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Abstract: We present a two-axis electrostatic MEMS scanner with high-
reflectivity monolithic single-crystal-silicon photonic crystal (PC) mirrors
suitable for applications in harsh environments. The reflective surfaces of
the MEMS scanner are transfer-printed PC mirrors with low polarization
dependence, low angular dependence, and reflectivity over 85% in the
wavelength range of 1490nm~1505nm and above 90% over the wavelength
band of 1550~1570nm. In static mode, the scanner has total scan range of
10.2° on one rotation axis and 7.8° on the other. Dynamic operation on
resonance increase the scan range to 21° at 608Hz around the outer rotation
axis and 9.5° at 1.73kHz about the inner rotation axis.
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1. Introduction

Optical micro-electro-mechanical systems (MEMS) devices typically employ Aluminum or
other metal thin films to enhance reflectivity. Metal mirrors have high, broadband reflectivity,
they are compatible with most standard MEMS processes, and, due to their limited thickness,
typically less than 100 nm, they do not impart excessive mechanical stress. On the other hand,
metal mirrors are fragile; they can handle only modest optical power densities, they have to
be hermetically packaged, and they cannot tolerate temperatures above a few hundred
degrees. Distributed Bragg reflectors made of dielectric stacks [1] have higher reflectivity
than metal mirrors and are much more robust in terms of power handling, chemical resistance,
and temperature stability, but they are challenging to incorporate in standard MEMS
fabrication processes, and their mechanical rigidity and stress make them incompatible with
many optical MEMS devices. Photonic Crystal (PC) mirrors [2—6] retain the high reflectivity
and robustness of Bragg mirrors, without the excessive rigidity and stress. 2-D PC mirrors are
formed by periodic patterning of high-refractive-index films. High reflectivity over relatively
broad optical wavelength is achieved through interference between guided resonances [2] and
free-space radiation within the patterned, high-index film. The compact, all-dielectric
structure of PC mirrors make them chemically and thermally robust, and enable high optical
power handling as well as operation in harsh environment including high temperature. The
reflection spectrum of PC mirrors can be engineered from visible to IR wavelengths by
manipulating the hole size, pitch, and slab thickness [7]. These unique features make PC
mirrors promising for applications such as 3-D displays using laser-induced breakdown
plasma [8], high power laser beam steering [9], and coherent communications [10]. High
reflectivity MEMS scanners with polysilicon PC mirrors [11], and with monolithic single-
crystal-silicon (SCS) PC mirrors [12] have been reported. In these previous reports, the PC
mirrors were fabricated directly on the surface of MEMS scanners, increasing the complexity
of the fabrication process.
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In this paper, we describe a two-axis MEMS scanner with transfer-printed, high-
reflectivity, broadband PC mirrors. Stress-free, monolithic PC mirrors were fabricated in a
SCS device layer of a silicon-on-insulator (SOI) wafer using GOPHER (generation of
photonic element by RIE) process [13], and attached to MEMS scanners using transfer
printing [14]. This technique increases design flexibility by allowing optical components with
different characteristics to be integrated on a common MEMS platform. Our PC mirrors,
designed to be compatible with transfer printing, have higher than 85% reflectivity from 1490
nm to 1505 nm wavelength and higher than 90% reflectivity from 1550nm to 1570nm
wavelength. These limits are independent of polarization and angle of incidence, although
some polarization and angular dependencies were observed within the bands.

2. Design and fabrication
2.1 Design of two-axis PC mirror MEMS scanner

Transfer printing can be used to integrate PC mirrors on most types of optical MEMS devices.
Here, we demonstrate the technique on a two-axis PC mirror MEMS scanner developed for
miniature dual-axis confocal microscopes [15]. Figure 1 shows the schematic diagram of our
PC mirror MEMS scanner. It is comprised of a dogbone-shaped scanner with two PC
reflectors, self-aligned electrostatic combdrive actuators, and outer and inner springs for 2-D
scanning. The scanner base, movable combdrives, and inner torsional springs are located in
the bottom device layer. The fixed combdrives and outer torsional springs are made in
double-stacked SOI. The dimensions of outer springs are Sum x 250um x 45.3um in width,
length, and thickness. The inner springs are folded three times, and the dimensions of
transverse and longitudinal components are 4pm x 70pum x 25um and 4pm x 70um x 25um,
respectively. The combdrives have Sum-wide comb fingers and Spm- and 4um-gaps for the
outer and inner combdrives, respectively.

Inner Torsional Photonic Crystal Mirror
Springs

(b)

Outer Spring Photonic Crystal Mirror
. Electrical
\ InnejrSprlnj/ /Ground

Scanner Fixed Movable

-

Inner Axis base comb comb
Outer Torsional
Springs s Top Device Layer
. Bottom Device Layer
Outer Axis Combdrives mmmmm Oxide Layer

Fig. 1. Two-axis PC MEMS scanner (a) Schematic diagram, (b) Cross-sectional diagram.
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Fig. 2. (a) Simulation structures 1) with and 2) without thin posts (not to scale) (b) Reflection
spectrum simulation of PCs with and without thin connecting posts.

Two separate PC mirror islands are transfer-printed onto two separate rectangles (400pum
x 600um in area) of the scanner base. Each island consists of a 300um x 300um PC area and
additional 25um margins on all four sides where the microtips of a PDMS stamp are applied
during the transfer printing process. The PCs are two-dimensional SCS membranes with a
square lattice of air holes. The 90-degree rotational symmetry makes the reflection of the PC
mirrors independent of polarization for normal incidence. We use Rigorous Coupled Wave
Analysis (RCWA) simulations to determine the PC parameters — hole diameter and
membrane thickness — that lead to broadband reflectivity around 1550nm. Large holes and
thin diaphragms are required for broadband mirrors because strong scattering and coupling
lead to short lifetime of the guided resonances in the PCs [6]. The period of the PC is fixed at
lum and the hole diameter is varied around 70-80% of the period and the thickness around
50-65%. In our practical implementation, the PC membranes are partially released from the Si
substrates using an isotropic etch so that thin posts connect them at the corners of the square
lattice. The remaining posts add structural robustness without sacrificing optical performance,
allowing for a reliable transfer process.

Figure 2 shows the PC structures used in the RCWA simulations and simulated reflection
for two PCs with and without the thin connecting posts. Each structure is comprised of a
GOPHER PC on the SCS scanner base suspended with an air gap on the SCS scanner
substrate. The PC is modeled as a cylindrical hole terminated in a spherical hole centered on a
square unit cell. The thicknesses of the scanner base and the air gap are extracted from the
measurements as explained in the section 3. Our simulations are carried out with a plane wave
normally incident on the structure. The two simulations in Fig. 2(b) share the same PC
dimensions of pitch = 1pm, hole diameter = 700nm, and membrane thickness = 650nm, but
differ in the sphere radii, which are 700nm and 800nm for the partial and complete released
PCs respectively. The simulation results show clearly that the presence of the posts has
negligible impact on the broadband reflectivity region around 1550nm.

2.2 Fabrication

The detailed fabrication process of the MEMS scanner has been described previously [16].
The PC mirrors are fabricated on a SOI wafer by using the GOPHER process as shown in
Fig. 3(a). The SOI wafer has 3pm-thick SCS device layer on 1pum-thick buried oxide (BOX)
layer. First, the wafer is thermally oxidized to form 500nm-thick hard etch mask. Then, we
use an ASML i-line stepper to define the PC pattern with photolithography. The pattern is
transferred to the oxide mask and the device layer by reactive ion etching (RIE). Then, we
cover the wafer with 1.6um-thick photoresist (SPR3612) and expose it to leave 350pum X
350pum square aligned on the previously etched PC patterns. A deep RIE removes all the
exposed SCS device layer and the PC mirror islands are formed on the BOX layer. After a
60nm-thick sidewall oxidation, the oxide at the bottom of the PC holes is etched by RIE.
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Subsequently, another Si anisotropic etch extends the holes into the device layer, and an SFg
isotropic undercut etch is performed until the PC membrane is connected to the underlying
device layer only with thin posts at the center of the diagonal between holes.

(a)

1.Lithography 2. Oxide mask patterning 3.RIE of Si 4.Lithography
8.Isotropic plasmaetch  7.Create deeper holes 6. Oxidation for 5. Make island of PC
by RIE sidewall protection

Mlcro-tlpped stamp

oo‘o

1. Make undercut by etching 2.Fillundercut by PRand 3.Press PC witha 4. Pick up the PC
BOXusing liquid HF remove BOXunderneath microtipped stamp
PC by liquid HF ‘

« -

Scannerbase

8. Annealing 6. Print on the scanner 5. Deliver the PC above
the scanner

. PR [ sCsS N Oxide [N Substrate
Fig. 3. Schematic diagram of (a) PC fabrication and (b) transfer-printing process (not to scale).

Figure 3(b) shows the transfer process of the PC mirrors. Timed HF etching creates
undercut at the border of PC islands. Photoresist (AZ5214) is spin-coated, UV-exposed
without a mask, and developed to remove all the photoresist except in the undercut area. By
immersing the sample in liquid HF, the buried oxide is removed and the PC units are
suspended on the photoresist. A PDMS microtipped stamp is used to pick up and print PC
mirrors on the surface of the scanner. The microtips of a stamp should have a minimum
height to achieve sufficient restoring force to restore the microtips back to their original
geometry after mechanical collapse. The minimal height can be expressed as [14],

E

hoo= Wsmgpy 3.041n| —2er= | 115 (1)
tan® —
vENS
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where Wyam, is @ microtip spacing. The plane-strain modulus (E) of PDMS is 2.4MPa when
Poisson’s ratio is 0.5 [17], the work of adhesion (y) between PDMS and Si is 155mJ/m? [18],
and 0 is 90°. In this work, the height of the microtips is 8.1um with Wym, = 48um. A contact
mask aligner (Karlsuss MJB3) is used for the stamping process. The microtipped stamp is
mounted on a blank mask glass, and the scanner and the PCs are loaded into the aligner so
that precise alignment can be achieved for both pick-up and printing. When the stamp is
pressed with high preload (40mN), the regions between the microtips of the stamp collapse,
maximizing the contact area and thus the adhesion force. Upon the collapse of the microtips,
the stamp is quickly retracted to make an even larger adhesion force against the PC through
viscoelastic effect [14]. The retrieval is a purely mechanical process, which does not require
any heat or chemical treatment. The adhesion force between the stamp and the PC is larger
than the force between the PC and photoresist, thus resulting in breakage at the interface
between the photoresist frame and the PC. In most cases, there is negligible photoresist
residues remaining on the retrieved PC, and therefore, no further cleaning is required.
However, even if there is some photoresist remaining on the PC, the organic compound is
burned and removed during the annealing process to permanently bond the PC to the scanner.
After picking up the PC, the microtipped stamp is restored to its original form due to its
elastic stiffness, making a minimal contact with the PC. Therefore, the PC mirror can be
released upon printing on a released MEMS scanner (preload = 4mN), which has a larger
contact area. Finally, fabrication is finished by forming covalent bonding between the scanner
and PC mirrors through an annealing process at 900°C for five minutes. After covalent Si-Si
bonding, the bonding strength is presumed to be similar to the known Si fusion bonding
strength of 2.6J/m” [19]. The high melting temperature of Si (1414 °C) and SiO, (1600 °C)
allows the all dielectric device to be used in high temperature and/or high power applications.
The SEM images of the completed PC mirror MEMS scanner is shown in Fig. 4.

Innerspring — PC mirror

500pm

Fig. 4. SEM Images of the PC mirror MEMS Scanner (a) Full device view; the check patterns
on PC mirrors are due to the electron beam diffraction, (b) Top view of the PC mirror, (c)
Cross-sectional view of the PC mirror.

3. Characterization of PC mirror MEMS scanners

The optical measurement setup for characterization of the PC mirror on MEMS scanner is
shown in Fig. 5. For PC reflection spectral measurements, an Erbium-doped fiber amplifier
(IPG Photonics EAD-500-C) is used to emit broadband light from 1450nm to 1650nm. The
output beam is fiber-coupled to a single mode fiber and goes through a collimator and a linear
polarizer for s/p-polarization control. The beam is focused onto the sample by a lens, and a
nonpolarizing beam splitter (BS2) collects the reflected light. The focused beam on the
sample can be approximated as a Gaussian beam, and the angular distribution within the
beam affects the PC reflection response by decreasing the depth of the guided resonances and
broadening them [7]. However, the spot size of 40 pm on the sample corresponds to the small
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divergence angle of ~1.4°, and therefore the beam can be regarded as collimated in our setup.
In addition, the broadened resonances have small impact on PC mirror operation; the angular
components in the input beam are reflected at almost the same reflectivity in the broadband
high reflectivity region [3]. As a result, the focused beam can be safely used to measure the
PC mirror response, and the beam profile also does not change noticeably after the reflection.
Light from an illuminator (Fiber-Lite MI-152) is coupled into the system using another
nonpolarizing beam splitter (BS1) and illuminates the sample for viewing and positioning the
focused beam onto a desired location on the sample, using a steering mirror to direct the
reflected light to an IR-camera. For spectral measurements, the steering mirror is removed,
and the reflected beam is coupled into an optical spectrum analyzer. The PC reflection
spectrum is calibrated by comparison to the 97.5% reflectivity silver mirror (Thorlabs PF03-
03-PO1).

OF1 Polarizer BS1 BS2 Lens Sample

Er-Fiber
Amplifier/
Tunable
Laser

Collimator
Steering BS3
Mirror IR
Illuminator Camera
Lens
Optical < —lens Photodetector

Spectrum
Analyzer -\/ OF2

Fig. 5. Optical setup for the PC mirror MEMS scanner reflectance measurement. OF1 and 2:
single mode optical fibers, BS1~3: beam splitters. The steering mirror can be removed to
couple light into the optical spectrum analyzer.

Because the MEMS scanner is composed of a SCS scanner base, an air gap, and a SCS
substrate (Fig. 1), its reflection spectrum exhibits multiple Fabry-Perot resonances
corresponding to the thickness of 24pum and 480pm for the SCS scanner base and the air gap,
respectively (Fig. 6(a)). However, the PC mirror-mounted scanner shows two broadband high
reflectivity regions around 1500nm and 1550nm each with significantly decreased Fabry-
Perot effect as shown in Fig. 6(b). The Fabry-Perot effect from the PC mirror and the scanner
base appears in the second region as small dips while the Fabry-Perot effect from the air gap
are not observed in the spectrum. The minimized Fabry-Perot appearance is due to high
reflectivity of the PC mirror and the increased light scattering from the GOPHER-generated
scallops under the PC membrane. The Deep RIE process also roughens the bottom surface of
the scanner base, leading to increased scattering. The measured free spectral range of the
small dips is ~10nm, which corresponds to a 34pm-thick uniform silicon slab. The combined
thickness of the PC mirror island and the scanner base is 27um. This discrepancy is caused by
the fact that the GOPHER PCs give rise to phase delays upon reflection so that effective
cavity length becomes longer [20]. The overall reflection level from the measurement is lower
than the simulated value because of the fabrication errors such as sidewall slope in PC profile
and ellipticity in the GOPHER isotropic release. The PC spectrum in Fig. 6(b) also shows
polarization dependence. For the s-polarization, the reflectivity is over 90% in the wavelength
ranges of 1490~1520nm and 1540~1570nm. The second band has two sharp reflectivity drops
to 80% in the vicinity of 1546nm and 1556nm due to the Fabry-Perot effect. For the p-
polarization, the reflectivity is above 85% in the 1490~1505nm range and above 90% over
1550~1570nm with sharp Fabry-Perot modulation at 1548nm and 1557nm, which brings the
reflectivity down to 75% locally. This polarization dependence is caused by the fact that the
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PC holes are not perfectly four-fold symmetric. However, the polarization dependence is
small in the high reflectivity region centered at 1550nm. The angle dependence of the PC
mirror is measured at 1567nm which is the peak reflectivity wavelength in that band. The
definition of incidence angle and azimuthal angle is shown in Fig. 6(c). In the setup, the
incidence angle is changed up to 5° by shifting the position of the focusing lens in front of the
sample. At each incidence angle, the azimuthal angle is changed by rotating the sample holder
at 0~45° with respect to one of the PC lattice directions. The input source is switched to a
tunable laser (New Focus 6427) emitting 1567nm-wavelength light and the reflected power
from the PC mirror is directed to a photodetector (Newport 818-IR) and a power meter
(Newport 1815-C) as shown in Fig. 5. The measured angular dependencies of the s- and p-
polarizations are presented in Fig. 6(d). Regardless of the polarization state, the mirror has
very low azimuthal angle dependence and maintains its high reflectivity over 85% with less
than 10% variation up to + 3° incident angle change. The scan angle is twice as large as the
variation in incident angle, so this corresponds to a scan angle tolerance of 12°, which is large
enough for most applications including the dual-axis confocal microscope [15].

(a) 1.0 T T T T (b) 0
— p-polarization .
0.8} — s-polarization -
0.8F
2z 2
s 0 2 06}
° 15}
Q Q
= 04 =
& &> 041
0.2 0.2} —— RCWA Simulation
) — p-pol. measurement
0.0 ) ) ) ) 0.0 ) —Is-pol. mealsurement
1500 1520 1540 1560 1580 1600 1450 1500 1550 1600 1650
Wavelength (nm) Wavelength (nm)
(c) Incident angle (d)

Reflectivity

Azimuthal
angle

p-polarization s-polarization

Fig. 6. Optical measurement of the PC mirror MEMS scanner (a) Reflection spectrum of the
silicon mirror of the scanner (b) Reflection spectrum of the PC mirror MEMS scanner (c)
Definition of incident and azimuthal angle with respect to the PC mirror (d) Angular
dependence of the PC mirror MEMS scanner at p- and s-polarization.

The surface profile of the scanner base and the PC mirror are measured by a WYKO white
light interferometer (NT1100) as shown in Fig. 7. Our measurement shows that the scanner
base mirror has a radius of curvature of 12m, ensuring a very flat surface for PC printing. The
peak-to-valley surface deformation of the PC mirror is 60 nm, which is smaller than A/25.
This excellent flatness is anticipated from PC mirrors fabricated in stress-free SCS. The
roughness of the PC mirror was measured using an atomic force microscope (Park Systems
XE-70). The root-mean-square roughness of the mirror surface excluding air holes is

measured over the area of 400nm x 400nm and the value is 1nm, which ensures good optical
quality.

#188168 - $15.00 USD  Received 3 Apr 2013; revised 24 May 2013; accepted 24 May 2013; published 31 May 2013
(C) 2013 OSA 3 June 2013 | Vol. 21, No. 11 | DOI:10.1364/0OE.21.013800 | OPTICS EXPRESS 13807



(a) (b)

Crosssection Profile (nm)

319 (um) 50 100 150 200 250 300
X (pm)

Fig. 7. (a) Surface profile of the transferred PC mirror. (b) Cross section across the center
showing a peak-to-valley value of ~60 nm (320 pm in length) resulting in a flatness of A/25.

The scanner performance was characterized before and after transfer printing of the PC
mirrors. For the testing, aluminum wires were bonded directly on the Si electrode pads. Our
PC mirror has a mass of ~500 nano-gram, which negligibly affects the performance of the
MEMS scanner. This was verified by measurements of optical deflection angle in both static
and dynamic operation after PC transfer printing. The static measurement results in Fig. 8(a)
show that the optical deflection angles range from —5.17° at V2 = 140V to 5.11° at V1 =
140V for the outer axis and from —3.94° at V4 = 70V to 3.87° at V3 = 100V for the inner
axis. The optical deflection in dynamic mode was measured using a position sensitive
detector. When driving voltages of (61 + 48sinwt)V and (46 + 73sinwt)V are applied for the
outer and inner axes, respectively, small resonant frequency shifts were observed for both
axes after PC bonding — from 614Hz to 608Hz for the outer axis and from 1.74kHz to
1.73kHz for the inner axis. The optical deflection angles at the torsional resonance frequency
reached £ 10.49° for the outer axis and + 4.77° for the inner axis after PC bonding (Fig. 8(b)).
In addition to the fundamental torsional resonance frequency of fp sub-harmonic modes at
fo/3 and /2 for both axes, and second harmonic at 2f;, for the outer axis are observed. These
modes are likely caused by the nonlinear voltage response of the combdrive actuators [21].
The asymmetric peaks with a sharp decrease of the amplitude at harmonics and sub-
harmonics of the resonance frequency appear due to the spring hardening effect [22]. Due to
strong covalent bonding between the PC mirrors and the scanner base, the PC mirrors are
remained attached in high speed operation at the resonant frequencies.
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Fig. 8. Optical deflection curves after PC bonding in (a) Static mode — V1 and V2 are for the
outer axis, and V3 and V4 are for the inner axis, (b) Dynamic mode.
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4. Conclusion

A two-axis electrostatic MEMS scanner with PC mirrors has been developed using a transfer-
printing technique. The PC mirror MEMS scanner shows broadband high-reflectivity with
low angular and polarization dependence. The good optical performance and robust, all-
dielectric construction of the PC MEMS scanner, makes it a candidate for applications that
require high optical power handling and/or operation in harsh environments. Operation in
different wavelength ranges can be achieved by scaling the dimension of PC mirrors to match
the requirements and, if necessary, different materials can be used to avoid absorption, e.g. at
visible wavelengths, large-bandgap dielectric materials with high refractive index such as
silicon nitride film can be used [7,23] Furthermore, the combination of nanophotonic devices
and MEMS with transfer printing enables flexible design and we expect that it will lead to
development of devices with improved functionality.
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