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Abstract—This paper describes polysilicon micromotors with
single and pyramidal diffraction grating elements fabricated on
the polished surface of large-area rotors for optical scanning
applications. While taking full advantage of planar processing,
such scanners have high-quality scan profiles, good efficiency,
meter working distances, and multiple out of plane beam diffrac-
tion orders. Chemical–mechanical polishing was used to reduce
the 5-�m-thick polysilicon rotors’ average surface roughness
from 420 Å to below 17 Å, with less than 1500-̊A film removal,
improving the optical performance of the gratings as well as the
definition, delineation, and side wall quality of the device features.
Self-assembled monolayers (SAM) were found to improve the
overall micromotor’s dynamic performance. SAM-coated scan-
ners could operate at voltages as low as 15 V and maximum
operational speeds of 5200 rpm. The gratings were tested optically
at 633-nm wavelength and were verified to have spatial periods of
1.80 and 3.86�m, closely matching their design values. Stepping
and continuous mode dynamic operation of the scanners was
demonstrated with visible diffraction orders at meter distances
away.

Index Terms—Chemical–mechanical polishing, microactuators,
micromotors, MOEMS, scanners.

I. INTRODUCTION

T HERE is an increasing need in today’s marketplace to
develop low-cost high-precision optical scanners for a

variety of applications. Scanners sample the two-dimensional
space information in a predetermined manner to convert the
original information into a stream of elements of various opti-
cal intensities to make it available for electronic manipulation
[1]. As a result of recent progress in polysilicon micromotor
development, the technology has advanced toward optical
applications [2]. A 20-m-tall reflective nickel polygon, plated
on the surface of a polysilicon micromotor for in-plane scan-
ning, was demonstrated in [2]. Scanners using micromotors
whose rotors are 200-m-thick reflective polygons were also
reported [3].

A micromechanical scanner implementation has the poten-
tial to reduce the weight and size of existing scanners by
orders of magnitude with significant decrease in cost due
to batch fabrication [4]. Potential applications include bar
code scanners, high speed optical switches, multiplexers, and
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Fig. 1. Schematic of the operation of a salient-pole microscanner. (The rotor
is in thex–y plane, while thez-axis is normal to the rotor.)

computer interconnects, among others. This paper presents
a planar diffraction grating scanner incorporating reflective
gratings on the rotor of wobble and salient-pole polysilicon
micromotors [5]. Illuminating a reflective diffraction grating
element with an incident laser results in multiple out-of-
plane diffraction orders. With these diffraction gratings on the
surface of a micromotor, out-of-plane scanning can be realized
without the need for microoptics.

II. M ICROSCANNER DESIGN

The planar diffraction grating scanners incorporate a reflec-
tive grating element on the rotor of a polysilicon micromotor
permitting out-of-plane scanning. Fig. 1 presents a schematic
drawing of a diffraction grating microscanner with an optically
reflective grating element on the rotor. The fabrication process
can be implemented by polysilicon surface micromachining,
benefiting from low cost due to batch-fabrication, high rotat-
ing speeds, and small size. The IC compatibility of surface
micromachining permits integration with on-chip drive and
control electronics.

Optical Design

The design requires the fabrication of micromotors with
large-area disk rotors to minimize optical diffraction. The
large-area disk rotors should be solid with no release holes
to minimize undesirable diffraction patterns. Chemical-
mechanical polishing (CMP) of the polysilicon rotor surface is
required for improved feature definition and delineation (e.g.,
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TABLE I
SCANNER MICROMOTOR DIMENSIONS

fabrication of gratings with lines and spaces as small as 1m),
and good optical characteristics (e.g., surface reflectivity).

Such microscanners can be fabricated with planar single and
pyramidal grating elements (i.e., an element consisting of four
pie-shaped regions with adjacent regions having orthogonal
line orientation) etched into the surface of the rotor with the
grating spatial periods designed to be 2 and 4m. The etch
depth was chosen to maximize the intensity into a desired
diffraction order for the incident light wavelength [6]. The
diffraction grating profile may be designed to produce multiple
diffracted beams for scanning at different focal lengths and
angles. Illuminated single element gratings produce a row of
diffraction orders spaced at angles given by [7]

where denotes the angle of the incident beam relative
to the grating normal, is the diffraction order, is the
wavelength of the incident light, and is the grating period.
Only reflection mode gratings were considered in this paper.
A multifaceted pyramidal grating as described above can yield
two perpendicular rows of diffraction orders that can be used
for scanning. As the motor rotates, the diffracted scanned-beam

vector’s components change by [1]

where and are the components of the diffracted
beam’s vector along the and axes, respectively, is
the rotation angle of the diffraction grating in the- plane (as
shown in Fig. 1), and is the ratio of the optical wavelength
and the grating period,

Mechanical Design

The mechanical design of the microscanner is an extension
of the micromotors resulting from the three-mask process
described in [8]. Optical characteristics requirements and fab-
rication issues impose additional constraints on the micromo-
tor design. As mentioned above, the optical design requires
relatively large rotors with no release holes. As a result,
these motors require extended release times during which the
bearing and stator poles would be released if not anchored to
the substrate. The rotor/stator polysilicon films are required to
be relatively thick to provide the sufficient mechanical stiffness
to prevent out-of-plane warping of the large-area rotors due to
residual stress in polysilicon. Table I presents the important
scanner micromotor dimensions.

Fig. 2. Cross-sectional schematics describing the microscanner fabrication
process. (a) After anchor definition and patterning. (b) After grating definition
and patterning. (c) After rotor/stator definition and patterning. (d) After bearing
clearance oxidation. (e) After bearing definition and patterning. (f) Released
device.

III. M ICROSCANNER FABRICATION

A schematic description of the microscanner fabrication
process is outlined in Fig. 2. Initially, 4500̊A of LPCVD
silicon nitride for electrical insulation, followed by 3.5m
of PSG for a sacrificial layer, were deposited. The stator and
the bearing post anchors were then patterned, followed by a
5.5- m-thick rotor/stator LPCVD polysilicon deposition.

With increasing LPCVD polysilicon thickness, the film
roughness increases due to increased grain size. Longer dif-
fusion times were also needed to subsequently dope the
polysilicon by thermal diffusion, further increasing the surface
roughness. This inherent polysilicon surface roughness re-
sulted in two limitations: 1) feature size definition and quality
degradation and 2) undesirable optical scattering. High-quality
optical surfaces must have a roughness value which is only
a fraction of the wavelength of the light being transmitted,
reflected, or refracted if large losses due to unnecessary
scattering are to be avoided. A mirror surface finish is ob-
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(a)

(b)

Fig. 3. SEM photos of 2�m lines and spaces diffraction gratings fabricated
on (a) unpolished polysilicon and (b) polished polysilicon.

tained on polysilicon surfaces when Ra is reduced to below
40 Å. Therefore, to produce high-quality optical surfaces,
the average surface roughness (Ra) should be reduced to at
least below 40Å. Fabrication of diffraction gratings also
requires stringent line width control during photolithography
and pattern delineation to obtain satisfactory optical perfor-
mance. To meet these requirements, CMP was used to polish
the surface of the polysilicon rotors on which the gratings
were fabricated. With CMP, the average polysilicon surface
roughness of the 5.5-m-thick polysilicon films on which the
gratings are fabricated was reduced from 420Å to below 17Å
with less than 1500-̊A film removal [9]. Subsequent to CMP
of the rotor/stator polysilicon, the gratings were patterned and
etched into the polysilicon layer using an isotropic dry etch
in order to approximate a sinusoidal grating profile for high
optical diffraction efficiency [7]. Fig. 3 shows SEM profiles
of gratings fabricated on unpolished and polished polysilicon
motors. The two motors were otherwise processed identically.
Notice the improvement in feature definition, as well as the
smoothness of the polysilicon surfaces. Enhanced smoothness
can be seen both at the top, as well as the bottom, of the
gratings. Starting with rough polysilicon surfaces results in
rough grating bottoms, while starting with smooth surfaces

(a)

(b)

Fig. 4. SEM photos of comb-finger structures fabricated from (a) unpolished
polysilicon and (b) polished polysilicon.

results in smooth grating bottoms. In order to demonstrate
CMP’s effect on feature definition and delineation, a set
of comb finger structures were fabricated from 5-m-thick
polysilicon layers. The resulting features from the polished and
unpolished films are shown in Fig. 4. Substantial improvement
in feature definition, line width resolution, side wall quality,
and surface roughness is seen with the use of CMP.

Next, the rotor/stator pattern was defined and delineated
using an anisotropic dry etch to produce rotor/stator gaps
as small as 1 m. The flange mold was then defined and
etched, followed by a 0.5-m bearing clearance oxidation.
A 1- m-thick polysilicon layer was deposited by LPCVD,
heavily doped with phosphorus, and patterned to produce the
bearing. SEM photos of typical diffraction grating wobble
and salient-pole microscanners, are shown in Figs. 5 and 6,
respectively.

IV. M ICROSCANNER OPERATION

Mechanical Performance

Self-assembled monolayers (SAM) were reported to im-
prove the performance of polysilicon micromotors [10]. When
coating the scanner micromotors with OTS SAM,
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Fig. 5. Typical 500-�m-diameter wobble microscanner with polished ro-
tor/stator polysilicon and single grating element of 3.86-�m period.

Fig. 6. Typical 500-�m-diameter salient-pole microscanner with polished
rotor/stator polysilicon and pyramidal grating element of 3.86-�m period.

the microstructures emerged released and dry from the final
rinse without requiring additional drying techniques. Sponta-
neous operation of the motors upon electrical excitation was
achieved. The motors operated smoothly and reproducibly in
room air for extended periods. The motors showed stable and
repeatable operation over a testing period of more than one
year. It was observed that high moisture levels in room air had
an adverse effect on the operation of the OTS-coated scanner
micromotors. Humidity above 45% was noticed to result in
erratic motor operation.

Minimum operating voltages were as low as 15 and 45 V
for wobble and salient-pole scanner micromotor designs, re-
spectively. The maximum rotor speed of wobble micromotors
was 7 rpm while the salient-pole micromotors achieved 5200
rpm. The 5200-rpm operating speed of the salient-pole scanner
micromotor corresponds to 173 and 347 scans per second using
the single and pyramidal diffraction elements, respectively.
Fig. 7 shows typical step transient data for 500-m-diameter
2- m rotor/stator gap salient-pole scanner micromotors with
and without OTS coating. The rise time of the step response
for the OTS-coated motor is shorter than that without coating
indicating that the coated motor experiences less friction in the

Fig. 7. Step transient data for 500-�m-diameter 2-�m-gap salient-pole scan-
ner micromotor with and without OTS coating.

Fig. 8. Gear ratio as a function of excitation voltage for 500-�m-diameter
2-�m-gap wobble scanner micromotor with and without OTS coating.

flange. Fig. 8 shows the gear ratio as a function of excitation
voltage for 500- m-diameter 2-m rotor/stator gap wobble
scanner micromotor with and without OTS coating. The gear
ratio for the coated scanner micromotors is close to the ideal
gear ratio and is smaller than that without coating. This
implies that OTS reduces, but not completely eliminates, slip
in wobble scanner micromotors by increasing the friction in
the bearing and reducing it at the flange as suggested by [10].

Static Optical Performance

Fig. 9 shows the test setup used for optical measurements.
Fig. 10 shows the diffraction patterns obtained by illuminating
single and pyramidal diffraction elements by an incident laser
beam. The laser used throughout the optical measurements
was a 20-mW unpolarized He–Ne of 633-nm wavelength. The
optical properties of reflective diffraction gratings fabricated
on polished and unpolished polysilicon rotors demonstrate the
importance of polishing the rough polysilicon surfaces for
optical applications. Fig. 11 demonstrates that CMP reduced
the undesirable light scattering due to the excessive polysilicon
surface roughness to values comparable to that achieved for
gratings on single crystal silicon wafers. (For comparison,
gratings were etched into single crystal silicon wafers, in
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Fig. 9. Optical test setup for the diffraction grating microscanner testing.

(a)

(b)

Fig. 10. Diffraction pattern from grating elements fabricated in the polished
rotor of the scanner micromotors. (a) Single. (b) Pyramidal.

addition to polished and unpolished polysilicon surfaces). The
grating periods for the nominally 2- and 4-m gratings were
measured to be 1.80 and 3.86m, respectively. This result
is in close correspondence with the target design, and the
difference was attributed to variations in timed etching and

Fig. 11. Sum of intensity from all diffraction orders as percent of incident
light from gratings fabricated on polished and unpolished polysilicon, as well
as single-crystal silicon wafers.

Fig. 12. Diffraction orders for a 3.86-�m period grating showing transfer of
optical power from the zeroth- to the first-order spot.

photolithography. The grating etch depth can be adjusted to
maximize intensity in a desired diffraction order (e.g., the
first order) for a given incident optical wavelength. Fig. 12
demonstrates that adjusting the grating etch depth can be used
to shift power from the zeroth order to higher diffraction
orders.

Characterization of the diffracted laser beam profiles with
a CCD camera indicated that at distances on the order of one
meter from the microscanner, all diffraction orders provided
Gaussian beam profiles, with gratings on polished polysil-
icon producing a higher degree of spatial uniformity and
lower beam divergence than those on unpolished polysilicon.
Fig. 13 compares measured beam intensity profiles and spot
quality from similar gratings fabricated on unpolished and
polished polysilicon rotors at 0.5-m distance from a grating
microscanner using 633-nm laser. Note the increased inten-
sity and reduced beam divergence as a result of polishing.
The measured diffraction orders for 1.80-m gratings were
separated by 20.79 0.62 and those for the 3.86-m grat-
ings by 9.8 0.53 . The line width and diffraction angles
were uniform for similar gratings on the same wafer and
between different wafers. Optical scanning at distances up to
several meters without external optics was readily possible
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(a)

(b)

Fig. 13. Beam intensity profiles (left) and spot quality (right) from similar gratings fabricated on (a) unpolished and (b) polished polysilicon rotors.

and demonstrated. The effects of small (0.5-mm diameter)
motor size and extraneous motor features (i.e., 50-m diameter
bearing) were found to be negligible upon the overall optical
performance of the microscanner.

Dynamic Optical Performance

Scanning operation was demonstrated using a laser beam
incident on the microscanner. Multiple diffraction orders were
visible at meter distances. The scanned beams were examined
with a silicon photodiode and a digital oscilloscope. The
uniformity of the scanned beams was measured over many
revolutions of the microscanner. Fig. 14 shows a typical in-
tensity profile for a salient-pole microscanner during stepping
operation. As a reference, a trace of a signal synchronous to the
excitation voltage of the scanner micromotor is superimposed.
In stepping mode operation, the next phase in the micromotor
excitation signal is triggered after the rotor aligns with the
stator pole. The scanner micromotor was also run using the
continuous mode micromotor controller reported in [11]. This
controller uses a pulse overlap scheme with a pulsewidth that
is the same duration as the step transient rise time, such that the
next phase in the excitation sequence is triggered before the
rotor aligns and the initially excited phase is grounded. This
results in the rotor being drawn to the next stator phase in the
excitation sequence without reducing the speed or reversing
directions.

Fig. 14. Typical scan intensity measured during the operation of the mi-
croscanner (#1). As a reference, a signal synchronous to excitation signal of
the scanner micromotor is superimposed (#2).

V. DISCUSSION

In the absence of a lens system, the trajectory of a given
scanned spot during device operation is not straight and
results in scan-line bow. For some applications, such as bar
code reading, a finite amount of scan-line bow is not of a
concern. However, for most other applications (e.g., imaging
and printing) there are rigorous requirements on residual scan-
line bow as a fraction of the scan-line length. In addition to
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TABLE II
PERFORMANCE OF THECURRENT DEVICE IN COMPARISON TO OTHER MICROMACHINED SCANNERS

a flat scanning plane, a decreased scanned spot diameter is
desirable. This requires a pre-objective scanning lens system,
where in addition to a laser focusing lens element placed after
the input beam, lenses are placed between the scanner and the
scanning plane. Special flat-field lenses must be used in order
to focus the spot while permitting the beam motion along the
lens diameter. Flat-field lenses typically consist of a negative
lens followed by one or more positive lenses.

Device performance in comparison to the major microscan-
ning approaches reported in literature is shown in Table II.
The optical efficiency of the scanner is limited by the diffrac-
tion efficiency of the grating element and the reflectivity of
polysilicon. With proper reflective coatings (e.g., 1000Å of
aluminum), the reflectance of these can be increased from 30%
for Si up to 90% wih Al coating. Commercial holographic
scanners that employ grating elements can routinely achieve
above 90% absolute diffraction efficiency in the first order.
It is possible to get high diffraction efficiency on this device
using a surface relief medium but, given a typical 633-nm
light wavelength used in optical scanning, this may require
submicron grating periods with relatively high aspect ratio
relief profiles.

The scanner achieved scan speeds up to 347 scans per
second which is suitable for many applications. The scan
speed can be potentially increased by using more optimum
drive electronics and by proper device packaging (e.g., in
vacuum). Such packaging can reduce the effect of viscous
drag components and allow for higher rotational speeds.

VI. CONCLUSION

Laser beam scanning using diffraction element microscan-
ners was demonstrated. The diffraction elements were fab-
ricated on the polished rotors of polysilicon surface mi-
cromachined, large-area micromotors. The reduced surface
roughness provided by CMP enhanced feature definition and
delineation in polysilicon and significantly improved the op-
tical performance of the diffraction elements fabricated on
polysilicon. High-quality diffraction beam profiles indicated
that polished polysilicon is a viable material for production of
low-cost high-quality microscanners. The fabricated diffrac-
tion elements were tested at visible wavelengths and were

verified to have spatial periods closely matching their design.
Self-assembled monolayers were found to improve the scanner
micromotors’ reliability and overall dynamic performance
characteristics. Stepping and continuous mode operation of the
microscanner was demonstrated with visible diffraction orders
at meter distances away. Continuous-mode operation was
found to be more suitable for high-speed scanning applications.
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