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This work reports the design, microfabrication, and characterization of highly reflective electrostatic

mirrors with sub-wavelength holes for scanning terahertz (THz) waves. The mirror consists of an

aluminum coated silicon mirror plate precisely assembled on the top of two axis torsional

microactuators. The mirror plate with sub-wavelength microholes not only provides high reflectivity

over 98% at THz waves by decoupling the surface plasmon resonance but also reduces air damping

by allowing air to flow through the mirror plate during the mirror scanning. The device can provide

many opportunities for miniaturized THz time domain spectroscopic imaging systems. VC 2013
American Institute of Physics. [http://dx.doi.org/10.1063/1.4788915]

Electromagnetic radiation at terahertz (THz) frequencies

offers excellent penetration for most nonpolar and nonmetallic

materials such as clothes, polymer, glass, ceramics, or semi-

conductors.1–3 For biochemical molecules, terahertz time do-

main spectroscopy (THz TDS) enables label-free detections of

diverse vibration modes depending on collective molecular

oscillations or unfolding, which can identify non-invasive and

label-free biological fingerprints such as deoxyribonucleic

acid (DNA) hybridization,4 protein conformation,5 or early

cancer detections.6,7 An extension of this technique is THz

spectroscopic imaging, where a series of measurements can

be compiled into the two-dimensional (2D) spatial representa-

tion. THz imaging with transmission or reflection type has

been recently demonstrated by scanning a target sample and

then determining the spatial distribution of epithermal cancer

signature.6,7 However, conventional THz imaging systems

comprising THz emitters, detectors, and scanning units are

large in size and limited in ex-vivo experiment of excised tis-

sues or organs. Moreover, the systems have been restricted to

particular biomedical applications due to small penetration

depth of THz waves in tissues caused by high water absorp-

tion.8 This physical limitation stimulates the miniaturization

of THz imaging systems for diverse biomedical applications.

More recently, THz based endoscopes have been reported by

miniaturizing some constituents of THz TDS systems such as

source and detector.9 However, the previous work still per-

forms single point detection within a limited field-of-view due

to the lack of a scanning unit, which is a crucial component

for THz TDS imaging systems. Recently, micro-electro-

mechanical-systems (MEMS) enables the miniaturization of

optical scanning units for functional microendoscopic applica-

tions such as optical coherence tomography,10–12 confocal,13

or multi-photon imaging.14 In particular, scanning MEMS

mirrors offer many advantages of large scanning angles with

low power consumption and low voltage operation. However,

scanning MEMS mirrors for THz TDS still have some signifi-

cant technical challenges in implementing the mirror size

large enough than THz wavelengths (typically 30 lm to 3 mm

in wavelength for 0.1–10 THz). For example, millimeter-scale

scanning MEMS mirrors suffer from high air damping and

high inertia with low fill-factor.

This work reports the design, microfabrication, and

characterization of highly reflective MEMS mirrors with

sub-wavelength holes for scanning THz waves. Fig. 1(a)

illustrates a THz scanning MEMS mirror, which consists of

an aluminum coated silicon mirror plate with millimeter

scale precisely assembled on the top of two axis torsional

microactuators with electrostatic actuation. The mirror plate

and torsional microactuators were separately fabricated and

then vertically assembled to ensure compact packaging.

Besides, sub-wavelength microhole arrays were implemented

on a mirror surface to reduce air damping by allowing air to

flow through the mirror plate without sacrifice of reflectivity

at THz frequencies. Fig. 1(b) shows an optical image of a

fully assembled THz beam scanning MEMS mirror where

FIG. 1. Millimeter scale MEMS mirror with subwavelength microhole

arrays for THz wave scanning: (a) a schematic diagram of millimeter-scale

scanning MEMS mirror with sub-wavelength microhole arrays and (b) an

optical image of the fully integrated MEMS mirror and a SEM image of

microhole arrays on the aluminum coated silicon mirror plate (inset). A sili-

con mirror plate with microhole arrays is vertically assembled with two axis

torsional microactuators.

a)Millimeter-Scale Scanning MEMS Mirror with Sub-Wavelength Micro-

hole Arrays for Terahertz Wave Scanning, published as part of the IEEE

Optical MEMS and Nanophotonics 2012, Banff, Canada, August 2012.
b)H.-C. Park and J.-H. Lee contributed equally to this work.
c)Electronic mail: kjeong@kaist.ac.kr.
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the inset image indicates the scanning electron microscopic

image of sub-wavelength microhole arrays on the mirror

plate (microhole diameter less than k/30 at 1 THz).

The design of the scanning MEMS mirror was done by

taking both optical and mechanical requirements of scanning

resolution, THz wave reflectivity, and imaging speed. In par-

ticular, the number of resolvable spots of a THz scanning

mirror, termed a scanning resolution N, is determined by

hmD/k, where hm is the total optical scanning angle, D is the

mirror size, and k is the wavelength of a THz wave.15 For

conventional THz TDS imaging systems, the maximum

detection speed is limited below 1 kHz, which allows 10

frames per second in Raster scanning for 10� 10 pixels. In

this case, the spot number corresponds to below N¼ 5 based

on Nyquist criterion. For this particular design, the mirror

plate is 3 mm� 3 mm in size for conventional maximum op-

tical scanning angle of 1/2 radians and the resonant fre-

quency of MEMS mirror was initially designed to operate at

100 Hz.

During the mirror scan, the air damping force propor-

tionally increases with the square of mirror size whereas the

scanning amplitude decreases. The damping force can be

effectively reduced by implementing sub-wavelength micro-

holes on the mirror plate that allows air to pass through the

plate and substantially decreases the air damping pressure

beneath the plate. The damping force of a thin perforated

plate is inversely proportional to the ratio, g, between the

microhole size, ri, and the hole period, rc.
16 The increase of

microhole size at constant period decreases the damping con-

stant relatively much faster than the mirror inertia. For exam-

ple, the damping constant is reduced by about 60% for the

ratio of only 0.1 whereas the inertia remains about 99%.

However, the ratio of microholes is limited by THz wave

reflectivity of the aluminum coated mirror plate. The micro-

holes at sub-wavelength scale can reduce the diffraction loss

of THz waves nevertheless they can also cause extraordinary

light transmission or coupling loss by the surface plasmon

resonance on metal-dielectric interface, which results in the

significant reduction of THz reflectivity.17–20 In order to

avoid coupling of THz waves with surface plasmons on the

mirror surface and also to secure high reflectivity of THz

waves, the physical dimension of rectangular sub-

wavelength microhole arrays was determined using a finite-

difference time-domain (FDTD) analysis. Fig. 2(a) describes

a numerical model of rectangular and sub-wavelength micro-

holes perforated on a 40 lm thick silicon substrate coated

with a 1 lm thick aluminum layer. In this calculation, the re-

fractive index of silicon was 3.4 and the aluminum layer was

approximated as a perfect electric conductor to reduce the

computational load. The periodic boundary condition was

used for embodying sub-wavelength microhole arrays. These

approximations are valid on THz frequency region.21 The

physical dimension of rectangular microholes was then

altered from 10 lm to 80 lm in width and from 60 lm to

200 lm in period. Fig. 2(b) demonstrates THz (0.1–2 THz)

wave reflectivities on the mirror surface with different

microhole widths at a constant period of 100 lm. Dips in

specular reflectivity are observed due to the surface plasmon

resonance on the aluminum-silicon interface. When the

microhole widths were larger than 10 lm, the transmission

dips were observed at 0.93 THz for [61, 0] modes and at

1.3 THz for [61, 61] modes, which correspond to the ana-

lytical approximation.18 The surface plasmon mode also

depends on the dielectric constant of substrate. The reduction

in effective index of the substrate as increasing the microhole

width results in a blue-shift of transmission dip. However,

the dips were not observed below the width of 10 lm, which

shows high reflectivity over 99% of broadband THz waves.

Besides, the microhole width of 10 lm was also valid for dif-

ferent periods as shown in Fig. 2(c). Therefore, the size of

microholes was set to be 10 lm and some irregularities of a

period were also implemented to avoid unexpected surface

plasmon resonance effect.

THz wave scanning MEMS mirrors were fabricated by

standard silicon-on-insulator (SOI) process and out-of-plane

microassembly techniques. The mirror plate and MEMS

microactuator were separately fabricated at the wafer level

and vertically assembled at chip level as shown in Fig. 3.

First, the microfabrication of mirror plates is described in

Fig. 3(a). 1 lm thick silicon oxide (SiO2) was deposited on

the back side of a 6 in. SOI wafer (top Si 40 lm, buried oxide

(BOX) 2 lm, and bottom Si 500 lm in thickness) using

plasma enhanced chemical vapor deposition (PECVD). The

mirror plates with perforating microholes were defined on the

top silicon by the first deep reactive ion etching (DRIE) pro-

cess with a predefined photoresist (PR) mask. The footstep of

mirror holder with 50 lm in height was fabricated on the bot-

tom silicon by the second DRIE process with a composite

mask of a PR and PECVD SiO2. During the second DRIE pro-

cess, two step heights of the bottom silicon were formed by

etching the bottom silicon with SiO2 mask after the PR re-

moval. A thin aluminum layer of 200 nm in thickness, which

FIG. 2. THz reflectivity of aluminum coated Si mirror plates with microholes. (a) A numerical model for FDTD simulation. Rectangular and sub-wavelength

microhole arrays of width ri and period rc were implemented on an aluminum coated silicon mirror plate. (b) Spectral THz reflectivity at a constant period of

100 lm. Dips in specular reflectivity are observed due to either extraordinary light transmission or coupling by surface plasmon resonance on the Al-Si interface.

(c) THz reflectivity for different widths and periods of microholes. The microhole width below 10lm at different periods shows high reflectivity over 99% with-

out the dips in reflectivity.
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is above twice skin depth (roughly 82 nm at 1 THz), was ther-

mally evaporated on the top silicon surface to ensure high

reflectivity for THz waves. The mirror plates were individu-

ally tethered with silicon structures on a SOI wafer and

separated from the wafer by Joule heating (supplemental

material S126).22,23 Next, the MEMS microactuators were sep-

arately fabricated on a 6 in. SOI wafer (top Si 40 lm, BOX

2 lm, and bottom Si 500 lm in thickness) as illustrated in Fig.

3(b). The top silicon was defined using a DRIE process with a

photoresist mask. The MEMS microactuator consists of the

gimbal base frame, the outer frame, and the inner frame with

a mirror holder. The individual frames are suspended with

two torsional silicon hinges and orthogonally actuated by elec-

trostatic comb drives. In particular, both mechanical connec-

tion and electrical isolation between the inner and outer

electrostatic comb drives of the gimbal frames were achieved

with patterning SU-8 microstructures over 4 lm wide

trenches. The bottom silicon was etched with DRIE and the

devices were released by etching BOX with vapor phase

hydrogen fluoride (HF).24 The MEMS actuators were also

tethered with silicon structures on a SOI wafer and individu-

ally separated from the wafer by Joule heating. Finally, a mir-

ror plate and a MEMS actuator were micro-assembled by a

simple two-step process. A thermal epoxy was precisely dis-

pensed on the mirror holder of MEMS actuator using a glass

micropipette with a micromanipulator (supplemental material

S226). The precise alignment between the silicon post of mir-

ror plate and the mirror holder of MEMS actuator was con-

ducted by monitoring pre-defined align keys on an actuator

(indicated in Fig. 3(b)) and vertical positions with top and side

view microscopic cameras (supplemental material S326). The

initial tolerance between the silicon pedestal of mirror post

and the mirror holder of MEMS actuator was set to be 20 lm.

The device was finally glued on a hotplate for 1 h at 150 �C.

The dynamic responses of scanning MEMS mirror with

microhole arrays substantially vary with both inertia of sili-

con mirror plate and microhole arrays. The resonance fre-

quencies of scanning MEMS mirrors were measured with a

laser Doppler vibrometer. Fig. 4 shows the change in reso-

nance frequency before and after mounting a silicon mirror

plate on the MEMS actuator. The initial resonant frequency

of the MEMS actuator was 5.1 kHz with a mechanical qual-

ity factor (Q-factor) of 114. After mounting a mirror plate,

which has a physical dimension of 3� 3 mm2 with 40 lm in

thickness, high inertia of the mirror plate shifts the resonance

frequency to 123.5 Hz. Besides, the high damping force also

decreases the Q-factor to 66. However, the sub-wavelength

microhole arrays of 10 lm size effectively reduce the air

damping force and increase the Q-factor to 105 whereas the

resonant frequency shifts only about 1.4% higher due to the

inertia reduction by the microholes. The high Q-factor ena-

bles a low voltage operation of DC 5 V and AC 10 V for opti-

cal scanning angles of 20�, whereas the MEMS actuator was

operated at DC 20 V and AC 15 V for 7.3�. Fig. 4 inset image

shows the 2D optical scanning pattern of the MEMS mirror.

Helium-neon (HeNe) laser of 530 nm in wavelength was

coupled with MEMS mirror to visualize the optical scanning.

THz wave scanning of the MEMS mirror was demon-

strated with reflection-type THz wave measurement as illus-

trated in Fig. 5(a). Especially, we used an electronically

controlled optical sampling (ECOPS) method for THz wave

measurement, which enables us to acquire THz waveforms

consecutively at 1 kHz (supplemental material S426).25 A

THz pulse reflected from the MEMS mirror has a peak am-

plitude above 98% of that of a THz pulse reflected from a

normal mirror, as shown in Fig. 5(b). THz wave scanning

was finally demonstrated with the MEMS mirror. Fig. 5(c)

shows that a detected THz amplitude changes with the scan-

ning angle of the MEMS mirror. In this measurement, the

MEMS mirror was scanned at 118 Hz and the THz amplitude

oscillated at double the scanning frequency since the THz

amplitude varies from the maximum to the minimum with

the scanning angle varied from zero to the maximum during

a quarter mirror scanning cycle.

FIG. 3. Microfabrication procedures and microassembly for THz scanning

MEMS mirror, which consist of (a) aluminum coated silicon mirror plate

with microhole arrays, (b) two axis torsional microactuators, and (c) micro-

assembly for mounting MEMS mirror plate on the microactuator. Both the

silicon mirror plate and the microactuator are precisely assembled with ther-

mal epoxies while monitoring pre-defined align keys on an actuator and ver-

tical positions with top and side view microscopic cameras.

FIG. 4. Dynamic responses and optical scanning patterns of THz scanning

MEMS mirror with microhole arrays; resonant frequency of a torsional actua-

tor was 5.1 kHz with mechanical Q-factor of 114. The resonant frequency

shifts to 123.5 Hz and Q-factor was decreased to 66 after mounting 3� 3 mm2

mirror plate. However, the Q-factor was increased to 105 when implementing

microhole arrays on a mirror plate by minimizing the damping loss, while the

resonant frequency was slightly increased due to the inertia of microholes.

Two-dimensional optical scanning of the MEMS mirror was visualized using

HeNe laser of 530 nm wavelength (inset).
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In summary, a millimeter scale scanning MEMS mirror

for THz wave scanning has been demonstrated using a SOI

based DRIE process and microassembly techniques. The ver-

tical assembly enables a compact packaging with large aper-

ture. Besides, sub-wavelength microhole arrays on the

mirror plate provide both high reflectivity over 98% at THz

waves and low air damping during the mirror scanning. This

device can provide many opportunities for miniaturizing

THz TDS based imaging systems such as a hand held probes

or even endoscopic catheters for advanced biomedical

imaging.
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