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ABSTRACT

This paper presents the design, fabrication and operation of a
new class of microlens scanners that can generate large vertical
piston motion at low actuation voltages. These scanners are needed
by endoscopic bio-imaging applications such as optical coherence
microscopy (OCM) which require microlenses to axially scan their
focal planes by 0.5 to 2 mm. Photoresist reflow technique was used
to form microlenses on lens holders that are integrated with large-
vertical-displacement (LVD) microactuators. The lens holders are
fabricated using a modified post-CMOS micromachining process
which can provide additional thermal isolation to the polymer
microlens and form a transparent oxide mesh within the hollow
lens-holders to enable formation of larger polymer microlenses.
These scanners have demonstrated a maximum vertical
displacement of 0.71 mm at an actuation voltage of 23 V.

INTRODUCTION

Microlenses have been widely used for numerous optical-
beam focusing applications, which vary from optical
communication to biomedical applications. Microlens scanners
have been developed for lateral laser-beam scanning in optical
switching systems [1], while vertically scanning microlenses have
been used for biomedical imaging [2], and optical data storage
applications [3]. Stationary microlenses with tunable focal lengths
have been demonstrated for miniature cameras [4], microfluidic
systems [5], and other microscopic focusing applications [6].

Another promising application for vertically-scanning
microlenses is optical coherence microscopy (OCM), which is a
biomedical imaging technology that combines the imaging
capabilities of optical coherence tomography (OCT) and confocal
microscopy to achieve high resolutions in both axial and transverse
directions [7]. However, OCM achieves high transverse resolution
at an expense of small imaging depth. In order to increase OCM’s
imaging depth, a lens scanner must be used to scan along the
optical axis. OCM imaging requires vertical scanners that can
provide an axial scanning depth of 0.5 to 2 mm. The vertical
scanning range of microlens scanners demonstrated by other
research groups is far less than 0.1 mm, and high driving voltages
are often required [2,3].

This paper presents microlens scanners that use large-vertical-
displacement (LVD) microactuators to generate half-millimeter-
range vertical scans at low actuation voltages; and these devices
are also small enough to be packaged inside slender catheters for
endoscopic OCM imaging. At Hilton Head 2004, the LVD
microactuation mechanism was introduced for the first time [8],
and then a prototype LVD microlens scanner with a vertical scan
range of 0.28 mm was presented at MEMS 2005 [9]. In this paper,
we report new LVD microlens scanners with vertical
displacements up to 0.71 mm at 23 V. These newly designed
scanners provide better thermal isolation for the polymer microlens
using two different approaches. Another innovation is the addition
of a transparent oxide mesh within the hollow lens-holder to enable
formation of larger polymer microlenses.
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Figure 1. (a) Top-view design schematic of the LVD scanner.
Actuator length, | = 200 pm; Frame length, Ly = 1.6mm; Lens-
opening diameter, D = 0.6mm. (b) Cross-sectional view of A-A".
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SCANNER DESIGN & FABRICATION

The structure of this scanner consists of a polymer microlens
integrated on a MEMS lens-holder, which is thermally-actuated
using the LVD mechanism. The schematic drawing of the LVD
scanner is illustrated in Fig. 1, where the lens-holder is attached to
a rigid silicon frame by a set of aluminum/silicon-dioxide bimorph
beams (lens actuator). A 0.6-mm diameter circular opening in the
center of the lens-holder allows light to pass through, and it also
contains a transparent silicon-dioxide mesh structure. This mesh
structure is designed to hold the polymer microlens, and it also
prevents smaller polymer droplets from falling through during the
microlens formation process step. The structural rigidity of the
lens-holder plate and the frame are maintained by a 30 to 40-um-
thick single-crystal-silicon (SCS) layer. The 1.6-mm long frame is
attached to the substrate by another set of identical bimorph beams
(frame actuator). These actuators together form an LVD
microactuator set, in which the curls of the two sets of bimorph
beams compensate each other resulting in zero initial tilt of the
lens-holder. The polysilicon resistors embedded in the bimorph
beams are used for electrothermal actuation. The LVD
microactuator provides large piston motion by simultaneously
applying voltage to both actuators, so that equal angular rotation
by both actuators results in pure vertical displacement of the
microlens. Further details about the LVD actuation principle have
been previously reported in [8-10].
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Figure 2. Modified CMOS-MEMS fabrication process.
(a) Backside Si etch. (b) Frontside oxide etch. (c) PR
spun-on and etched to protect Metal-1. (d) Wet etch of
exposed layers of Metal’s 2 & 3. (e) Deep Si trench
etch, followed by Si undercut. (f) Microlens formation.

In order to form a transparent oxide mesh within the 600-um
diameter opening of the lens-holder, the post-CMOS-MEMS
fabrication process used in [9] was modified to include two
additional etch steps, as illustrated in Fig. 2. After the backside Si
and frontside oxide etch steps [Figs.2(a) and 2(b)], a planar
photoresist (PR) layer is spun on and dry-etched to expose the
metal-3 and metal-2 layers only' [Fig. 2(c)]. Next, the exposed
metal layers are completely removed using a wet aluminum
etchant, and the remaining PR layer is stripped off [Fig. 2(d)]. The
device is then released using a deep Si trench etch, followed by an
isotropic Si undercut to etch the SCS from beneath the bimorph
beams to form the thin-film actuators [Fig.2(e)]. Finally, PR
droplets are precisely dispensed on the lens-holder to form the
polymer microlens due to surface tension [Fig. 2(f)]. The process
modifications allow the use of the metal-2 layer to define the
structure for the 3-pum thick oxide mesh within the lens holder.
Also, the PR microlens is now formed on a layer of insulating
oxide instead of a more thermally-conductive Al metal layer,
resulting in better thermal isolation from the electrically-heated
lens-actuator. Thermally isolating PR microlenses from heating
sources prevents the situations in [11], where the focal length of a
polymer microlens changed significantly with increasing heat.
Thermal isolation also prevents carbonization of the PR microlens,
which tends to occur at temperatures greater than 200°C [12].

! For die level fabrication, lithographic techniques can be used to expose
the metal-2 and metal-3 layers on the lens-holder only.
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Figure 3. SEM images of: (a) Fabricated device before microlens formation.
(b) 3mm focal length convex PR microlens formed on entire lens holder plate.
(¢) 0.5mm focal length PR ball-lens formed on the mesh area only. These PR
lenses were imaged using a variable-pressure environmental SEM.

The initial rest position of a fabricated microlens [Fig. 3(a)] is
1.2 mm above the substrate surface. In order to form a polymer
microlens on the elevated lens-holder, droplets of PR are first
dispensed using a nanoliter-injection system and then baked in an
oven to form a microlens due to surface tension [12]. Focal length
can be controlled by varying the quantity and/or volume of the
dispensed dropets. PR microlenses with focal lengths between 0.5
to 3 mm with numerical apertures (NA) ranging from 0.1 to 0.35
have been successfully fabricated. Figs. 3(b) and 3(c) show two
fabricated PR microlenses with different focal lengths and lens
sizes. To test the imaging quality of these microlenses, a chrome

Figure 4. Imaging using the PR microlens. (a) Photo of the
test pattern on a chrome mask. (b) Corresponding image of the
test pattern as seen at the focal plane of the PR microlens.
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Figure 5. Plots of the vertical displacement of the microlens as a function of: (a) frame actuator voltage, and (b) applied electrical
power. (c) Corresponding plot of the actuation voltages applied to the two actuators to obtain the vertical displacement in (a) and (b).

test mask was placed ~100 mm away from the ball-type microlens,
and the image at its focal plane (which is de-magnified by about
100x) was captured using a CCD microscope camera. The test
pattern image obtained by a PR microlens with a numerical
aperture of 0.35 is shown in Fig. 4, where features as small as
1 pum can be resolved.

EXPERIMENTAL RESULTS

Vertical displacement of the PR microlens was achieved by
simultaneously exciting both actuators and tuning the actuation
voltages such that the opposite angular rotations of the two
actuators offset any net tilting of the microlens. The static
displacements of the microlens and its corresponding driving
voltage plots are shown in Fig. 5, where the vertical displacements
of the microlens were observed to within an accuracy of +2 um by
using a 40x objective lens (0.65 NA). Fig. 5(a) shows that a
maximum vertical displacement of 0.71 mm was obtained at a dc
voltage of 23 V applied to the frame actuator. Fig. 5(b) displays the
same vertical displacement data, but with respect to the electrical
power supplied to the two actuators. The plot of the two driving
voltages that are required to obtain this vertical displacement is
shown in Fig. 5(c). The slope of this linear plot yields the driving
voltage ratio for the two actuators for LVD actuation. The driving
voltage applied to the lens actuator is 43% of the frame actuator
voltage, which is provided by a voltage divider. Using this constant
voltage ratio, the maximum tilt of the microlens in the entire
0.71mm travel range is less than 0.4°.

There is significant lateral shifting of the microlens during
vertical actuation, as shown in Fig. 6(a). A maximum lateral shift
of 425 um is observed for the entire vertical scan range. This
lateral shift is mainly due to the rotational displacement of the
frame actuator, and is amplified by the long length of the silicon
frame. This lateral shift will be accounted for and corrected during
the OCM image formation stage.

The initial elevations of the microlens at different operating
temperatures were also documented, and the results are presented
in Fig. 6(b). The initial lens-holder elevation of a fabricated
microlens is 1.2mm at a room temperature (23°C), and it
decreases with increasing temperature. Since this device will be
packaged inside an endoscope for in vivo OCM imaging, the
maximum ambient temperature shall not exceed 40°C. Therefore,
the vertical scan range of the device will, in the worst case, be
reduced by up to 20 um, which is less than 3% of the entire scan
range. This can be seen in the plots of Fig. 5(a) where an increase
in ambient temperature to 40°C reduced the vertical scan range
by ~17 um.

The resistances of the polysilicon heaters embedded in both
actuators increase significantly with applied voltage due to Joule
heating. Joule heating raises the temperature of the bimorphs,
which in turn increases the heater resistances due to the thermal
coefficient of resistivity of polysilicon. The open-circuit, room-
temperature electrical resistances of the lens and frame actuators
are 1.17kQ and 1.35kQ, respectively. A linear correlation
between the vertical displacement of the microlens and the heater
resistance of the two actuators was observed, as shown in Fig. 6(c).
This experimentally determined linear relationship between the
resistors allows for closed-loop feedback control of the vertical
position of the microlens by monitoring the polysilicon resistance
change of each actuator.

MICROLENS SCANNER DESIGN 2

Another LVD microlens scanner (design illustrated in
Fig. 7(a)) that uses thin-film isolation beams to thermally isolate
the PR microlens was fabricated using the unmodified CMOS-
MEMS process used in [9]. This design also provides thermal
conduction metal lines that preferentially conduct heat away from
the two frames and towards the substrate. The SEM of a fabricated
device with the lens-holder elevated 0.5 mm above the substrate
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Figure 6. (a) Plot of the observed lateral shift of the microlens during LVD actuation. (b) Initial elevation of the microlens as a function
of the ambient temperature. (c) Plot showing the linear increase in polysilicon heater resistance of the two actuators during LVD

actuation of the microlens.
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Figure 7. Microlens Scanner Design 2. (a) Schematic showing the thermal isolation spring and thermal conduction lines. (b) SEM of a
fabricated scanner showing that the initial elevation of the lens holder is 0.5 mm above the substrate plane. Surface profiles of the (c)
convex and (d) concave PR microlenses formed within the lens holder of Design 2.

plane is shown in Fig. 7(b). Microlenses were formed by
dispensing a PR droplet into the hollow 280-pm diameter lens-
holder. Depending on the volume of the PR droplet dispensed, it is
possible to obtain convex or concave microlenses. The profiles of
convex and concave microlenses, as obtained using a white-light
optical profilometer, are shown in Figs. 7(c)and 7(d). The
maximum microlens displacement is 0.32 mm at a frame actuator
voltage of 21 V, as shown in Fig. 8. The same voltage divider was
used to drive this device.

The increase in thermal isolation to the PR microlens due to
the isolation springs, and the thermal effectiveness of adding
thermal conduction lines are still under investigation.

CONCLUSIONS

Half-millimeter-range vertically scanning microlenses have
been successfully demonstrated. The CMOS-MEMS fabrication
process was modified in order to allow the formation of a
transparent silicon-dioxide mesh within the hollow microlens
holder. This mesh allowed the formation of larger PR microlenses,
and it also provided additional thermal isolation to the polymer
lenses from the electrically-heated LVD actuators. A fabricated
microlens scanner demonstrated a maximum vertical displacement
of 0.71 mm at an actuation voltage of 23 V. The large actuation
range and small device footprint make this LVD microlens scanner
very suitable for use in endoscopic OCM and other microscopic
focusing applications.
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