micromirrors produce large scan ranges at low driving voltages, 
making them very suitable for medical imaging applications, 
especially endoscopic imaging applications in which operating 
frequency is not high and power consumption is not critical.  

Various bimorph-based electrothermal TTP micromirrors 
have been demonstrated [14]-[18]. For instance, Jain et al. 
demonstrated an electrothermal micromirror using a DRIE 
CMOS-MEMS process [15]. The device generated a maximum 
piston motion of 0.5 mm and tip/tilt optical scan angle of ±30° at 
less than 15V DC. However, its mirror plate had a large lateral shift 
in the piston mode and its rotation axes of the tip/tilt modes shifted 
vertically during scanning. The large lateral shift of the mirror plate 
significantly reduces the effective optical aperture size, and the 
rotation-axis shift causes difficulty in optical alignment and image 
processing. In order to solve the lateral shift problem, Wu et al. 
developed a three-segment bimorph actuator design that achieved 
near lateral-shift-free large vertical actuation [16]. But its tip/tilt 
scan patterns are not horizontal, and the rotation-axis shift, though 
smaller, still exists. Todd et al. proposed an S-shaped, inverted- 
series-connected (ISC) bimorph actuator to overcome both mirror 
plate shift and rotation axis shift problems [17]. The ISC concept is 
illustrated in Fig. 1. With a single bimorph, as shown in Fig. 1(a), 
there exists a lateral shift and a tangential tilt angle at the tip of the 
bimorph. If two bimorphs with opposite layer compositions are 
connected in series to form an S-shaped beam, as shown in Fig. 1(b), 
the tilting angle at the tip of the second bimorph is compensated. 
However, the lateral shift still remains. If two S-shaped beams are 
connected with the second one inverted, as shown in Fig. 1(c), both 
the lateral shift and the tilt angle will be compensated. Jia et al. 
demonstrated the first working TTP micromirror based on this ISC 
bimorph actuation concept, but the scanning ranges were small and 
there were problems due to aluminum sidewall pileup and structural 
asymmetry [18]. Furthermore, the joints of the S-shaped beams in 
Fig. 1(b) and Fig. 1(c) are fragile. 

In this paper, we present a single-crystal-silicon based TTP 
micromirror employing a new ISC bimorph design that solves the 
above mentioned problems. The design, fabrication and test of the 
device will be presented and discussed in the following sections.  
  
DEVICE DESIGN AND FABRICATION 

The new ISC bimorph actuator design is illustrated in Fig. 2(a), 
where the main improvement is adding an overlap at the middle of 
each S-shaped bimorph beam. The length of the overlap is 
optimized to approximately 1/3 of the total beam length to achieve 
maximum initial elevation of the mirror plate. The width of the 
overlap is widened to strengthen the connection as well as increase 
the stiffness of the actuator. Also, platinum instead of poly-silicon is 
used as the heater material. The temperature of the beams can be 
changed by applying a voltage to the Pt resistors embedded along 
the bimorph beams. By connecting four pairs of ISC actuators to the 
four sides of a square or circular mirror plate, tip-tilt-piston 
operation can be realized by controlling the voltages applied to the 
resistors. The 2D schematic of the device is shown in Fig. 2(b).  

When a same voltage is applied to the four actuators 
simultaneously, the mirror plate moves vertically without any 
lateral shift. When different voltages are applied to the actuators, the 
mirror plate performs tip-tilt scanning. As shown in Fig. 2, point B, 
which connects a bimorph actuator to the mirror plate, moves pure 
vertically if the bimorph beam is heated evenly. This condition is 
achieved by embedding a heater along the entire bimorph path. 
When a same dc voltage is applied to all the four actuators and a pair 
of differential ac voltage signals is applied to one pair of opposing 
actuators, i.e., Act 1 and Act 3, the mirror plate will rotate about the 
y-axis and the rotation axis is structurally fixed by the other two 
opposing actuators, i.e., Act2 and Act4. Thereby, both piston 
motion decoupled from rotation and tip-tilt scanning with a fixed 
rotation axis can be obtained.  

The fabrication process of the device is shown in Fig. 3. It 
starts from a bare silicon wafer. First, a 1μm thick PECVD SiO2 is 
deposited and patterned to form the bimorphs that require SiO2 to be 
the bottom layer (Fig. 3a). Then, the wafer is patterned, followed by 
a 0.25μm thick Cr-Pt-Cr sputtering and lift-off (Fig. 3b). After a thin 
SiO2 layer is deposited, aluminum lift-off is performed to define the 
bimorphs and the mirror plate (Fig. 3c). This step has been modified 
from the previously reported process to solve the aluminum 
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Fig.2 (a) New ISC bimorph actuation concept. (b) Actuator configuration for the tip-tilt-piston mirror with centered rotation axes.
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sidewall pileup problem [18]. Next, a second SiO2 layer is deposited 
and patterned to form the bimorphs that require SiO2 to be the top 
layer (Fig. 3d). A backside silicon etch is then proceeded to form the 
cavity under the mirror plate and the actuators, leaving a 
controllable thickness (~50 μm) of silicon to support the mirror 
plate (Fig. 3e). Finally, a front side silicon etch-through followed by 
an isotropic undercut is done to release the device (Fig. 3f). 

Fig.4 (a) SEM image of a fabricated device. (b) Bimorph series 
and connections. (c) A device with mirror plate below substrate.
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An SEM of a fabricated device is shown in Fig. 4(a), where the 
mirror plate is 1 mm by 1 mm with an initial elevation of 141 μm. 
Fig. 4(b) shows some details of a bimorph actuator and mechanical 
connections. Notice that in Fig. 4(c) a device with the mirror plate 
below the substrate surface is also obtained by simply swapping 
SiO2 and Al in all bimorph segments. This design helps protect the 
fragile mirror surface for easy handling and packaging and has a 
similar piston stroke and optical scan range compared with the one 
in Fig. 4(a). The devices shown here have a fill factor of about 60%. 

Fig. 3 Process flow: (a) Bottom oxide pattern. (b) Cr-Pt-Cr heater 
lift-off. (c) Insulation oxide deposition and Al lift-off. (d) Top oxide 
pattern. (e) Backside silicon etch. (f) Front side silicon 
etch-through and release. 
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EXPERIMENTAL RESULTS 
Static Measurement Results 

Piston displacement of the mirror plate is achieved by driving 
the four actuators simultaneously with a same dc voltage. In this 
experiment, a wire-bonded device was placed under an Olympus 
BX51 optical microscope equipped with a Quadra-Chek 200 
micro-position recorder to track the vertical displacement. After 
each increase of the supply voltage, the image was refocused and a 
reading of z position of the mirror plate was recorded. Data points 
for multiple locations on the mirror plate were taken to verify its 
piston motion. It was found that the tilting of the mirror plate was 
initially 0.2° and this tilting did not become larger during the 
actuation. It was also recorded from this test that the lateral shift of 
the mirror plate was only 2 μm over the entire actuation range of 
~140 μm at 5 V dc. The error in this measurement is ±1 μm 
resulting from the refocusing step. Fig. 5 shows the static 
measurement result for the piston actuation. 

The static rotation measurement was taken by applying a same 
dc voltage of 2.25 V to all four actuators and at the same time 
superimposing two differentially varying voltages to one opposing 
actuator pair. A laser beam and a screen were used for this 
experiment. Fig. 6 shows the static measurement result for the 
rotation actuation. An optical scan angle of ±12° was achieved for 
both x- and y-axis at a pair of 2.25 V differential voltages.  

The measured resistances of the heaters are 256±2 Ω. Notice 
that the highest voltage applied in the above measurements is 5 V dc. 
Thus, the maximum power consumption for each axis is less than 
60 mW if we take into consideration the temperature coefficient of 
the platinum resistivity. 

 
Dynamic Measurement Results 

The electromechanical response time of the actuator was 
measured by monitoring the light spot reflected by the mirror plate 
with a photosensitive device (PSD). A 2 Hz square-wave voltage 
(0-3.5 V) was applied to a single actuator. The voltage output from 
the PSD shows that the 10% to 90% response time is less than 20 ms, 
as shown in Fig. 7. 
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Fig. 5 Static measurement result for piston mode actuation. 
Same dc voltage was applied to all four actuators. 

The frequency response of the mirror plate was also obtained 
with the PSD and an SRS 785 signal analyzer. For the piston mode 
measurement, a same 1 V dc superimposed by a 100 mV ac signal 
from the signal analyzer was applied to all four actuators. The light 
spot reflected by the mirror plate was monitored by the PSD whose 
output was fed back to the signal analyzer. For the rotation mode 
measurement, the same setup was used but the ac signal from the 
signal analyzer was inverted to make a differential pair and then 
applied to the two opposing actuators. The recorded resonance 
frequencies for piston and rotation modes are 664 Hz and 714 Hz, 
respectively. 

One-dimensional (1D) line scans were generated by exciting 
one pair of the actuators, as shown in Fig. 8(a). Two-dimensional 
(2D) scans using this device were demonstrated by simultaneously 
exciting two pairs of the actuators. By varying the frequency and 
phase of the ac signals, different Lissajous patterns were generated 
and shown in Fig. 8(b)-(d). It was noticed that when the device was 
driven at its resonance frequency for the rotation mode, the optical 
scan angle can go up to ±30° at 2.25 V differential voltages. 
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Fig. 7 Electromechanical transient response time measurement. 
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Fig. 6 Static measurement result for rotation mode actuation. All 
actuators had a dc voltage of 2.25V. Differential voltages were 
applied to opposing actuator pairs. 
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Fig. 8 Various Lissajous patterns generated by varying AC signal frequency ratio and phase difference between the two orthogonal 
actuator pairs. (a) 1-D scan for –x and –y axis; (b) Lissajous patterns with frequency ratio of 2:3 and a phase difference between two 
orthogonal actuator pairs; (c) Lissajous patterns with frequency ratio of 5:6; (d) Raster scanning pattern with frequency ratio of 1:9.
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Mirror surface quality measurement 
The mirror surface quality was measured using a 

Wyko-Vision32 optical profilometer. The measured radius of 
curvature over the 1mm by 1mm mirror plate surface is 0.32 m with 
peak to valley deformation of 0.15 μm. The surface roughness is 
about 20 nm. 
 
CONCLUSION 

An agile tip-tilt-piston micromirror with 1mm by 1mm 
aperture size has been successfully demonstrated. The mirror can 
achieve a maximum 141 μm piston stroke and ±12° of 2D 
non-resonant optical scan range all at less than 6 V dc. This design 
solves the lateral-shift problem for the piston motion. The axis of 
rotation is also structurally fixed for the 2D scanning mode. The 
measured electromechanical response time is less than 20 ms. The 
device has performed various Lissajous patterns successfully. A 
study on the dynamic deformation of the mirror plate during linear 
and angular scanning is currently ongoing. Raster scanning for 
optical displays and optical imaging will be explored in the near 
future. 
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