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A MEMS Actuator System for an Integrated 3-D
Optical Coherent Tomography Scanner

Aleksandar Jovic™, Grégory Pandraud, Nuria Sanchez Losilla, Juan Sancho, Kirill Zinoviev,
Jose Luis Rubio, Eduaro Margallo-Ballbas, and Pasqualina M. Sarro, Fellow, IEEE

Abstract—1In this paper, we present an electrothermal biaxial
MEMS actuator system, which provides x- and y-direction
scanning for a fully integrated 3-D optical coherence tomogra-
phy (OCT) scanner. An angular scanning range of 8° (corre-
sponding to a 7-mm linear scanning range in both directions) is
achieved, with an average power consumption of 150 mW. The
resonant frequency is 668 and 297 Hz for x- and y-directions,
respectively. With a footprint of only 2.5 x 2.5 mm?, this system
is part of a device which also integrates an optical waveguide
and a collimated lens on the same chip, thus making the fully
integrated, self-aligned, and miniaturized 3-D OCT scanners
feasible. [2017-0268]

Index Terms—MEMS actuators, integrated OCT, Al — SiO;
bimorph beam.

I. INTRODUCTION

N THE past decades the risk of skin cancer has significantly

increased [1]. Successful treatment is highly dependent
on melanoma detection in its early stage [2]. This requires
physical skin removal by a medical specialist, a painful,
invasive procedure, and a long waiting time for the result
to be available. Alternative diagnostic methods are therefore
needed. Among these, optical coherence tomography (OCT)
is a non-invasive medical imaging technique, which provides
live morphology of a patient tissue. In dermatology, OCT uses
near infrared light for 3D in vivo tissue imaging up to a depth
of 3 mm [3].

The OCT image is generated by measuring the optical path
difference between a reference and a scattered beam in an
interferometer setup. For 3D OCT imaging, optical scanning of
the surface in both x and y direction, which translates into 2D
motion of the light beam, is needed. Commercially available
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Fig. 1. Schematics drawings of (a) state of the art MEMS based OCT probe;
(b) the self-aligned 3D integrated OCT scanner; (c) light propagation through
the integrated OCT system.

systems have large footprint (~1 m?) with an average cost
of ~100k$. Hence, a miniaturization of these systems to reach
affordable, handheld probes is needed to guarantee a wide-
spread use of these diagnostic tools to general practitioners
and clinics.

A first step towards miniaturization of OCT scanners came
along with the use of MEMS micro mirrors, which resulted
in the first portable handheld imaging probes [4]. This minia-
turized OCT system consists of several separate sub-systems
for image generation (light source, photodetector and image
processor), photonic circuitry (beam splitters, fibers etc.) and
scanning (MEMS mirror and collimated lens). Figure la
depicts a schematic drawing of a state of the art OCT scanner,
where light is brought in using an optical fiber aligned with a
MEMS mirror, a collimating and a focusing lens [4], [S].

1057-7157 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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Image quality and optical losses strongly depend on the
accurate alignment of the components within the OCT probe
package, which requires expensive and time-consuming pro-
cedures [6]. Hence, much research in this field has been
focusing on the main limitations of these OCT systems,
namely simplifying the assembly [7], improving the signal
acquisition [8] and most importantly increasing the scanning
range of the MEMS micro mirrors [4], [S], [9]. The alignment
problem, which significantly contributes to the high overall
system price, has barely been addressed so far.

In this paper we present a self-aligned integrated concept for
surface scanning (Fig. 1b) [10]. The integrated system contains
four sub-modules: a waveguide system, which replaces an
optical fiber circuit for OCT interferometry; a 45° mirror facet,
which scatters the light; a collimating lens, to collimate the
light beam at the output of the system; and a MEMS actuator
system which provides motion to the light on the scanning sur-
face. The light propagation through the waveguide, the mirror
and the lens are illustrated in Fig. 1c. The central wavelength
for OCT imaging in dermatology is 1300 nm. Therefore, Si is
suitable for the photonic circuit, the lens fabrication as well
as for the MEMS actuator system.

Fabrication of all components on a single substrate makes
the presented concept a fully integrated OCT scanning device.
To achieve this, all four components must be compatible, both
from the design and from the fabrication point of view. A time
domain OCT system working at a speed of 10 Hz must have
at least 10 times higher resonant frequency, to disregard for
hand tremor influence on the image quality. A handheld device
needs components with the smallest footprint possible and
low voltage operation. Still, the most important parameter
is the optical scanning range, which corresponds to large
displacement for the actuator system.

The first criteria for choosing the right actuator type is
the nature of the motion, which for the proposed systems,
is an out-of-plane and tilting motion. Comb drive electrostatic
actuators are widely used as in-plane actuators, and with a
specific design it is possible to generate rotational motion [11].
However, the footprint of comb drives is large, and the drive
voltage is high [11], [12]. Magnetic MEMS actuators require
an external magnetic field and dense metal lines for increas-
ing the electromagnetic force on the plate [9], [12], [13].
Finally, electrothermal bimorph actuators are by their nature
out-of-plane actuators [12]. They provide a large displacement
range, require low operating voltage and provide a large output
force [5], [12], [14]. The most commonly used material layers
combination is Al and SiO,, due to the large difference
in coefficient of thermal expansion [15]-[17]. Further, their
integration with optical circuit has already been demonstrated
in [18]. Electrothermal Al-SiO, bimorph cantilevers satisfy
all mentioned requirements, making them the most suitable
candidate for this application.

To fabricate the fully integrated OCT scanning systems, all
components must be first fabricated and tested individually.
Low loss (0.13 dB/cm) waveguides defined in the SOI device
layer are reported in [19], while the mirror fabrication is
defined in [20] and Si lenses with roughness of only 25 nm
are presented in [21]. In this paper, the focus is on the

system design considerations and thermal characterization of
the MEMS actuator system introduced in [22].

To investigate the feasibility of the system depicted
in Fig. 1b, separate designs (sect. II) for linear scanning in
x and in y direction are considered. Numerical analysis and
optimized design parameters for the two actuator systems
are presented (sect. II). The fabrication flow is briefly
described (sect. III), and the device static response, thermal
characterization and frequency response are reported and
discussed (sect. IV).

II. THE MEMS ACTUATOR SYSTEM DESIGN

Commercially available 3D OCT scanners can cover a
surface area of up to 1 cm?. For our system, this translates
into a 12° of tilting/deflecting motion for both scanning direc-
tions. For this purpose, the actuator system must be designed
and simulated to determine its thermal and mechanical
properties.

First, the x direction scanning system is defined and then,
based on this system, a compatible y direction scanning system
is determined. Horizontal scanning, i.e. in the x direction,
is provided by rotating the lens around torsional hinges, while
y direction (i.e. vertical) scanning is generated by deflecting
the supportive hinge of the lens. The waveguide runs along
both hinges. The combination of these two actuator modules
into one device allows 3D OCT imaging (Fig. 1b).

The residual stress values used for numerical simulation
are based on experimental findings for bimorph beams made
of 2 um-thick Al film sputtered at 350 °C and 2 um-thick
PECVD SiO; film deposited at 400 °C, which are the same
layers used for the actuator beams. Stress values of 100 MPa
for Al and 40 MPa for SiO, tensile were measured. All sim-
ulations are done using COMSOL Multiphysics 4.4.

A. Actuator Design for x Direction Scanning

To create a torsional motion around the waveguide with
Al-SiO; electrothermal bimorph actuators, these beams must
be placed on each side on the microplate which contains the
lens and the 45° mirror. Actuators on both sides are pre-
stressed and have an initial deflection. Both sides are pushing
the microplate with force Fy at its edge and since both sides
are at the same distance from the torsional axis, the plate has
no angular displacement (Fig. 2a). Once one side is operated
using Joule heating, the actuators will move upwards. Hence,
the applied force F, is lower than Fj, which results in a
rotation around the torsional axis. The heated bimorph now
acts like a spring with a constant k; (Fig. 2b). In the final
state, i.e. for the maximum torsional displacement, the force
F, equals to zero. The whole rotation is now generated with
force Fy from the non-actuated beam (Fig. 2c).

By the third Newton’s law, a reaction force F; is applied
to the actuator in the opposite direction than Fy. In the final
state, the not heated actuator deflection, dy;4y, is determined by
residual stress in the beam after fabrication (including proper
burn-in process) and the reaction force Fr from the plate. The
maximum angle is defined by the deflection d,;,, of the beam
and the distance from the actuator tip to the torsional axis
(wp/2). This is illustrated in Fig. 2c.
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Fig. 2. Working principle for x direction scanning OCT system using
Al-SiO; electrothermal bimorph cantilevers: (a) Initial state where both group
of actuators are applying the same force. (b) Right side is actuated, and
cantilevers are bending up resulting in lower force applied to the plate.
(c) Maximum torsional angle in the final state of the actuation.
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Fig. 3.  (a) Geometric parameters used for the simulation model of an
electrothermal actuator beam. (b) 3D simulation model for a microplate
supported by torsional hinges.

In Fig. 3a the simulation model of an electrothermal
bimorph beam actuator is depicted. The length of the beam, /,,
is varied from 300 um to 800 um, the width, w,, from 50 um
to 150 um, while layer thickness, #,;, of Al and ¢,, of SiOy
from 1 gm to 3 um. In the simulation model a point force
F, is applied at the end of the beam to investigate the beam
flexibility in the vertical direction, i.e. its spring coefficient kp.

Numerical simulations of the maximum actuator tip dis-
placement, dp,,., caused by the residual stress and applied
force F, for different values of [,, w,, and the total actuator
thickness (,; + f,x) give the actuator spring coefficient value
kp (Fig. 3a). The Young’s moduli of Al and SiO, are close,
respectively 70 GPa for Al [23] and 75 GPa for SiO;, [24].
Therefore, similar elastic properties are expected between
beams of 1 um of Al and 3 um of SiO, or 3 um of Al and
1 um of SiO,. We are interested only in the linear regime of
the actuator deformation when a force F, is applied, i.e. when

a) 45
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§ [ ] @ ® .
= 1900 400 500 600 700 800
8 Actuator length /_ [1m]
b)§ 2
£
o a =
o) T u
£
> qJ'O 1_00 150
5 Actuator width w, [um]
©
c) 2 4 1
< ¢
2 $
% 3 4 5 6

Actuator total thickness f, +t  [um]

Fig. 4. Calculated spring coefficient k;, for (a) varying actuator length when
wq is 100 pm, t4; is 2 um, tox is 2 um; (b) varying actuator width when I,
is 500 um, ty; is 2 um, tyx is 2 um; (c) varying layer thicknesses when /I,
is 500 gm and w, is 100 pm.

Hook’s law is valid. For each length, width or total bimorph
layer thickness, the spring coefficient of the beam is calculated
and is given in Fig. 4.

If the actuator spring coefficient is higher, the delivered
force Fy is also higher (Fig. 2c). However, the resistive force
kp - dmax (Fig. 2¢) is also higher. For the range of thicknesses
considered, a total thickness of 4 um is chosen as a trade-
off between flexibility and generated force. Based on the
analysis carried out in [5], the optimal ratio of layer thickness
should be equal to the square root of layer biaxial Young’s
moduli. We selected a total thickness of 4 xm, in which
the Al layer should be 1.965 um, while the SiO; should
be 2.035 um. This difference is almost negligible and to ease
fabrication, the thickness for both layers is fixed at 2 um.
Similarly, the actuator width w, is set at 90 gm and the length
l, at 500 pm.

The next step, the dimensioning of the MEMS actuator
system concerns the plate width w, and the number of
actuators N, on each side. The inclusion of both actuators
with plate and hinges makes the 3D FEM model complex
for numerical calculation. The maximum angular displacement
is defined in the steady state of the system, as illustrated
in Fig. 2c. Therefore, the numerical computation can be
divided in two parts: the actuator displacement calculation and
the plate rotation calculation.

For a chosen geometry of the actuator, the calculation
of the vertical displacement versus applied force is done
using the model given in Fig. 3a. The simulation showed
that the required power per actuator to achieve an average
temperature of 260 °C is estimated to be 70 mW (Fig. 5).
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Fig. 5. Temperature distribution in an Al-SiO, bimorph cantilever for 70 mW
applied power.
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Fig. 6. Dashed lines represent the maximum displacement of the microplate
for several combinations of Ny and w) as function of the applied force Fp.
The intersections with the maximum deflection of the actuator tip (circles)
versus Fj- (solid line) give the possible combinations for maximum displace-
ment of the system.

At this temperature, the actuator stops pushing the plate further
(see Fig. 2c¢).

A geometrical model of the plate with force distribution is
given in Fig. 3b where N, is number of actuators on each
side and kp is the calculated elastic spring constant of the
actuator. Thermal changes of Young’s modulus are neglected
here. Although this assumption is not valid for the temperature
range used as indicated in [25], the discrepancy is in a first
order analysis acceptable.

Figure 6 reports the simulation results of d,,,x as a function
of Fy or F,. The solid line represents d,,,x versus F, for the
actuator tip, while the dashed lines represent the dependency
of dpax versus Fp for the edge of the plate for several
combinations of N, and w,. The intersection points indicate
possible combinations for the maximum displacement of the
system. The angular displacement is calculated based on these
values for Fp and N, for different combinations of w.

Figure 7 shows the angular displacement a,,,, versus the
number of applied actuators N, when w), is set to 800 um
(Fig. 7a), and versus plate width w, with N, = 4 actuators
on each side (Fig. 7b)). As expected, more actuators can
generate a larger angular displacement. However, more actu-
ators would linearly increase the power consumption, while
it would not linearly increase the generated angular displace-
ment. An acceptable tradeoff between increasing o,,,, and
reducing the power consumption is to have 4 actuators on
each side of the plate. For N, = 4, a maximum angular
displacement of 6.16 ° is achieved for a plate width of 800 xm.
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._.>< 5 .
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0 400 600 800 1000 1200
Plate width wp [m]
Fig. 7. Angular displacement versus (a) number of actuators for

wp = 800 um and (b) plate width with N, = 4 actuators per side.
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Fig. 8. Final design of the MEMS actuator system for x direction scanning
together with the optical components for OCT imaging. Reproduced with
permission form [22].

Each group of 4 actuators must be placed 400 um away from
the central axis on each side.

In Fig. 8 the final 3D model of the MEMS actuator system
with 4 actuators on each side is depicted. The microplate
has a lens at the bottom and is supported by two torsional
hinges. A waveguide with a 45° ending facet runs along the
hinges. Design parameters and expected working parameters
for the MEMS actuator system for x directional scanning are
summarized in Table 1.

B. Actuator Design for y Direction Scanning

For the y direction scanning system (Fig. 1b), the same
Al-Si0O; electrothermal bimorph beam actuators can be used in
the configuration given in Fig. 9. Also in this case, the system
has a deflecting hinge carrying a waveguide. Initially, actuators
and hinge are deflected due to residual stress of the actua-
tors, thus giving an initial angular displacement of the plate
(Fig. 9a). Using Joule heating, hinge and actuators will deflect
in the opposite direction, rotating the plate at the same time.
This is illustrated in Fig. 9b.
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TABLE 1 a )
PARAMETERS OF THE MEMS ACTUATOR SYSTEM - i
FOR X DIRECTION SCANNING e
;» 12
%
Symbol Quantity = 10
o 8
1, actuator length 500 um § s Ay
Wai Al layer width 110 pm ° :__A,fl»
ta Al layer thickness 2 um ° al
Wox SiO; layer width 90 um g
tox SiO; layer thiskness 2 pm 22
N, number of actuators per side 4 < P
00 500 600 700 800 900 1000
‘lgh” ﬁ?r?gzel:/l;}r: actuators 59000LL Tn Actuator/Hinge length Iy [um]
th hinge thickness 60 um b) T 3 200,
Whe central hinge width 15 um
Whs side hinge width 5 um =Y = b4 100
2 gap between hinges 10 um - )
Wy microplate width 840 pm Q; 2 ¥ =
1, microplate length 800 um S 08 . P00
Copax maximum angular displacement +6.16° § = = %
P maximum power consumption 280 mW § I - @0 &
T average working temperature 260 °C = T D o - 5
1 resonant frequency 534 Hz % = : -3 4‘ o i . 100"
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Fig. 9.
State.

The y direction MEMS scanning system: (a) Initial; (b) Actuated

This system needs to be compatible with the previously
designed x direction scanner. Therefore, the type and thickness
of the bimorph layers should be the same as for the x direction
scanner. The only two parameters here optimized for the
desired motion range of 12° are the number of actuators and
the actuator/hinge length.

To find the desired number of actuators N,, a system
with 2, 4 and 6 actuators is analyzed. To choose the best
actuator/hinge length [y, this parameter is varied between
400 gm and 1000 gm. The maximum displacement angle
range versus actuator/hinge length is reported in Fig. 10a. The
motion range of 12° is achievable using different combinations
of N, and /. In Fig. 10b temperatures and power consumption
to achieve the final position of the microplate in the actuated
state are presented.

The system with 2 actuators and hinge length of 900 xm
uses 250 mW of power to provide the desired motion range.

600 700 800
Actuator/Hinge length ly [um]

Fig. 10. (a) Angular displacement range (b) Power consumption and working
temperature versus actuator/hinge length for N, = 2, 4 and 6.
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Fig. 11.  Simulation results for Ny, = 4 and /y, = 800 wm: (a) initial
microplate position due to pre-stress and (b) final microplate position
at 420 °C. (Only one half of the system is simulated to save computational
time).

However, this configuration could result in low resonant fre-
quency. The system with 4 actuators needs a hinge of 800 ym
length for the same motion range but it uses 470 mW of
power. Increasing the number of actuators to 6 could increase
the power consumption to 690mW and the eigenfrequency
of the system, while still needing the same hinge length
for a 12° angular range. Therefore, the configuration with
4 actuators and a length [, of 800 xm is chosen as a tradeoff
between mechanical performance and power consumption.
Simulation results for this configuration are shown in Fig. 11.
The final 3D design model for the MEMS actuator system
for y direction scanning is presented in Fig. 12. The system
has 4 actuators, 2 on each side of the deflecting hinge. Also in
this case a 3 x 3 um? Si waveguide with a 400 nm-thick SiO,
layer underneath is placed on the top of the hinge and ends
with a 45° facet above the Si microlens. Design parameters
and expected operational values are summarized in Table 2.
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Fig. 12. Final design of the MEMS actuator system for y direction scanning
with optical components for OCT imaging. Reproduced with permission
form [22].

TABLE II

PARAMETERS OF THE MEMS ACTUATOR SYSTEM
FOR Y DIRECTION SCANNING

Symbol Quantity Value
1 actuator/hinge length 800 um
Wal Al layer width 110 pm
ta Al layer thickness 2 um
Wox Si0; layer width 90 um
fox SiO; layer thickness 2 um
N, number of actuators per side 4

2 gap between actuators 115 pm
t hinge thickness 10 um
Whe hinge width 60 um
Wy microplate width 800 pm
Iy microplate length 450 pm
Conax maximum angular displacement +6°
P maximum power consumption 470 mW
T average working temperature 420 °C
1 resonant frequency 463 Hz

As mentioned, this system is designed to achieve a motion
range of 12° along y. The chosen geometry is a tradeoff
between power consumption and eigen frequency.

IIT1. DEVICE FABRICATION

The waveguide system for the Si-based photonic interferom-
eter for the OCT scanner utilizes the device layer of a silicon-
on-insulator (SOI) wafer. Consequently, for a fully integrated
chip, the other components and the hinges need to be built
in the bulk silicon. The fabrication process for the MEMS
actuator systems must be compatible with the already devel-
oped technology for photonic integrated circuit (PIC) [19],
mirror [20] and Si micro lens [21]. The process flow can be
separated into two modules: the bimorph definition and the
hinge definition.

The fabrication of the MEMS actuator system starts with
the deposition of a sacrificial layer (3 um-thick SiOy) for
device final release, namely by silane-based plasma enhanced
chemical vapor deposition (PECVD). This layer also serves
as insulator for the heater, which is made of a 300 nm-thick

a)

b)

c)

(—— [
| AT
e) i)
O

- si AW sio EEGH PR

Fig. 13. Fabrication steps for bimorph definition: (a) Deposition of
3 um-thick sacrificial SiO; layer, sputtering and patterning of 300 nm-thick
Al film heater; (b) Wet and dry etching of the sacrificial layer, ALD for
100 nm-thick Al,Os3 for electrical insulation and sacrificial layer protection;
dry etching for contact opening; (c) Sputtering of 2 um-thick Al and PECVD
deposition of 2 um-thick SiO; layer for bimorph actuators; (d) Patterning of
the SiO, bimorph layer and deposition of 200 nm-thick ALD Al, O3 for vapor
HF protection; (e) Dry etching of 200 nm-thick Al;O3 and the Al bimorph
layer followed by another 100 nm-thick Al,O3 etching for sacrificial layer
definition. (f) Front side DRIE of 15 xm silicon for hinge geometry definition,
followed by deposition of low-stress 5 xm-thick stop layer; (g) Patterning of
5 um-thick SiO, hard mask at the backside; (h) 50 xm DRIE etching with a
photoresist mask; (i) Final DRIE etching step with SiO, hard mask; (j) Vapor
HF device release.

Al layer sputtered at 350 °C and patterned using wet etching
in PES-77-19-04 aluminum etch solution. These steps are
summarized in Fig. 13a.

Next, the sacrificial layer needs to be patterned to define
the area which serves as an insulator for the heater and the
one which will be removed during the device release. During
this step, a combination of dry plasma and wet etching is used
to facilitate step coverage of the subsequent deposited layer,
a 100 nm-thick atomic layer deposited (ALD) Al,O3, which
protects the area used as insulation between the heater and
the bimorph layer. Contacts are opened by dry etching in a
F-based chemistry (Fig. 13b).

The bimorph layers are now defined. First, a 2 pm-thick
Al layer is sputtered at 350 °C and then 2 um of silane-
based PECVD SiO; is added on the top (Fig. 13c). The next
step is pattering of the SiO bimorph layer using dry etching,
followed by the deposition of 200 nm of ALD Al,O3 for
protection of the actuators during vapor HF release (Fig. 13d).
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Fig. 14. (a) Optical image of a processed wafer before dicing. SEM images
of (b) x direction and (c) y direction scanning MEMS actuator system before
final release. Reproduced with permission form [22].

The bimorph actuators are completed by patterning by a dry
etch of the Al layer and final definition of the sacrificial layer
by removing unnecessary Al,O3 (Fig. 13e).

The hinge is defined by patterning the wafer from both
sides. First, the hinge geometry is defined by front side
etching of silicon (10-15 x#m deep) using Deep Reactive Ion
Etching (DRIE). A thick stop layer of low-stress (40 MPa)
5 um PECVD SiO; is then deposited (Fig. 13f). On the
backside, a 5 um-thick PECVD SiO; hard mask is patterned
(Fig. 13bg). Then, a two-step backside DRIE etching is done
for the hinge release. The first step consists of a 50 um
deep etch (Fig. 13h), then photoresist is removed and the etch
continued until approximately 10 gm of Si, the target hinge
thickness, is left (Fig. 13i). Finally, the device is released by
removing the sacrificial oxide and the oxide mask layers in
vapor HF etch (Fig. 13j).

The fabricated devices are shown Fig. 14. A processed wafer
before dicing is presented in Fig. 14a. SEM images of the
MEMS actuator system for x and y direction prior to the final
release of the device are given in Fig. 14b and Fig. 14c.

IV. DEVICE CHARACTERIZATION
A. Electrical Characterization

The MEMS actuator systems are first characterized with
a white light interferometer. The measurement principle is
illustrated in Fig. 15 where d represents the distance in
x or y direction for each type of scanner, respectively. The
tilting and deflecting angles were calculated, for a supplied
electrical input power P, based on out-of-plane displacement
measurements of the microplate. The angular displacement
is calculated by knowing the horizontal distance between
measured points.

Measurement results for both x and y direction actuator
systems are presented in Fig. 16. For the x direction scanner,
a tilting range of 8° is achieved, with an average power con-
sumption of 150 mW. No change in performance was observed
even after 1000 cycles with power sweep from 0 to 300 mW
in 0.1 s. For the y direction scanner, the same range is achieved
with an average power consumption of 200 mW. In this case,
the system was cycled for more than 5000 times with the same
input signal and no changes were observed over time.

MEMS actuator system

Y direction scanner
P,=0 iHYIﬂ

oy = atan((z-z1)/y) l

P70 E‘Eixz*i P70 LI‘*YZ‘i

oy = atan((z5-21)/ y;)ﬁi

X direction scanner

o = atan((z,-z;)/x,)

Fig. 15. Angular displacement measurement principle for (a) x and
(b) y direction scanning MEMS actuator systems. Reproduced with permission
form [22].
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Fig. 16. Angular displacement measurement principle for (a) x and

(b) y direction scanning MEMS actuator systems. Reproduced with permission
form [22].

Based on simulations, the plate rotation of the actuator
system for y scanning should be at the junction of the hinge
and the plate. The initial angular displacement differs from
the expected value. This is mainly due to the hinge thickness
non-uniformity caused by a non-optimized DRIE process.
Optimization of the DRIE process for this specific layout
should be done to obtain better performance of the overall
actuator system.

B. Thermal Characterization

The numerical simulations indicated that the MEMS actua-
tors systems for x and for y direction scanning should reach
260 °C and 420 °C respectively, to achieve the maximum scan-
ning range. To evaluate the bimorph temperature during static
operation, first the thermal coefficient of resistance (TCR) for
the bimorph heaters is characterized for each actuator system
in the 25 °C to 200 °C temperature range. For each resistance
measurement at a given temperature, the sample was kept for
30 minutes on the hotplate of a probe station. Then current
was swept from O to 0.1 mA to minimize self-heating of
the resistor. The characteristic presented in Fig. 17 shows a
linear behavior and the temperature coefficient of resistivity
was estimated to be 4.45 + 0.05 x1073 1/K.
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Fig. 18. Measured angular displacement versus calculated working temper-

ature for (a) x and (b) y direction scanning MEMS actuator systems.

Knowing the initial resistance of the actuators heater,
the resistance value during the actuator static operation and the
thermal coefficient of resistivity, it is possible to correlate the
power consumption of the MEMS actuator system with
the operating temperature. The angular displacement versus
calculated operating temperature for both systems is given
in Fig. 18. This plot shows that the actuators did not reach the
expected operating temperature. For x direction scanner, the
achieved temperature is 80 °C while for y direction system it
is 170 °C i.e. respectively 30% and 40% lower than calculated.

This implies there are higher temperature losses than pre-
dicted in the simulations. Supplying more than 300 mW of
electrical power damaged the actuator heater. The impossibil-
ity to achieve higher temperature during the first actuation,
i.e. giving higher power, results in lower initial residual stress
in the beams, thus giving lower initial deflection. As a result,
the actuators force Fp is lower than expected, resulting in a
lower angular displacement than predicted.

C. Frequency Response

Dynamic characteristics for both actuator systems are mea-
sured in the range 50 Hz —4 kHz using a Polytec Laser

-90r f f — :
t1 t2 |=— X direction scanning
-100 Y direction scanning
*Note: fyeas — working frequency’
—-110 fc 2 of the measurement system
s
o -120
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2
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s
-140
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Frequency [Hz]
Fig. 19. Frequency response for fabricated novel MEMS actuator systems.

Reproduced with permission form [22].

Doppler Vibrometer (LDV). Frequencies lower than 50 Hz
were not measured to exclude electrical noise from the power
supply. Results are presented in Fig. 19. The first resonant
mode for the actuator systems is at 668 Hz and 297 Hz, with
corresponding Q factors of 126.1 and 151.5, respectively. The
higher eigenfrequency for the x direction system indicates
a higher torsional stiffness. This can also explain the lower
angular displacement the device has compared to the simulated
value. On the other side, the deflected hinge based system has
a lower frequency than calculated. The reason can be that the
hinge is thinner in the middle, thus having a lower effective
coefficient of elasticity. Nevertheless, the desired scanning
speed for both devices is 10 Hz and therefore both scanners
satisfy the dynamic requirement of 10-fold higher first mode
resonant frequency.

V. CONCLUSION

A MEMS actuator system for an integrated self-aligned
OCT scanner with Al-SiO; bimorph is presented. The systems
are designed to translate a linear displacement of 1 cm to
a rotation angle of 12°. An angular motion range of 8°,
with an average power consumption of 150 mW is demon-
strated. The resonant frequencies are 668 Hz and 297 Hz for
x and y direction, respectively. These values are significantly
higher than the 10 Hz determined by the working speed
of time domain OCT. The angular motion range can be
further extended by replacing the Al heater material with
TiN or Mo to be able to reach the simulated temperature with-
out heater failure. Fine tuning the DRIE process to obtain well
defined hinges will be beneficial, especially for the y-direction
motion.

These actuator systems are designed and fabricated to be
integrated with an optical circuitry and a collimating lens in
a single chip device. The integration of all components in
a single chip solves one of the biggest problems for OCT
systems as it provides intrinsic alignment, thus excluding
coupling losses between discrete components, and simpli-
fies packaging. Removing the need for time consuming and
expensive alignment and packaging procedure is crucial in
achieving a widespread use and affordability of OCT devices.
The combination of the x and y direction scanning is an
important step towards a single-chip 3D OCT imaging system.
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