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Abstract

This study reports a novel micro electrostatic vertical comb-drive actuator (VCA) driven by
the photovoltaic effect that results from incident light. The vertical comb electrodes have a pn
junction structure (named pn-combs). The VCA with pn-combs can be driven by the
photovoltaic effect. The combination of the photovoltaic effect and reverse bias can further
increase the driving amplitude of the VCA. To demonstrate the feasibility of the proposed

concept, the VCA with pn-combs was fabricated on an epitaxial silicon wafer (epi-wafer) and
successfully driven resonantly by intensity-modulated laser light. The first torsional mode of a
typical fabricated VCA is at 1.46 kHz. Moreover, VCA driven using (1) optical driving, and
(2) optical driving with dc reverse bias, were also demonstrated. The angular displacement of

the VCA was £3.8 m deg by optical driving. The angular displacement of the VCA
significantly increased to £41 m deg after applying an additional dc reverse bias of 5 V.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The electrostatic micro vertical comb-drive actuator (VCA)
has been extensively used in out-of-plane torsional motion
for MEMS applications such as micro-scanning mirrors [1],
adaptive optics [2] and optical switches [3]. It has the
advantages of large deflection angles, low power consumption,
high operation speed and design flexibility. Compared to
the gap-closing electrostatic torsional actuator [4], the VCA
exhibits no pull-in effect and has large electrostatic force
and room for displacement owing to the minimization of gap
spacing between fixed and movable combs by incorporating
self-aligned techniques.

The VCAs are driven by the electrostatic force due to the
asymmetric electric field distribution between the fixed and
movable combs. Accordingly, the comb design of the VCAs
can be divided into five types. First, a staggered comb design

5 Author to whom any correspondence should be addressed.

0960-1317/10/105014+08$30.00

in the early version of VCAs used the device and the handle
layers of an SOI wafer to develop the comb electrodes [5].
Second, in the etched-offset comb design of the BELST II
process [6], one wet etching and three DRIE processes were
employed to fabricate vertical comb electrodes with height
offset. Third, the vertical electrodes offset can be achieved by
a postprocess assembly such as the selective stiction process
[71, residual stress technique [8] or reflow of photoresist [9].
Fourth, the starting electrode [1, 10] was patterned on the in-
plane comb structures to break the out-of-plane symmetry of
the electric field and resonance can be excited with a relatively
small applied voltage. Finally, the pn-based vertical comb
electrodes [11] were designed on the pn junctions and driven
by reverse electric bias.

All the aforementioned VCAs were driven by applying
voltage between fixed and movable electrodes using electrical
interconnection. Alternatively, optical actuation is another
driving method for micro actuators such as optically controlled
silicon cantilever beams [12, 13] and optically actuated MEMS
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Figure 1. Schematic illustration of the proposed pn-combs actuator.

mirror [14]. However, these micro optical actuators were in
fact driven by electric bias in an optically triggered circuit.
Directly converting optical energy to mechanical energy in
the VCAs was rarely addressed. This study reports a novel
approach to drive a VCA optically. A VCA with pn-combs
on an epitaxial silicon wafer (epi-wafer) was designed and
implemented. In addition to electrical driving, we demonstrate
that this VCA can be driven by the direct photovoltaic effect.
The details of the VCA with pn-combs are discussed and
verified in this study.

2. Concept and design

As the schematic illustration in figure 1 shows, the pn-combs
actuator demonstrated in this study consists of fixed combs
and movable combs in an epi-wafer. The upper part of
pn-combs is n-type silicon; the lower part is p-type silicon.
The n-type silicon on the fixed combs is connected to a
bonding pad (named N-pad), and the entire p-type silicon is
connected to another bonding pad (named P-pad). With a laser
light illuminating the fixed as well as the movable combs, or
with a voltage applied between the N-pad and P-pad, the pn-
combs could be driven into motion by the electrostatic force.
Figure 2 shows the cross-section view of AA’ in figure 1.
Figure 2(a) indicates the concept of optical driving by the
photovoltaic effect with light illumination on the fixed combs.
The incident light generates photo electron—hole pairs in the
pn junction of the fixed combs. According to the photovoltaic
effect, a voltage is developed across the pn junction with the
p-side positive with respect to the n-side. Here, the open-
circuit photovoltaic voltage (Vpy) is given by [15]

nkT IL
VpV:—ln —+1 , (1)
q

s

where n is the ideality factor, k is the Boltzmann constant,
T is the absolute temperature, ¢ is the electronic charge,
I}, is the photocurrent and I is the saturation current. The
photogenerated holes can be distributed in the p-type neutral
regions of both fixed and movable combs through the common
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Figure 2. Driving principles of the pn-combs, (a) optical driving by
the photovoltaic effect, and (b) electrical driving by applying a
reverse bias.

@ Donor ion
e Acceptor ion
O Photogenerated hole

. Photogenerated electron

substrate, whereas the electrons are distributed only in the
isolated n-type neutral region of the fixed combs. Therefore,
the non-uniform charge distribution generates an asymmetric
electrical field and causes a net electrostatic force (Fpy)
between the fixed and movable combs. The light intensity
can be modulated to induce a periodic electrostatic force from
this photovoltaic effect to drive the actuator. At mechanical
resonance, the pn-combs can have large displacement with
relatively small excitation.

Figure 2(b) illustrates the electrical driving by applying a
reverse bias voltage on the n-type region of the fixed combs
(N-pad) while the p-type regions of both fixed and movable
combs are connected to ground through the common substrate
(P-pad). The reverse bias drops mainly across the depletion
region around the metallurgical junctions of the pn-combs.
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Figure 3. Schematic diagram of (a) an angular movable plate
consisting of the proposed VCA, and (b) zoom-in of the pn-combs
and illumination region.

As the depletion region becomes wider and more donor
and acceptor ions are exposed, an electrostatic potential is
developed between the pn-combs. Since the n-type region
of the fixed combs is connected to a fixed potential and
that of the movable combs floats, the electrostatic boundary
condition is asymmetric, which in turn causes an asymmetric
potential and electrostatic field distribution between the combs
to actuate the pn-combs. Furthermore, the combination of the
photovoltaic effect and the reverse bias can further increase
the displacement of the actuator.

Figure 3 shows the schematic diagrams of the VCA to
demonstrate the proposed concept. Such a VCA is designed
and implemented on a p-type silicon substrate with an n-
type epitaxial silicon layer (i.e. epi-wafer). As indicated in
figure 3(a), the VCA consists of movable pn-combs connected
to a movable plate, fixed pn-combs connected to an
illumination region, torsional springs, N-pads and P-pads. The
movable plate is anchored to the substrate by the torsional
springs. The periodical square holes (named illumination
holes) in the illumination region are designed to expose the pn
junctions so as to increase the illumination area, as indicated
in the zoom-in illustration in figure 3(b). The fixed pn-combs
connected to the illumination region and the movable pn-
combs connected to the movable plate are also observed in
figure 3(b). With the light incident on the illustration region, a
photovoltaic voltage is generated between the pn-comb pairs
to drive the movable plate. The isolation trenches, as indicated
in figure 3(a), are employed for electrical isolation between
components. Thus, the VCA, the illumination region and

Table 1. Detailed dimensions of a typical VCA with pn-combs
design.

Component Dimension

Torsional springs 400 um x 12 pm x 30 um

Movable plate 1500 um x 1500 um x 30 pm
Comb fingers 104 pm x 5 um x 30 um
Overlap comb length 100

Gap between combs 3 um

Number of comb pairs 93

(single side actuation)

[llumination region 1500 um x 1500 pm

Illumination holes 50 um x 50 um
Illumination hole pitch 50 um
Isolation trench width 5 pm

their bonding pads (N-pads) are respectively insulated from
the surrounded n-type epitaxial silicon layer.

3. Fabrication and results

Figure 4 shows the BB’ cross-section of the device fabricated
by a four-mask process. To enlarge the thickness of the
depletion region, the device was fabricated on an epi-
wafer. As shown in figure 4(a), the (1 00) epi-wafer had a
15 pm thick n-type (7 €2 cm) silicon epitaxial layer on top of a
400 pm thick p-type (20 €2 cm) silicon substrate. As shown in
figure 4(b), after a Si,N, layer (150 nm) was deposited on the
wafer by low pressure chemical vapor deposition (LPCVD),
the backside SiyN, layer was patterned to define the etching
window for the subsequent backside wet etching. After the
topside SiyN, was removed by reactive ion etching (RIE), as
illustrated in figure 4(c), the patterned photoresist (PR) layer
was used as the mask for the following n-type Si etching. After
the n-type Si layer was removed by deep reactive ion etching
(DRIE), the p-type Si substrate underneath was exposed. As
depicted in figure 4(d), a lift-off process was employed to
pattern a 500 nm thick evaporated Al layer for N-pads and P-
pads. To obtain the ohmic contact, the evaporated Al film was
annealed at 450 °C for 30 min in N, ambient. As illustrated in
figure 4(e), a 500 nm thick SiO, layer was deposited onto the
topside of the epi-wafer by plasma-enhanced chemical vapor
deposition (PECVD). The SiO, layer was then patterned as
the hard mask for the following topside DRIE. As shown in
figure 4(f), a time-controlled anisotropic wet etching was
employed to define the thickness of the p-type Si layer (15 um
in this study) for the pn-combs. Asindicated in figure 4(g), the
substrate was patterned by a DRIE process to release the VCA
and also define the depth of the illumination holes and the
isolation trenches. Thus, both fixed and movable electrodes
of the pn-combs can be simultaneously defined using a single
mask for a self-aligned process [1, 10, 16]. Finally, as shown
in figure 4(h), the SiO, hard mask was removed by Silox
Vapox III solution which has an extremely low etching rate on
Al film. The detailed dimensions of the prototype device are
summarized in table 1.

Figure 5 shows scanning electron microscope (SEM)
micrographs of a typical fabricated VCA with pn-combs.
Figure 5(a) shows the front side view of the whole device
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Figure 4. Fabrication process steps (at the cross-section of BB’) of the VCA with pn-combs, () starting epi-wafer, (b) patterning the
backside of LPCVD Si,N, for wet etching mask, (c) patterning the topside cavities for P-pad by DRIE, (d) patterning the Al layer for
N-pads and P-pads by the lift-off process, and then sintering for ohmic contacts, (e) patterning the topside PECVD SiO, for a DRIE hard
mask, (f) etching the backside p-type silicon by KOH solution, (g) patterning the substrate by DRIE to release the VCA and also define the
depth of the illumination holes and isolation trenches, and (%) removing the SiO, mask by Silox Vapox III solution.

consisting of the VCA and the illumination region. The pn-
combs, N-pads, P-pads and isolation trenches can also be
observed. The geometry as well as the stiffness of the torsional
springs can be easily controlled by the process. Figure 5(b)
shows a backside view of the device, in which the bulk-etched
cavity of the VCA is observed. Figure 5(c) further shows
a zoom-in of the illumination region with illumination holes
and pn-combs. The zoom-in micrograph in figure 5(d) shows
the fixed pn-combs on the illumination region and the movable
pn-combs on the movable plate. As shown in figure 5(e), the
N-pad and its isolation trench can be observed. Finally, the

cross-section of the movable plate in figure 5(f) shows the
pn junction profile observed by the copper-staining method
[17].

4. Testing

Various tests have been performed to demonstrate the
presented concept. The test setup in figure 6(a) was established
to characterize the dynamic behavior of the VCA driven
optically with or without a dc reverse bias. The laser is incident
onto the illumination region to drive the VCA optically; the
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Figure 5. SEM micrographs of a typical fabricated VCA with pn-combs: (a) front side view, (b) backside view, zoom-in of (c¢) illumination
region with illumination holes and pn-combs, (d) fixed and movable pn-combs, (e) N-pad and its isolation trench, and ( f) cross-section of

the movable plate.

laser intensity is modulated on and off periodically by a
function generator. As the VCA is under optical driving, an
additional dc reverse bias can be further applied to the fixed
combs. The dynamic response of the VCA was measured by
a commercial LDV (laser Doppler vibrometer). The optical
micrograph in figure 6(b) shows a typical device under test.
The probes were used to apply a reverse bias through the N-
pad and P-pad, and the observed laser spot was reflected from
the incident laser beam.

Figure 7 shows the electrical measurement of the
VCA with pn-combs. As indicated in figure 6, a laser
diode of 650 nm wavelength and 3.4 mW power was
projected to the illumination region and the current—voltage
(I-V) characteristic was measured using a source meter
and a probe station.  An equivalent circuit is shown
in figure 7(a). It consists of a pn junction and a

series resistance R; of the neutral region of the p-type
substrate and the n-type epitaxial layer. The R; was
measured between two N-pads or two P-pads to be about
1 MQ. This high resistance is due to the high resistivity of
the substrate and the epitaxial layer. Without illumination, a
rectifying characteristic was observed with a saturation current
of 0.36 uA at reverse bias. When the laser illuminates the
device, a clear photocurrent I, = 72 nA can be seen in
figure 7(b). The photocurrent depends on the incident
laser intensity, as observed during the tests. Therefore
the photovoltaic effect in the fabricated device is verified.
However, figure 7(b) also shows some non-ideality in the IV
curve. The diode does not have a clear turn-on voltage at
forward bias. Under illumination, the device also shows ohmic
behavior for smaller reverse bias. These non-idealities can be
attributed to potential causes such as (1) high resistivity of the
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Figure 6. (a) Test setup to characterize the pn-combs and the VCA,
and (b) optical micrograph of a typical device under test.

silicon substrate and thus non-ideal ohmic contact between the
Al layer and the substrate; (2) surface damage and defect on
the exposed side walls of the pn-combs by the DRIE process
and (3) other process contamination. Further study is under
way to investigate the detailed causes and possible solutions
of these phenomena.

The measurements in figure 8§ show the VCA driven
optically by only applying an incident laser. During the tests,
the 650 nm laser diode was switched on and off periodically
at various frequencies. Thus, the induced photovoltaic voltage
as well as the associated electrostatic force drove the VCA
periodically. The time responses in figure 8(a) respectively
show the 3.3 V, square wave (top) used to modulate the
laser diode, the measured photovoltaic voltage of the pn-
combs (middle) and the associated angular displacement of
the VCA (bottom). Figure 8(b) shows the typical frequency
response of the angular displacement of the VCA when driven
by such a periodic laser power of 3.4 mW. The first torsional
mode is 1.46 kHz with an angular displacement of +3.8
m deg. Figure 9 further shows the device driven by not
only a modulated laser but also a dc reverse bias across the
pn junction. The measured frequency responses in figure
9(a) show the angular displacement driven by an incident
3.4 mW laser and a 3 V dc reverse bias (RB). Under such

(a)

2

® P-pad
+

VCA with pn-combs
2<

® N-pad of
fixed combs

(b)

200

—— Dark

R g —p

100+

Current (LA)
W
S

R

-50+ ph
- 1 00 Il : Il
-40 -20 0 20 40
Voltage (V)

Figure 7. Electrical measurement of the VCA with pn-combs,
(a) equivalent circuit and (b) typical I-V characteristic of the
fabricated pn-combs.

Table 2. Performance of a typical proposed VCA with pn-combs.

Driving method: Optical driving

1.46 kHz
Intensity-modulated laser
(650 nm, 3.4 mW)
0Vdc(RB) 5Vdc(RB)

Resonant frequency
Driving source

Control source

Angular displacement 3.8 41
(£ m deg)

excitation conditions, the resonant frequency remains 1.46
kHz with a maximum angular motion of £31.6 m deg. In
comparison, the angular displacement driven by only the laser
beam is also shown in figure 9(a). In short, the angular
displacement of the VCA has been increased by eight-fold by
the applied dc reverse bias providing an additional electrostatic
force to the pn-combs and thus significantly increasing the
angular displacement. The maximum angular displacement
of the VCA at its resonant frequency can be further increased
by increasing the dc reverse bias, as shown in figure 9(b).
According to the measurement results, the maximum angular
displacement of the VCA became +41 m deg when the dc
reverse bias increased to 5 V.

In short, the VCA was successfully driven by the
electrostatic force in the pn-combs induced photovoltaically.
The dynamic response of the VCA can also be enhanced
by using the photovoltaic effect and the electrical bias
simultaneously. Detailed performance of the VCA with
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Figure 8. Optical driving, (a) time response of the square wave used
to modulate the laser diode (top), the measured photovoltaic voltage
of the pn-combs (middle), and the associated angular displacement
of the VCA (bottom), and (b) typical frequency response of the
VCA.

pn-combs is summarized in table 2. The testing results
demonstrate the feasibility of the proposed VCA with pn-
combs.

5. Conclusions

This study has successfully demonstrated a novel micro
vertical comb-drive actuator with photovoltaic pn junctions.
The four-mask process on the epitaxial silicon wafer facilitates
easy fabrication of the self-aligned VCA with pn-combs.
The VCA with pn-combs can be driven by the electrostatic
force resulted from the photovoltaic effect. Moreover, the
driving amplitude of the VCA can be further increased by
the dc reverse bias. A £3.8 m deg angular displacement has
been demonstrated by a typical fabricated VCA. The angular
displacement of the VCA has been increased to +41 m deg
after applying a 5 V dc reverse bias. The proposed VCA has
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Figure 9. Optical driving with different dc reverse bias (RB),

(a) frequency response of the VCA driven by incident laser and a

3 V dc reverse bias, (b) relationship between the applied dc reverse
bias and angular displacement of the VCA at its resonant frequency.

the following advantages and characteristics. First, the self-
aligned fabrication processes of the vertical comb electrodes
are easy and simple. Second, the photovoltaic effect can be
used in the pn-combs to directly convert optical energy to
mechanical energy. Third, the combination of the photovoltaic
effect and the reverse bias can further increase the angular
displacement of the VCA.
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