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Abstract—An overview of recent progress in the research
and development of micromachined antennas, transmission lines,
waveguides structures, and planar movable components for ter-
ahertz frequencies is presented. Micromachining is shown to
provide a low-cost alternative to conventional (and very ex-
pensive) machined-waveguide technology, resulting in antennas
with excellent radiation patterns, low-loss tuners, and three-
dimensional (3-D) micromachined structures suitable for tera-
hertz applications. Fabrication procedures for a variety of mi-
cromachined waveguide and planar structures are described
here, along with measured terahertz performance. Applications Trzazifigal
of micromachining techniques for terahertz systems include focal- Af,[enna
plane imaging arrays requiring a large number of elements and
low-cost receivers for commercial and industrial applications Fig. 1. 2.5-THz silicon dielectric-waveguide antenna with a mem-
such as pollution monitoring. brane-supported bismuth bolometer load. A pioneering effort employed

silicon micromachining to produce a 4@@n-long @.5A) by 40um-wide

Index Terms—MEMS, micromachining, millimeter wave, sub- tapered-rod antenna with a well-defined directional beam [4].
millimeter wave, terahertz.
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systems [3]. These applications require sensitive receivers,
. INTRODUCTION particularly in the form of focal-plane imaging arrays, which
HE submillimeter-wave frequency range is usually desan cover large detection areas with minimum scanning and
fined from 300 GHz to 3 THz, corresponding to waveintegration times.
lengths between 1 mm and 1@@n. Recently, this frequency As the desired wavelengths of operation become increas-
range has been included in the terahertz spectrum, whiggly small, so do the dimensions for two-dimensional (2-D)
roughly extends from 100 GHz (3 mm) to 3 THz (1pfn). and three-dimensional (3-D) antennas, quasi-optical lenses
The primary application for terahertz technology has so fand mirrors, transmission lines, and related components. This
been terrestrial and astronomical remote sensing, where IgWakes terahertz technology well suited to high-resolution
noise receivers are used to observe electromagnetic emissio@ggl-plane imaging applications requiring large numbers of
resulting from physical and chemical processes in the &ements, and practical-size receiver systems for scientific,
mosphere and outer space. Some key molecules like gtwmmercial, and industrial applications. Unfortunately, small
hydroxyl radical (OH), which plays a critical role in alldimensions make terahertz waveguide components difficult
stages of ozone destruction and serves to remove harnda costly to fabricate through conventional machining and
gases from the atmosphere, have significant emissions onlyaasembly. Integrated-circuit technology offers practical advan-
terahertz frequencies [1], [2]. Other applications for terahertages for terahertz systems, but planar components are subject
technology involve imaging systems demonstrated at arouted deleterious substrate modes and other loss mechanisms,
94 GHz, which can be used to penetrate zero-visibility weathahich severely limit performance with increasing frequency
conditions (opaque even to infrared imaging systems) fof operation. Mechanical limitations imposed by waveguide
aircraft guidance and landing or to identify plastic guns artimensions and electronic limitations due to device parasitics
explosives in noninvasive security and contraband detectialso make it difficult to implement adjustable tuning and
performance optimization in terahertz circuits.

Manuscript received March 20, 1998, revised August 11, 1998. __Fortunately, novel applications of various micromachining
V. M. Lubecke is with the Photodynamics Research Center, The Instit

of Physical and Chemical Research (RIKEN), Sendai 980, Japan (e-mlgﬁzchmques’ which prowde precise control Of_ 2-D and _3'D
victor@postman.riken.go.jp). structures at the 1-100m level, are demonstrating a practical

K. Mizuno is with the Photodynamics Research Center, The Institute gheans for producing a variety of high-performance terahertz
Physical and Chemical Research (RIKEN), Sendai 980, Japan, and is Eflso
ty

with the Research Institute of Electrical Communication, Tohoku Universi ’ront-end components. Th_e a}pphcauon of micromachining
Sendai 980-77, Japan (e-mail: koji@riec.tohoku.acjp). technology to terahertz circuits was explored as early as

G. M. Rebeiz is with the Engineering and Computer Science Departmenig79 [4], with the fabrication of a 2.5-THz 40m-wide by
Radiation Laboratory, University of Michigan at Ann Arbor, Ann Arbor, MI 400 |, S\ d-diel . d .
48109-2122 USA (e-mail: rebeiz@eecs.umich.edu). m-long (3-0 ) tapered-dielectric-rod antenna microma-

Publisher Item Identifier S 0018-9480(98)08328-8. chined from a silicon substrate (see Fig. 1). Micromachining

0018-9480/98$10.001 1998 IEEE



1822 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 46, NO. 11, NOVEMBER 1998

silicon nitride
(2 pm) KOH etch

selective nickel
plate walls

Active Device
11 SiN Membrane — B
/ Waveguide
y Ty nitride membrane

Step 1 Step 2

' IF, DC bond metal substrate assemble two
RF in ) Out gold plate waveguide
over metal halves

Step 3 Step4
(@ (b)
Average Insertion Loss

0.00
—_ Silicon
= 050 +
)
g Lo . al
S s
- ’ Overall Average Loss = -0.80 dB

200 210 220 230 240 250 260

Frequency (GHz)

(©

Fig. 2. (a) Concept, (b) fabrication overview, and (c) measured performance of silicon micromachined waveguides. Photolithography, atéhotp@ine
electro/electroless plating have been used to batch process split-waveguide halves with integrated membranes (accessible for devigewittegratisared
insertion lossS2; for the assembled waveguides (WRe4= 1092 ym, b = 546 ;xm) comparable to that of conventionally produced commercial waveguide [6].

technology not only allows for the extension of antennas Il. FREQUENCY-SCALED 3-D COMPONENTS
and receiver front-end components to higher frequenciesithere are several examples of the application of microma-
but also allows higher levels of circuit integration and th@hining technology to directly reproduce conventional 3-D
realization of complicated networks and arrays. With the U$Paveguide and antenna components for terahertz frequen-
of micromachining, it is possible to build a large number Gfjes. Micromachining research has been directed at fabricat-
terahertz receivers/subsystems for imaging-array applicatiQR§ such structures through photolithography, laser milling,
at a relatively low cost, which is a major advantage ovgind mold replication to allow the scaling of these designs
conventionally fabricated waveguide-based receivers. to higher frequencies, fabrication of arrays and other intri-
This paper reviews various micromachining techniques usggte systems, and economical mass production. Waveguides
to produce high-performance terahertz circuits. Since frofficromachined from silicon and a mixer block produced
end components are the most expensive and least reproducidth a mold have demonstrated performance equal to that
components in a terahertz system, micromachining reseaggttonventionally machined components at 255 and 690 GHz,
efforts have concentrated on the development of miniatugspectively. This section describes the various micromachin-
high-efficiency antennas, low-loss transmission-lines, and afdlg techniques used for such components and discusses the
justable tuning structures. Terahertz micromachining techneheasured results.
ogy can be broadly divided into three categories:

1) fabrication techniques which facilitate the frequenci. Silicon Waveguides

scaling of 3-D components from established waveguide \jicromachined waveguides can be economically batch pro-
designs; _ cessed from common silicon wafers, with critical dimensions
2) techniques for suppressing substrate mode lossesgitermined through photolithography, anisotropic etching, and
planar integrated circuits by removing part or all of thgyafer thickness. Such waveguides are well suited to scaling
dielectric around critical electromagnetic componentsifor yse at higher frequencies, and also include internal mem-
3) techniques for integrating adjustable micromechanicgfane structures on which thin-film devices could be readily
components for low-loss circuit tuning and optimizationintegrated [5], [6]. This concept is illustrated in Fig. 2(a).
These approaches are covered in detail in the followingThe process for fabricating miniature WR-4 £ 1092 um,
sections. b = 546 um) silicon waveguides is shown in Fig. 2(b). A
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thick 2-um layer of silicon nitride (SiN,) is first applied to
each side of a double-side-polished 54@-thick silicon wafer
with (110 surface orientation, through low-pressure chemic
vapor deposition (LPCVD). The wafer thickness establish
one-half of the total width of the WR-4 waveguide (one
half of dimensiona). Long rectangles are then defined or
the backside of the wafer, through which openings are etch
through the silicon nitride. The patterned silicon—nitride laye:
acts as an etch mask, and potassium hydroxide (KOH) is us
to anisotropically etch straight-walled channels completely
through the silicon wafer [7]. Accurate alignment of the
channel masks to th@11) crystal plane of the silicon wafer is
required to produce the extremely smooth sidewalls needed for
minimizing high-frequency losses. The width of the channel
defines the height of the WR-4 waveguide (dimensi)n
Selective electroless nickel deposition is used to provide a
thin base layer of metallization to the silicon walls of the
waveguide structure, and the wafer is bonded to a metal ¥
carrier using photoresist. An additional;®a layer of gold )
is electroplated over the conducting surfaces to enhance per-
formance. The silicon—nitride membrane can then be patterned

to support planar devices and tuning circuits before assembly
with the top part of the waveguide (an identical structure
with the silicon—nitride membrane removed). The plane where

the two waveguide halves meet is noncritical since no RF &
currents are present at this interface in fundamental-mode =  -51
operation. A similar process has been used to fabricate WR-102
(a = 2540 pm, b = 1270 zm) waveguides. E
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Silicon-etched waveguides were mounted in conventionally = v e
machined brass fixtures to allow connection to a standard- . . L . —— Moomrea
waveguide test system. Insertion-loss measuremgstsfor 60 .40 20 0 20 40 60 80
25.4-mm sections of both WR-10 and WR-4 waveguides were Phi (degrees)
made from 75 to 110 and 200 to 255 GHz, respectively. The (b)

average measured loss was about 0.04 dB per Wavelengthlifi&r& (a) Photograph and (b) radiation patterns for a circuit consisting of a

the WR-10 guide, and 0.80 dB per wavelength for the WRfetal-film waveguide with integrated flared-horn antennas, fabricated through

guides. The WR-4 results are shown in Fig. 2(c). Both resuhBotoresist-forming techniques. The closed 1/8-height 200-GHz waveguide
. . ._has cross-section dimensions of g8éh x 1300 xm, and measured vertical

are comparable to that of Com_merC'a”y_ava"able Can_emloﬂl'ane (Theta) and horizontal plane (aP2TPhi) radiation patterns agree with

ally fabricated metal waveguides. While the fabrication Qheory [g].

waveguides which include membranes has been demonstrated,

devices have not yet been integrated. layer of gold. A layer of thin photoresist is sprayed over

the structure and patterned to allow etching of gold from the
B. Metal-Film Waveguides and Antennas front of each slotted horn antenna. The resist is then stripped
An alternative approach for micromachined waveguide fat())rl :r::iitoant ﬁ?gé?ger?g air-filled guide with flared antenna
rication has been demonstrated using photoresist as a forRA 9 ' - -
ntenna patterns for the circuit, shown in Fig. 3(b), were

structure to produce thin-film metal guides with integrated h simulated and d at 200 GHz with q
horn antennas at either end. A simple arrangement of ba&?—t simulated and measured at z with good agree-

to-back slotted horn antennas with a length of wavegui(ﬁ@ent' Th<=T beam radiated from the slotted.horns at an angle
between them, shown in Fig. 3(a), has been fabricated, with @PProximately 27 upwards from the horizontal plane of
performance demonstrated at 200 GHz [8]. the substrate, with a 3-dB beamwidth of°3ih the vertical
The process for fabricating this structure is as follows. Rlane, and 23 in the horizontal plane. Guide losses and
thick 100:m layer of photoresist is spun onto a metalize@ntenna efficiency have not yet been reported. While resist
substrate and photo patterned to produce a form structure tdigkness limits the structure to a height which corresponds
the waveguide and horn antennas. The width of the demd@-about 1/8-height waveguide at 200 GHz, full-height wave-
strated waveguide was 13Q6n, and the flared antenna waguide could be implemented by scaling the design to higher
3965u:m-long and 510Q:m-wide at the maximum aperture.frequencies (800 GHz). However, increasing the versatility of
The form structure is covered by a thin layer of evaporataircuits made through this process requires the implementation
gold, followed by a thicker and, thus, stronger electroplatexf devices or other circuitry within the closed waveguide
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Fig. 4. (a) Concept and (b) SEM photograph of a mixer block designed for 585 GHz fabricated through silicon and thick photosensitive resin miggomachin
techniques [10], [11]. (c¢) SEM photographs of a high aspect-ratio dual-polarization dichroic plate for 640 GHz. (d) Noncontacting waveguidi¢ teeicksh
2.5 THz, also fabricated with thick photosensitive resin [13], [14]. The waveguide channels in the mixer block ane 200004 m, the crossed vertical-walled
rectangular apertures for the 5p@r-thick dichroic plate are each about 406 x 100um and the tip of the backshort has dimensions of aboytr80< 90 zm.

structure, which will require the development of additionalesin is used to form alignment pins to facilitate the assembly
technology [9]. of the split-block design. The remaining resin is then heat-
cured and the entire wafer is metalized through sputtering and
. . , . electroplating. The split design provides access for the hybrid
C. Resin Waveguides with Silicon Antennas installation of devices and associated embedding circuitry, and
Another method proposed for micromachined waveguidéarmation of the waveguides and horns is completed when two
with integrated horn antennas combines both selective silicbalves are combined. While electrical performance has not yet
etching and photosensitive resin techniques [10], [11]. Silicdreen demonstrated, simulations using HP-HFSS indicate that
micromachining is used to form a pyramidal horn antennthe pattern of the pyramidal horn antenna can be tailored by
which gradually tapers in a broad-band transition to join simple variations in the fabrication process.
waveguide made from photo-patterned resin, as illustrated inThe practical high aspect-ratio characteristics of the
Fig. 4(a). Such technology can be used not only to fabricghaotosensitive resin used in this example have also been
mixer blocks and receiver arrays, but for other teraherapplied for the formation of other terahertz components.
waveguide-based circuits like multipliers and bandpass filteBschroic plates with perforations of complex shape and
as well. However, hybrid assembly of thin quartz substraté®- or 100um scale features too small for conventional
containing diodes, intermediate frequency (IF) filters, and dwachining have been fabricated using similar resin.
bias circuitry is still required since the photosensitive resin Enhanced resolution and uniformity have been obtained
not readily compatible with existing membrane technology.using a substrate-based mask and applied to create the
The fabrication technique has been demonstrated to proddeem-diameter  50@Q:m-thick dual-polarization dichroic
a mixer block, shown in Fig. 4(b), on a scale suitable fgulate, with 100um scale holes designed to pass 640 GHz
585-GHz operation. First, a mask with a shallow flare anglevghile blocking 240 GHz, shown in Fig. 4(c). Designs
aligned to the crystal orientation of a silicon wafer, allowing #or other dichroic plates for use up to 1 THz have
V-type groove to be etched with sidewalls inclined at an angidso been realized, and similar techniques have been
of 54.7 to the wafer surface. A silicon dioxide (SiPmask employed to batch produce noncontacting waveguide
layer is used to define the pattern, and the etch is timed to yidddckshorts for frequencies up to 2.5 THz, as shown in
a flat{100) surface at the bottom of the groove, resulting in thEig. 4(d) [13], [14].
formation of one-half of the desired pyramidal horn. The wafer ) .
surface is then coated with a very thick 206 planarized D- Alternative Techniques: Laser
layer of photosensitive resin (Epon SW-8 or similar) [12j\icromachining and Resin Molding
which is subsequently photopatterned to form the vertical In addition to the photolithographic techniques described,
sidewalls of the adjoining waveguides. An additional layer &flternative machining techniques are also being developed
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Fig. 5. (a) SEM photographs of a 2-THz corrugated feed horn milled from silicon with a laser. (b) Back-to-back feed horns replicated with a mold
process, and measured radiation patterns for the latter. #n3aser spot size was used to mill the original terahertz structure, and measured orthogonal
radiation patternsp and ¢ for the mold-produced structure are Gaussian [15].

for the fabrication of small-scale versions of conventionahaintaining a shaving depth of 0.65m and a rate of 5
components. x10* pmd/s.

1) Laser Micromachining:Computer-controlled laser mill-  Additionally, a replication process was developed which
ing of silicon has been used to fabricate corrugated feed hoallows multiple copies to be molded from a laser-milled
and other components suitable for submillimeter-wave opiaster. After fluoridating the milled surface of the master, it
eration [15]. Unlike photolithographic micromachining, laseis filled with polydimethylsiloxane (PDMS) to from a mold. A
milling offers the advantage of unrestricted feature formatidow-viscosity polymer precursor is then flowed over the mold
in the third dimension. It also allows for the fabrication ofind cured to form the copy and the mold is recovered to be
smaller features with improved tolerance over conventionased for further copies. The copy is sputter-coated with Gr3
milling without mechanically induced material damage. Thef gold, and the two halves assembled using UV-curable
process consists of the use of an argon—ion laser to locadyoxy. Nearly Gaussian antenna patterns were measured for
heat a portion of a silicon substrate in a chlorine ambieatback-to-back feed-horn component, shown in Fig. 5(c) and
environment. The molten silicon reacts with the chlorine tf), at 2 THz.
form volatile silicon chlorides, which are removed to form the 2) Resin Molding: A separate effort has been made to de-
desired features in the substrate. velop inexpensive high-precision copies of conventionally fab-

The process has been used to produce corrugated fedchted terahertz structures through the casting of polyurethane
horn antennas, suitable for 810-GHz and 2.0-THz operstructures with a silicone-based mold formed from a master
tion. The antennas were made by etching one-half of te&ucture. The technique, illustrated in Fig. 6, is referred to
structure in a substrate, and then assembling two hahas mastering, molding, and casting [11]. In this process, a
to complete the structure. For the 810-GHz component,sdicone mold is formed on a conventionally machined master
laser spot size of @&m was used to produce /8n features, and then filled with polyurethane, which is subsequently cured
maintaining a shaving depth of approximatelyth and a rate and removed. The polyurethane components are then coated
of 10° um?®/s. For the 2.5-THz component, shown in Fig. 5(a)yith sputtered gold, and an additional few micrometers of gold
a laser spot size of 3m was used to produce #m features, are added through electroplating. This effort has produced an
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MASTERING, MOLDING, CASTING (MMC) (100 silicon wafer is used. Via holes, if needed, are etched

TECHNOLOGY FOR WAVEGUIDE FABRICATION at the same time as the membranes are formed, and are
MASTER WAVEGUIDE BLOCK electroplated with gOld

/Cmvmm MACHINING, MICROMACHINING,

OR ANY OTHER METHOD OR COMBINATION OF
METHODS USING ANY SUNTABLE MATERIAL SYSTEMS)

PLASTIC REPLICA A. Integrated Horn Antennas and Imaging Arrays

WAVEGUIDE BLOCKS
(THERMOSET POLYURETHAME, EPOXY, ETC. . . .
e Perhaps the most intricate membrane-type antenna is the

integrated horn antenna. In this design, a dipole probe is
suspended on a dielectric membrane in a pyramidal cavity
etched in silicon [18]. The horn collects incident energy and

focuses it to the probe antenna on the membrane. A Schottky-
diode or a planar superconductor—insulator—superconductor
(SIS) detector is typically integrated at the apex of the dipole,

and the signal is taken out with a simple low-pass filter. The

integrated horn array is composed of two or more stacked
Fig. 6. Molding and casting technique used to replicate inexpensive cop@iéicon wafers with &100) crystal orientation. The horn cavity

of a terahertz component from a master [11]. Smooth waveguide featuresignmade by anisotropic etching of the silicon wafers, which

the order of hundreds of micrometers have been accurately reproduced, _ :
measured performance for a mold produced mixer block at 690 GHz are g@gduces a horn flare-angle of 70.6The opening of the

same as that for a conventionally machined version. front wafer determines the horn aperture sizé\, while the
thickness of the front wafer(s) determines the position of the

. . dipole antenna inside the hor0.§8XA from the apex of the
entire mixer block, and measurements at 690 GHz have ShOWS}n). The wafer stack (front and back wafers) is aligned and

that the copies work as well as machined metal versions gsempled together to form the integrated horn cavity, and
the same design [16]. the horn walls are coated with gold to reduce RF losses. An
advantage of this approach is that the dipole/detector structures
occupy an area which is much smaller than a unit cell in an
An alternative to direct submillimeter-wave scaling of 3-Carray, leaving space for additional RF, IF, and dc electronics.
waveguide structures is the development of equivalent 24 16 x 16 element “CCD-like” imaging array with.4\
integrated-circuit structures. The performance of integrateapertures has been demonstrated at 802 GHz [19]. At this
circuit antennas and transmission lines on high-dielectric cdinequency, the array period is 50@m, yielding total array
stant substrates is severely limited by power radiation inthmensions of 8<x 8 mm. The directivity of each antenna is
substrate modes, an effect which increases as a function of bb2hdB, which matches well witlf /0.75 imaging system.
2 and(e,., —1)2, wheree,. is the relative dielectric constant Integrated horn antennas can be designed to result in high
for the substrate [17]. Planar components are also subjectattenna gains (up to 25 dB with metallic extensions) and
dielectric losses, which increase with frequency and can bery high Gaussian coupling efficiencies (more than 97%)
prohibitively high for terahertz applications. One way to solvésee Fig. 7). Schottky-diode heterodyne receivers based on this
these problems is to integrate the antennas and transmissiotenna have all resulted in state-of-the-art antenna patterns
lines on very thin dielectric membranes (effectively makingnd receiver double sideband (DSB) performances (5.5-dB
e, = 1). The membranes can be made very thin compar&EB at 94 GHz, 7.2 dB at 250 GHz, and 8.4 dB at 350 GHz),
to a free-space wavelength, so that the antennas effectiveiyh practical 15%-20% bandwidths [20]-[23]. In this case,
radiate in free space. This technique eliminates dielectric- athe planar Schottky diodes were placed at the apex of the
substrate-mode losses, and the design can be easily scaledigole on the SiIN, membrane using hybrid techniques, and
different frequencies. silver epoxy was used to establish an electrical contact between
The fabrication of membrane-based components prie integrated dipole antenna and the Schottky diode. This
ceeds as follows: a 1-14m-thick three-layer structure of arrangement has been tested by NASA, Jet Propulsion Lab-
SiO/SizN4/SIO; is deposited on a high-resistivity siliconoratory, Pasadena, CA, and by Aerojet Corporation, Azusa,
substrate using thermal oxidation and LPCVD techniqueSA, and survived satellite-launch temperature and vibration
The layer must be in tension, resulting in flat and rigitkests. Recently, a & 3 imaging array of micromachined horn
membranes. The planar components (antennas, transmissiotennas with thin-film SIS detectors and integrated tuning
lines, etc.) are patterned using standard photolithograp®yements on silicon—nitride membranes was demonstrated with
Next, an opening is defined on the backside of the wafaxcellent antenna patterns and receiver DSB performance (30
underneath specific components through the use of an infrakedat 106 GHz and 50 K at 190 GHz, with the receiver
aligner, and the silicon substrate is etched until the transparentled to 4.2 K), again with a practical 10%—-15% bandwidth
dielectric membrane appears. The etchant used with silici2#]-[26]. The 3x 3 micromachined array allows the use of a
wafers is potassium hydroxide (KOH) or ethylene diaminleacking magnet behind the antennas without interfering with
pyrocatechol (EDP) [7], and both solutions result in a verhe radiation patterns (necessary for proper operation of the
low undercut rate and smooth sidewalls. The sidewalls for81S detectors), and allows ample space for the extraction of
an angle of 54.7 with the planar top/bottom surfaces when aine IF signals with high IF bandwidths.

I1l. M EMBRANE-BASED MICROMACHINED COMPONENTS
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Fig. 7. (a) SEM photograph of a micromachined horn antenna. (b) Geometry of a 350-GHz integrated horn receiver with an extension section for improved
Gaussian-coupling efficiency with= 0.085\, a5 = 1.35X, g = 8.5°, Ly = 13 A\, Xy = 54\. (c) Cross section of the antenna showing the location of
the membrane (and the dipole/diode). (d) Measured patterns at 370 GHz with a comparison with theory. The Gaussian coupling efficiency is 97% [20].

B. Other Membrane-Type Antenna, Bolometer, the substrate and, therefore, results in bolometers with high
SIS Detector, and Transmission-Line Structures responsivity and low-noise equivalent power (NEP) [32],

The membrane-type approach has also been applied[?tél- A large area bismuth'bolometer was developed on a

other antenna designs. A 100-800-GHz log-periodic antenigmbrane as a power-density sensor for terahertz frequencies,
was integrated on a membrane and backed by an absorifi§ Operated successfully from 100 to 10 THz. Theni-
cavity [27]. A micromachined corner cube with a trave"ngmembrane is electrically thin even at 10 THz and, therefore,
wave antenna on a membrane was developed for 2 5.TH@es not affect the bolometer bandwidth. The bolometer per-
applications and resulted in 18-19-dB gain [28]. This typlrmance was limited byl/f noise, and a minimum power
of antenna is particularly well suited for Schottky-diode dedensity of around 100 nW/chncould be detected. Still, easy
tectors since the feed of the traveling-wave antenna is Glibration of absolute power at terahertz frequencies was
the silicon (or GaAs)-membrane interface. A double-dipoRossible. Bolometric-type detectors have also been used with
antenna integrated on a membrane and backed by a groiftfggrated horn antennas and have achieved a record room-
plane was used as a feed for a small parabolic reflector (5-ri@fnperature NEP of 8.8 10~'* W/Hz!/ measured at 1-kHz
diameter) and resulted in a directivity of 37 dB at 2.5 THz [29hopping frequency [34].
This antenna is well suited for SIS detectors or hot-electronA thin membrane “window” has also been recently demon-
bolometers at 800 GHz and above. Also, a broken lineadyrated inside an 850-GHz SIS waveguide receiver. In a typical
tapered slot antenna (BLTSA) on a thin dielectric membrag@nfiguration, an SIS detector is integrated on a thin quartz
was developed for use at 350 and 802 GHz, and resultedwafer. However, the required thickness of the wafer and the
symmetrical patterns with a 10-dB beamwidth of°480]. dimensions of the channel that hold the junction become
The BLTSA has been used at 500 GHz with a hot-electrdno small at high frequencies for practical fabrication and
bolometer detector and provided good radiation patterns amssembly. In this application, the SIS device was integrated
receiver performance [31]. on a lum membrane, which, while electrically thin, could

Another application of dielectric membranes is in boloprovide adequate support from the surrounding silicon wafer.
metric detectors. The membrane provides heat isolation frorhe resulting receiver showed an uncorrected receiver noise
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Fig. 8. (a) Metallization pattern for the four-section microshield bandpass filter (not to scale). (b) Cross-sectional view. (c) Comparisonmegisveed
and simulated results at 150-350 GHz [37]. Dimensions Are: 250 um, S = 50 gm, W = 10 gm, H = 200 pm, W, = 320 pgm, andWs = 40 gm.

temperature of 514 K at 800-840 GHz when the mixer wdmertz circuits. Thesenovingcomponents provide conventional
cooled to 4.2 K [35]. mechanical circuit adjustments, yet have structures which
Dielectric membranes have also been used to support tesiee uniquely suited to photolithographic fabrication, planar
hertz transmission lines and filters. The loss for a membrangrcuitry, and micromanipulation.
supported coplanar-strip transmission line (CPS) 480strip  The first (and only) micromechanically adjustable compo-
width, and 20pm separation) was measured from 100 GHgent demonstrated at submillimeter frequencies is the sliding
to 1 THz using electrooptic techniques, and was less than @ynar backshort (SPB). It was developed to provide contin-
Np/mm at 1 THz, compared to 1.5 Np/mm for the same line Qfhusly adjustable tuning, like that of waveguide backshorts,
GaAs [36]. One very practical micromachined transmissiogy terahertz integrated circuits. An SPB tuner, illustrated in
line topology is a type of shielded coplanar waveguide (CPW)q g(a), consists of a movable patterned metal plate, which
called the microshield line. The microshield line was utilizeg} t5pricated as an integrated part of a coplanar transmission
to fabricate the first planar bandpass filter at 250 GHz [37]. Ti&e The pattern is designed to form a selective broad-band RF
bandpass filter has a relative bandwidth of 58% and utilizgf, 1 jrcyit on the transmission line beneath it, and can be ar-
fqur quarter-wa\_/elen_gth open-end series .StUbS’ as Shownbmarily positioned along the line to vary the electrical length.
Fig. 8(a). The filter is 1-mm-long, which is around 88 pe efiection coefficien§;; was measured at0.02 dB for
at 250 GHz, where), is the effective guided wavelength 2.GHz CPW model and-0.3 dB for a 2-GHz CPS model
for the transmission line. The microshield filter is containe\a\lhiCh was consistent with éircuit measurements at 620 [é8]
in a cavity, with dimensions given in Fig. 7(b), and the

: e . and 100 GHz [39], respectively.
dominant waveguide-mode cutoff frequency for this structure The entire micromechanical SPB tuning structure is fab-

is greater than 500 GHz. The measured results for this filter . I .
in Fig. 8(c) show a 1.0-1.5-dB passband insertion loss aﬂaated through micromachining techniques developed to be

excellent stopband rejection. This, and the preceding exampfg&nPatible with those commonly in terahertz integrated cir-
demonstrate the significant performance benefits availaGiitS [40]. The procedure for fabricating a 620-GHz SPB

through the simple micromachining of membrane structuredS illustrated in Fig. 9(b). A coplanar transmission line is
first (sputter) coated with a thin dielectric layer (S)Pand

then covered with a sacrificial patch of thin-film metal (Cu),
IV. MICROMECHANICALLY ADJUSTABLE COMPONENTS deposited and photo patterned over the region where the
Micromachining technigues have also been used to provi®B will be positioned. A thick m layer of photoresist
integrated adjustable components which add the benefitigfdeposited over this metal, and patterned to allow tharb-
post-fabrication tuning and performance optimization to terthick SPB plate structure to be formed through electroplating
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Fig. 10. (a) SEM photograph. (b) Measured performance for a quasi-optical

Sacrificial Cu Etched 620-GHz mpnolithic de_tection _circuit with two i_ntegrated SPB tuners. The two
to Release SPB tuners consist of five high/low impedance sections (each 7g+80ng), and

are integrated with CPW transmission lines (@®-wide center conductor,

(b) 8-um gaps), as series and parallel tuners used to vary the power delivered
from a slot antenna to a bismuth detector over a range of nearly 15 dB. The

Fig. 9. (a) Concept and (b) fabrication overview for an integrated SP@rmalized detected power, is shown as a function of the series tuning
demonstrated at 620 GHz. Micromachining techniques made compatible welement positiorY; for a fixed position of the parallel tuning element [38].
terahertz integrated-circuit technology are used to form a guide-restricted
metal pattern (20@sm-wide, 5z:m-thick) which slides over a dielectric-coated
coplanar transmission line to vary the electrical length [40]. over a range of nearly 15 dB. The circuit used a dielectric-

filled parabola [41] to focus radiation onto a slot antenna, and

upled this radiation to a bismuth detector by means of two

Au). Th ist is stri d, and th ti tal struct L . - .
ey ek CPW ansrmission ines (wih B gaps and @ 1gm-wie
P : enter conductor), each with integrated SPB tuners. One SPB

o . c
10-um layer of polyimide is deposited and photo patterned Was used to create a variable series reactance between the

form strips which anchor_to the substrate, and partially Oyerl%‘ﬁtenna and detector, potentially serving to compensate for
the edges of .t_h(_a two S'dfas of the metal struct_ure. F'na”é{ny off-resonance reactance of the slot. The other SPB created
all of the sacrificial metal is etched away, releasing the SEB, 3 iaple susceptance in parallel with the detector, and could
plate to move freely along the length of the line, within the . 14 compensate for the parasitic capacitance found in some
confines of the polyimide guide strips. The SPB plate structuk8,ymon submillimeter-wave devices. An SEM photograph of
is 200:m-wide, about §um-thick, and consists of five o the circuit is shown in Fig. 10(a), and the normalized power
more covered/uncovered sections, each roughly4 long. delivered to the detectoP, is shown in Fig. 10(b) as a
On an SiQ substrate X, = 312um), covered sections arefunction of the position of the series tuning eleméntfor
80-um-long, and uncovered sections are 65- ang:#&long. a fixed position of the parallel tuning element.

The performance of two mechanically manipulated SPB This versatile sliding structure can be readily implemented
tuners has been successfully demonstrated in a 620-Ghza wide range of terahertz integrated circuits to serve
quasi-optical monolithic integrated circuit, varying the powegis transmission-line tuners, antenna elements, shutters, and
delivered from a planar antenna to a thin-film thermal detectother adjustable components. The monolithic design of the

«4— Polyimide (10 um)
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SPB makes it suitable for scaling to several terahertz, whegie] K. Y. Lee et al., “Micromachining applications of a high resolution

the

aspect ratio of the tuner is actually more suitable for

conventional photolithographic thin-film techniques. Howevey; 3

the

smaller structure and shorter wavelength would make it

more difficult to manipulate the tuner externally and, thugm
some form of integral electromechanical actuation would be
desirable. Electrostatic techniques [42] and thin-film shape-
memory alloys [43] offer promise for this function. (15]

[16]

V. CONCLUSION 7]

This paper summarizes recent micromachining researﬁg]
efforts for terahertz applications. A large part of this paper

has been directed at the development of antennas and front-

end components, which can be integrated in large numbers H)j‘]
focal-plane arrays or low-cost terahertz systems. Waveguide

antennas, transmission lines, and mixer block assemblies hj]%?
been fabricated through various economical micromachini

g

techniques, with performance comparable to that of costly con-
ventionally produced components. Practical techniques had¢d
also been developed to improve the performance of terahertz
integrated circuits, through substrate removal and the intéz2]
gration of adjustable micromechanical tuning elements. These
approaches offer great potential for the production of intricags)
terahertz systems, which can serve to advance the state-of-the- receiver,”IEEE Microwave Guided Wave Lettol. 4, pp. 37-39, Feb.
art in space and atmospheric research, and to extend the
of the terahertz spectrum to broader industrial and commercial’ junctions on thin SiN membranes&ppl. Phys. Lett.yol. 63, p. 1002,

applications.
pp [25]
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