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Abstract—As a viable technological option to address today’s
strong demands for high-performance monolithic low-cost passive
components in RF and microwave integrated circuits (ICs), a new
CMOS-compatible versatile thick-metal surface micromachining
technology has been developed. This technology enables to build
arbitrary three-dimensional (3-D) metal microstructures on
standard silicon substrate as post-IC processes at low temperature
below 120 C. Using this technology, various highly suspended
3-D microstructures have been successfully demonstrated for
RF and microwave IC applications. We have demonstrated
spiral inductors suspended 100 m over the substrate, coplanar
waveguides suspended 50m over the substrate, and complicated
microcoaxial lines, which have 50- m-suspended center signal
lines surrounded by inclined ground shields of 100 m in height.
The microwave performance of the microcoaxial transmission
line fabricated on a glass substrate has been evaluated to achieve
very low attenuation of 0.03 dB/mm at 10 GHz with an effective
dielectric constant of 1.6. The process variation/manufacturability,
mechanical stability, and package issues also have been discussed
in detail.

Index Terms—Coaxial transmission lines, coplanar
microstrip lines, high- , inductors, RF and microwave
microelectromechanical systems (MEMS), silicon RF integrated
circuits (ICs), surface micromachining, three-dimensional (3-D)
micromachined passive components.

I. INTRODUCTION

RECENT STRONG demands on high-performance mono-
lithic low-cost passive components in RF and microwave

integrated circuits (ICs) have driven researchers to find out
alternative technical options to enhance the performance of
passive components acquired from conventional thin-film
planar IC technologies. From this perspective, various micro-
machining technologies developed for microelectromechanical
systems (MEMS) have been also spotlighted in the fields of
RF and microwave ICs as a promising technological option to
achieve more than an order of magnitude improvement in size,
cost, and performance [1]–[4].

Bulk micromachining, which etches bulk substrate in order
to remove lossy substrate under high-frequency signal lines,
has been utilized in fabricating monolithic RF/microwave
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inductors [5]–[9], microwave/millimeter-wave transmission
lines [10]–[12], and filters [13], [14]. Surface micromachining,
which does not etch the substrate, but deposits a thick insulating
layer or a sacrificial layer on the substrate to isolate suspended
(sometimes movable) structural layers from the lossy sub-
strate, has been utilized in fabricating three-dimensional
(3-D) solenoid inductors [15]–[20], spiral inductors [21], [22],
suspended spiral inductors [23]–[27], RF/microwave tunable
capacitors [2], [28]–[30], millimeter-wave tunable filters [31],
microwave/millimeter-wave transmission lines [21], [32], [33],
and RF/microwave switches (well summarized in [2]). Also,
LIGA, which is a German acronym of LIthographie (X-ray
lithography), Galvanoformung (electroplating), and Abfor-
mung (molding), has been utilized to form high-aspect-ratio
metal microstructures for transmission lines and filters [34].
Porous silicon has also been applied to produce inductors [35],
[36] and coplanar waveguides (CPWs) [37]. Table I summa-
rizes the performance of various bulk/surface-micromachined
RF inductors fabricated on a silicon substrate. Although bulk
micromachining opened the MEMS era, there have been
restrictions on process/package compatibility and structural
arbitrariness associated with the substrate etching. This may
be the reason why we can find surface-micromachined passive
components preferably used for circuit integration in many
recent papers [2], [20], [22], [28], [29].

As a technique to build microstructures on the top of
substrate, thick-metal surface micromachining has been inves-
tigated during the last decade, based on LIGA and LIGA-like
technologies [38]–[41]. It consists of fabrication of molds fol-
lowed by electroplating. As a mold for an electroplating guide,
various materials have been investigated. Electron-beam-sen-
sitive polymethylmethacrylate (PMMA) resist [38] has been
applied to transmission lines and filters [34]. UV-sensitive
polyimide [39] has been used to build inductors [16], [23], [24],
[26] and filters [24]. Conventional positive thick photoresist
[40], [41] have been utilized for inductors [17]–[19], [25], [27]
and CPW lines [33]. Epoxy-based negative thick photoresist
[42] has been also utilized for inductors [20]. Among these,
the conventional positive thick photoresist is the most conve-
nient one to use in terms of process simplicity, process time,
and compatibility. Instead of multistacking two-dimensional
(2-D) molds and metal to fabricate 3-D microstructures [16],
[23], [24], [26], [43], there has been an approach to realize
3-D photoresist molds directly in order to obtain 3-D metal
microstructure at once [44]. This method has been applied to
solenoid inductors [17]–[19]. Instead of polymer-based molds,
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TABLE I
PERFORMANCESUMMARY OF THE VARIOUS BULK/SURFACE MICROMACHINED RF INDUCTORSFABRICATED ON SILICON

a sacrificial metal mold has also been reported [45] and applied
to fabricate inductors [25], [27] and transformers [46].

In this paper, we report the thick-metal surface microma-
chining technology that we have developed recently [47], its
process details, and microwave measurement results of the fab-
ricated 3-D microstructure. This recent development is based
on the multiexposure single development (MESD) method re-
ported in [17] and [44]. In this paper, we have developed a new
fabrication process to improve the MESD method, so that we
can overcome the major drawback of the previous approach
(size limit in the suspended structure) and enable to build arbi-
trary shapes of highly suspended thick-metal microstructures.
This technology is fully CMOS compatible and can be inte-
grated as post-IC processes. In this paper, we report on the fabri-
cation technology as a viable construction tool enabling mono-
lithic integration of versatile 3-D metal microstructures suitable
for high-performance RF/microwave/millimeter-wave passive
components.

II. FABRICATION

Fig. 1 shows the original MESD method on which the new
fabrication technology in this paper is based [17], [44]. The
process starts with a substrate on which the bottom seed metal is
deposited. The bottom Cu electrode is then formed by the con-
ventional lithography with a thick photoresist followed by elec-
troplating. After removing the photoresist, another thick pho-
toresist is spun on the wafer. In Fig. 1(a), a two-step exposure

Fig. 1. Original MESD technology [17] process steps and the fabricated
solenoid structure. (a) Double exposure. (b) Single development. (c) Bridge
electroplating. (d) Photoresist removal. The bridge is completed by the lateral
overflow of the electroplated metal during the bridge electroplating.

is done on the photoresist using two different photomasks (each
mask has different exposure times) to leave a 3-D latent image.
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Fig. 2. Brief schematic presentation of the proposed 3-D thick-metal
surface micromachining technology. The 3-D photoresist mold and fabricated
metal structure have been presented for: (a) suspended spiral inductor and
(b) solenoid inductor. The process is simply composed of the 3-D photoresist
mold fabrication, metal filling in lower and upper recess regions, and removing
the photoresist mold.

After the single-step development, the 3-D photoresist mold is
revealed, as shown in Fig. 1(b). This is why we named this tech-
nology as MESD. Single-step electroplating is then employed to
form the single-body air bridges, as shown in Fig. 1(c). After re-
moving the photoresist and etching the seed metal, the solenoid
structure is obtained, as shown in Fig. 1.

The reason why we use the shallow exposure mask instead of
building the bridge directly on top of the photoresist is due to
difficulties in such a process. In order to form the electroplated
bridge on the top of the lower photoresist, we need to deposit an
additional seed metal layer on the lower photoresist prior to the
lithographystep todefine thebridgephotoresistmold.During the
second bridge mold lithography, the lower thick photoresist is li-
able to be deformed from the thermal cycle of photoresist baking,
resulting in significant degradation in the whole process yield.

In the original MESD method, the bridge is completed by
overplating (overflow of the electroplating), i.e., the bridge
metal is sequentially grown to fill holes, overflow laterally,
and finally form completely connected bridges. However, this
method has a limit in bridge length since overplating takes place
not only laterally, but also upwards equally. Therefore, very
limited application areas were unavoidable, such as small-size
solenoids [17]–[19] and 3-D nozzle plates in a monolithic
inkjet printhead [48].

Fig. 2 shows a schematic of the new 3-D thick-metal sur-
face micromachining technology. First, we make a 3-D pho-
toresist mold having arbitrarily shaped upper recess regions, as
shown in Fig. 2. Second, we fill both lower/upper recess regions
with metal. Finally, we remove the photoresist molds. The fab-
rication process of this structure is illustrated in Fig. 3. The
left-hand side of this figure shows the process steps for sus-
pended inductors, the right-hand side for solenoids. The cross-
sectional schematics in Fig. 3 correspond to those areas indi-

Fig. 3. Schematic cross-sectional views of the proposed fabrication process
flow for the suspended-spiral and solenoid inductors. (a) Double exposure.
(b) Single development. (c) Post electroplating. (d) Second seed metal
deposition. (e) Mechanical polishing of the topmost second seed metal and
upper electrode electroplating. (f) Removing the photoresist to release the
structure.

cated in Fig. 2. Note that the two posts in the solenoid are lo-
cated far from each other to show the difference explicitly from
the original MESD process.

Up to the steps in Fig. 3(b), the process is identical to the
original MESD method. The substrate is a 4-in standard silicon
wafer covered by 1-m-thick thermal oxide for electrical isola-
tion. The bottom seed metal is composed of 2000--thick Cu
over 200- -thick Ti, in which the Ti is utilized as an adhesion
promoter, as well as a diffusion barrier for Cu. The thickness
of the photoresist ranges from 10 to 65m depending on
spin-coating conditions. We have already reported the process
details for the high-aspect-ratio (10) lithography with a
20 90- m-thick AZ9262 photoresist from Clariant [49]. The
typical MESD process conditions can be found in [17].

Once the 3-D photoresist mold is fabricated, the lower recess
region is filled with the electroplated metal to form the posts in
Fig. 3(c). The Cu electroplating solution used in this study has
been reported in detail in [17]. The Cu electroplating has been
done at room temperature. Since the post electroplating is done
filling upward from the bottom of the lower recess region, we
can obtain fully filled robust posts.

After the post electroplating, second seed metal is deposited
on the entire wafer surface, as shown in Fig. 3(d). In order
to ensure the next electroplating occurs only in the upper re-
cess region, the topmost surface of the second seed metal is re-
moved. We have successfully removed the seed layer using me-
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chanical polishing. We have used a conventional polishing ma-
chine, which is commercially available and normally used for
preparing material specimen. The dashed line shown in Fig. 3(d)
indicates the boundary to which the mechanical polishing is
done. The polishing depth has been controlled by setting time
from the initial experiments. This little change makes the whole
process very different from the original work.

Next, another electroplating is performed to fill the upper
recess regions with metal, as shown in Fig. 3(e). Since all
second seed metal in the upper recess regions are electrically
connected to the bottom seed metal through the metal posts,
all the upper recess regions are simultaneously filled during
the electroplating. This makes it possible to obtain longer and
arbitrarily shaped suspended structures. Note that the upper
recess region should not be isolated, which means it must be
designed to overlap with at least one lower recess region in
order to be electrically connected to the bottom seed metal;
hence, to be electroplated.

Finally, the 3-D photoresist mold is selectively etched away
in acetone by wet immersion and the bottom seed metal is
etched for electrical isolation between devices. Since the bottom
seed metal is composed of Cu, which is the same material
as the structure, there has been a little loss in the structural
thickness during the seed-metal etching. However, the loss
is negligible. Now, the suspended structure is released, as
shown in Fig. 3(f).

III. RESULTS AND DISCUSSION

A. Process Variation and Manufacturability

As can be seen in Fig. 3(a) and 3(b), the suspension height of
the suspended metal structure is determined by the original pho-
toresist thickness minus the shallow-exposure depth. In order to
obtain the process variation of the suspension height, a couple
of considerations have been addressed. The uniformity of the
photoresist film thickness has been obtained within5% for a
single coating of the 90-m-thick photoresist over a 4-in wafer
excluding thick edge beads [17]. We have used a conventional
contact mask aligner, which has typical UV intensities of 10
and 15 mW/cm at 365- and 405-nm wavelengths, respectively,
with the light uniformity of 5% over a 6-in beam area. The
shallow-exposure depth has been controlled by exposure time
utilizing the characteristics that the development is stopped (sat-
urated) to a certain depth in the photoresist when the exposure
is insufficient. This has been well characterized, as can be seen
in Fig. 4(a). The shallow-exposure depth increases as the expo-
sure time gets longer in a common fashion regardless of the ini-
tial photoresist thickness, as shown in Fig. 4(b). Therefore, once
the initial photoresist thickness has been known, we can set the
shallow-exposure time according to the normalized character-
istic shown in Fig. 4(b). For example, we need one-third of the
full-exposure time to obtain one-half of the initial photoresist
thickness.

Fig. 5 shows the SEM microphotographs of the 3-D photore-
sist mold fabricated by the proposed MESD method. Although
we have utilized only a single intermediate level within the pho-
toresist, as shown in Fig. 3(b), Fig. 5(a) shows that we can ob-
tain dual intermediate levels within the photoresist by utilizing

Fig. 4. Lithographic development characteristics of the positive thick
photoresist AZ9262 [17] with: (a) various insufficient/sufficient exposure
times and (b) normalized exposure times. The shallow-exposure depth shows
a common fashion regardless of the initial photoresist thickness when the
exposure conditions are adequately normalized.

Fig. 5. SEM microphotographs of the 3-D photoresist mold fabricated by the
proposed MESD method. (a) Cross-sectional view showing dual intermediate
levels within a single-layer photoresist (relevant photomasks also illustrated).
(b) Perspective view showing very smooth intermediate-level surface of the
single-layer photoresist.
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Fig. 6. SEM microphotograph of the fabricated 10-�m-deep recess within the
single-layer photoresist.

the overlapped exposure. The relevant photomasks has been
shown in the figure as well. This may increase the 3-D versatility
of this technology for obtaining more complicated microstruc-
tures. Fig. 5(b) is provided to investigate the surface smoothness
of the intermediate level within the single-layer photoresist be-
fore the second seed metal is deposited. We have not observed
any changes in surface smoothness before and after the second
seed metal deposition. Note that the SEM specimen is already
coated by 500- sputtered Au as usual. Fig. 6 shows the mag-
nified cross-sectional view of the 10-m-deep recess within the
single-layer photoresist in which the recess region is made by
the shallow exposure and development. We have observed UV
intensification at the pattern edges that might come from the
scattering/diffraction phenomena at the edges, as can be clearly
seen in Fig. 6. As a pattern size shrinks down below 5m, the
shallow-exposure depth starts to deviate from the usual depth
and is decreased.

The polished surface of the topmost photoresist has been an-
other important issue to be investigated. In Fig. 7, the top surface
of the photoresist after polishing the second seed metal has re-
mained in good shape. No residue of the second seed metal has
been observed, no surface photoresist structure [20-m-deep
10- m-line/space structure in Fig. 7(a)] has been damaged and
the second seed metal on the bottom of the upper recess regions
has remained well.

Fig. 8 demonstrates the fabricated solenoid structure with
very long bridges, which clearly could not be made by the orig-
inal MESD process [17]. Also, the robust post structure can be
made. Note that, owing to the excellent planarization capability
of the sacrificial photoresist mold, we cannot observe any marks
of the bottom electrodes imprinted onto the upper suspended
electrodes. This was not the case in our previous work [45], in
which electroplated metal was used as the sacrificial layer, in-
stead of spin-coated photoresist.

The thickness of the suspended structure has been deter-
mined to ensure the structural robustness and RF performance.
According to our experiments, at least 10m in thickness
should be maintained in order to minimize any structural de-
formation during the fabrication process, as well as to achieve
a high quality factor. We have observed that the quality factor
( ) of the inductors starts to be saturated at the thickness of
10 m and there is little increment in beyond 15 m.

Fig. 7. Optical microphotographs of the polished photoresist surface taken
after the topmost second seed metal has been removed by the mechanical
polishing.

Fig. 8. SEM microphotographs of the fabricated solenoid structures.
(a) Bird’s-eye view. (b) Magnified view of the post structure. Such long bridges
can be successfully fabricated with robust formation of the posts.

The process variation in the electroplating thickness has been
achieved within 15% using a lab-made electroplating appa-
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Fig. 9. SEM microphotographs of the fabricated RF inductors and microwave/millimeter-wave transmission lines. (a) Spiral inductor suspended by 100�m over
the substrate fabricated using a repetition of the fundamental process shown in Fig. 3. (b) Vertical solenoid inductor. (c) Coplanar microstrip line(left-hand side)
and the same structure with a cover shield (right-hand side). (d) Microcoaxial transmission line with inclined shields.

ratus and solution. However, this can be improved by uniform
pattern distribution in the wafer and employing a commercial
electroplating machine and process. For RF inductor applica-
tions, the amount of the thickness variation corresponds to the
inductance variation of up to 3% [50].

We have obtained the whole process yield of over 90%
among 4000 inductors fabricated in the 4-in wafer in our
university fabrication facility, which makes the technology
fairly manufacturable. All the process temperature has been
below 120 C, which makes it possible to integrate our sur-
face-micromachined passive components onto the wafer that
has finished the IC process.

B. Structural Variations

Fig. 9 shows the SEM microphotographs of the various in-
ductors and transmission lines fabricated by using the proposed
technology. From all the structures in Fig. 9, one can see that
they have been easily shaped in many variations and suspended
flat, due to the excellent planarization capability of the sacrifi-
cial photoresist mold. The flat suspended lines also indicate no
internal stress gradient residing in the electroplated metal struc-
tures. All the suspended inductors have been successfully sup-
ported by only a few posts (typically two). In Fig. 9, we have
demonstrated spiral inductors suspended 100m over the sub-
strate, CPWs suspended 50m over the substrate, and compli-
cated microcoaxial lines, which has 50-m suspended center

signal lines surrounded by inclined ground shields of 100m in
height.

The multilevel microstructures in Fig. 9(a)–(d) have been
made by a repetition of the fundamental process shown in
Fig. 3. This demonstrates that our technology is versatile to
construct multilevel fairly complicated microstructures, such
as the 3-D microcoaxial transmission line with inclined shields
in Fig. 9(d). The inclined shield in Fig. 9(d) has been adopted
for enhancing the sacrificial photoresist etch, however, this is
not mandatory. Fig. 10 also illustrates schematic examples of
various 3-D transmission lines that can be constructed by this
technology.

C. RF/Microwave Measurement

Among the fabricated 3-D microstructures, the microcoaxial
transmission line shown in Fig. 9(d) has been electrically char-
acterized. The physical dimensions of the device are illustrated
in Fig. 11(a). The on-wafer microwave measurement has been
performed from 1 to 10 GHz using an HP8720C network
analyzer, coplanar ground–signal–ground (GSG) probes, and
a microwave probing station. The full two-port calibration
including short, open, load, and thru (SOLT) has been done
using a GGB Industries CS-5 calibration kit. 4-in glass and
low-resistivity (1 30 cm) silicon substrates were used
on which the identical microcoaxial transmission lines were
fabricated during the simultaneous run. For silicon substrate,
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Fig. 10. Schematic examples of various 3-D microwave/millimeter-wave
transmission lines, which can be realized by using the proposed 3-D
microconstruction technology. (a) Microstrip line. (b) Suspended coplanar
line. (c) Sidewall-shielded microstrip line. (d) Bottom-shielded suspended
coplanar line. (e) Coplanar microstrip line. (f) Sandwiched microstrip line.
(g) Semicoaxial line. (h) Microcoaxial line.

1- m-thick thermal oxide was covered for electrical isolation.
Note that the 100 m 125 m pads were not deembedded.
The simulated characteristic impedance of the microcoaxial
transmission line was 39 at the design stage. Fig. 11(b)–(d)
shows the measured effective dielectric constant, attenuation,
and return loss of the fabricated microcoaxial transmission
line, respectively, each of which shows the performance of
both on-glass and on-silicon devices for comparison. A very
low attenuation of 0.03 dB/mm at 10 GHz has been obtained
from the on-glass microcoaxial transmission line, whereas
0.24 dB/mm was observed from the on-silicon device. Also,
a very low and nearly flat effective dielectric constant of 1.6
for all measured frequency ranges has been observed from the
on-glass device, whereas 2.0 and greater was observed from
the on-silicon device. We believe that there will be much im-
provement on the performance of the on-silicon device should
the pad deembedding is performed since the pads occupy a
large area in intimate contact with the lossy silicon substrate.
Both devices have shown their return loss less than25 dB
up to 10 GHz, indicating very good matching with the current
device dimensions.

Since the structure height is very high compared with that
achievable from the conventional technologies and air is used
as a medium with the lowest dielectric constant, we can achieve
low ohmic loss (or attenuation) along with wider signal lines, a
low effective dielectric constant, and low radiation loss.

The RF performance of the suspended inductors fabricated
by this technology was reported elsewhere [51], however,

the representative data are listed in the right-most column
of Table I.

D. Mechanical Stability and Packaging

The suspended microstructures seem to be mechanically vul-
nerable at the first glance against shock and vibration. However,
we have observed several evidences showing that it is not true.
Note that in the micrometer regime, any gravity-related phe-
nomenon diminishes rapidly. This is why we cannot observe
any bending by the gravity within the freestanding microstruc-
tures in Fig. 9(a) and 9(b). Actually, MEMS structures utilize
this phenomenon actively. In this sense, Fig. 12 shows one ex-
ample. A 10 000-m-long meander line is suspended by 50m
above the substrate without any structural deformation and in-
stability. This structure has survived throughout all the standard
routine processes including dipping, rinsing, and blowing. Also,
occasional chip-dropping tests during the SEM photo job have
shown no damage in the suspended structure. In fact, the imper-
fect, vulnerable structure in Fig. 9(b) also has passed through the
fabrication and SEM jobs with negligible structural deforma-
tion. However, the structural robustness needs to be substanti-
ated by rigorous industrial mechanical reliability tests including
shock and vibration.

As one possible solution for the mechanical reliability and
packaging compatibility, we have investigated the encapsulation
of the suspended microstructure in silicone encapsulant. This
material is commercially available for use in reliable protection
of sensitive circuits and components (Sylgard 184 from Dow
Corning). The encapsulant has been spin coated into the
finished and freestanding microstructures. Fig. 13 shows the
encapsulant-embedded structure of the 1500-m-long line
suspended from the substrate by 50m. It is easily observed
(the encapsulant is transparent) that this structure maintains its
original shape without any deformation. This is because the
suspended-line microstructures can be considered as a bond
wire, which has been already proven to be well encapsulated
in the common plastic packaging. Note that Cu used as the
structural material in this study is more robust than Au of
which the bond-wire is made, and the structure in this study
has a comparable diameter to the bond wire. Sometimes people
utilize bond-wire inductors for achieving high- factors in
silicon RF ICs, which has a nominal vertical distance of 150

m from the substrate [52]. The most difficult problem in this
approach is the inductance variation and its reproducibility due
to the shape variation of the bond wire. Using our technology,
we can replace the bond-wire inductors with very accurately
shaped (since defined by lithography) reproducibly fabricated
and batch-fabricated high- suspended inductors, which are
also rigid enough to be safely encapsulated in conventional
encapsulating materials. Additionally, large pad areas (typically

80 m 80 m each) required in the bond-wired inductors can
be significantly saved in our proposed structure. However,
it is required to study the performance degradation after
encapsulation, which comes from the finite dielectric constant
and loss tangent of the encapsulation material. (e.g., the silicone
encapsulant has a dielectric constant of 2.65 and a loss tangent
less than 0.001).
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Fig. 11. Microwave characteristics of the fabricated microcoaxial transmission line shown in Fig. 9(d), fabricated on glass and standard silicon substrates. (a)
Schematic views. (b) Effective dielectric constant. (c) Attenuation. (d) Return loss of the microcoaxial transmission line.

Fig. 12. SEM microphotograph of the 10 000-�m-long 50-�m-suspended
meander line. This structure has survived throughout all the standard routine
processes such as dipping, rinsing, and blowing.

IV. CONCLUSIONS

The new thick-metal surface micromachining technology has
been developed with strong emphasis on structural robustness,
versatility, and reliability and CMOS compatibility and process
manufacturability. We have successfully fabricated various
microstructures for RF and microwave passives including
suspended spiral inductors, solenoid inductors, transformers,
suspended CPWs, and microcoaxial transmission lines at a
low temperature below 120C. The proposed technology can
extend the limit in the degree of freedom residing in the current
planar IC technologies and can enhance the performance of

Fig. 13. Optical microphotograph of the 1500-�m-long 50-�m-suspended
inductor microstructure embedded in the spin-coated transparent commercial
silicone encapsulant.

integrated RF ICs. Process variations, as well as structural
stability and packaging issues of the proposed technology, have
been discussed extensively with the details of fabrication pro-
cesses. We have demonstrated that this technology can provide
a viable manufacturing option for monolithic integration of
high-performance RF/millimeter-wave passive components.
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