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Abstract— Packaging of radio frequency (RF) microelectro-
mechanical system (MEMS) devices requires a good electrical
performance, and thus requires the parasitic effects of packaging
to be minimal. This paper presents the design, fabrication,
and characterization of improved low-loss wafer-level packaging
(WLP) platform with through-silicon-via (TSV) interposer for
RF-MEMS packaging. The insertion loss because of parasitic
effects is reduced using optimized grounding configuration and
surface passivation. The coplanar waveguide (CPW) test vehi-
cle, high-frequency antenna, RF tuner, and film bulk acoustic
resonator (FBAR) filter are fabricated and characterized using
the developed WLP platform with TSV. To determine the RF
performance of the package, the CPW transmission lines are
fabricated on high-resistivity Si substrates, and the grounding
configuration is optimized. The fabrication of the RF-MEMS
WLP involves the process of a TSV cap wafer and CPW
transmission lines or RF MEMS on the substrate wafer. TSV
cap process includes TSV etching, void-free TSV plating, and
redistribution layer postprocess on thin TSV wafer. The electrical
characterization of the fabricated devices is performed. The
optimized model has a wide bandwidth of 26.5 GHz and a
packaging loss of 0.1 dB at 10 GHz. This implies that the
effect of packaging on the performance of RF device is expected
to be minor. The developed WLP platform is used for the
94-GHz antenna, RF tuner, and FBAR filter packaging and the
characterization of RF-MEMS devices is presented.

Index Terms— Low loss, radio frequency
microelectromechanical system (RF MEMS), solder bonding,
through-silicon-via (TSV), wafer-level packaging (WLP).

I. INTRODUCTION

WAFER-level packaging (WLP) of CMOS imager sen-
sors and microelectromechanical system (MEMS)

devices has gained much attention recently, along with the
3-D stacking of die with through-silicon-vias (TSVs) inter-
connects [1], [2]. For the 3-D integration of MEMS devices,
the packaging is required to have a small footprint. In addition,
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packaging for MEMS devices requires the parasitic effects
of packaging to be minimal on the MEMS performance,
especially on the radio frequency (RF) characteristics [3].
Hence, WLP with low insertion loss is a promising solution
for the MEMS device packaging and 3-D integration.

WLP (also called zero-level packaging) for MEMS devices
was widely reported, where a cap substrate was bonded to the
substrate containing the MEMS devices [4]. WLP includes
wafer-level capping and formation of electrical contacts on
the wafer level. The wafer capping serves to protect the
MEMS devices before dicing, increases yield, and reduces
cost, sometimes also requires hermetic or vacuum sealing
for certain applicationsPlease check whether the preceding
sentence conveys the intended meaning. The sealing method
is typically using bisbenzocyclobutene (BCB), solder or frit
glass [5]–[8] to ensure that the packaging is reliable and
ease of the fabricate process. To achieve 3-D system inte-
gration through stacked die packages, TSV interconnects are
well recognized as a good solution for 3-D integration in
either chip-level packaging or WLP. Compared with stacked
packages, this technology presents greater functionality and
significantly reduced package profile and interconnects length,
thereby leading to an enhanced electrical performance over a
chip area [9], [10].

There are more requirements for the packaging of high-
performance MEMS devices, especially RF-MEMS devices,
besides normal requirements such as encapsulated in a
hermetic environment to provide protection to the internal
circuits from the surrounding elements (humidity and
contaminants) [11]. These packages are required to exhibit
minimum insertion loss, wideband, excellent match, and
good isolation between the ports [3], [12]–[14]. There are
several recent successful efforts to package these low-loss
and high-quality factor RF-MEMS devices using wafer
capping and planar and vertical feedthroughs [15]–[17]. The
bandwidth and insertion loss of these packages are limited by
the thru-substrate vias, bond wires, package resonances, and
in-package interconnects. Generally, the following criteria are
used in the development of a package compatible with these
RF-MEMS devices: 1) the package must not significantly
degrade the RF performance of the MEMS devices (insertion
loss <1 dB, up to 110 GHz operation); 2) interconnects
should enable dense packaging of low-loss RF circuits
(state-of-the-art line loss and high isolation); 3) the package
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must allow reliable operation of MEMS devices (full range of
motion, near-hermetic environment, and controlled ambient);
and 4) process technologies must be compatible with a variety
of MEMS and CMOS technologies on a wafer scale.

High-resistivity silicon (HR-Si) wafer is foreseen as a
promising substrate for RF integrated circuits (RFIC) and
mixed signal applications [18], [19], but it is known to
suffer from surface effects and resistivity degradation near
the insulating oxide. Indeed, charges within the oxide attract
free carriers near the substrate surface, reducing the effective
resistivity seen by coplanar devices and increasing substrate
losses. Such parasitic surface conduction can be reduced or
even suppressed if the silicon substrate is passivated before
oxidation with a trap-rich, highly resistive layer. This was
successfully achieved using low-pressure chemical vapor-
deposited (LPCVD) polysilicon (polySi) and amorphous sil-
icon (a-Si) in [20]–[22], respectively. Thus, the method of
surface passivation between the HR-Si/silicon-on-insulator and
oxide was believed to reduce the resistivity degradation and
parasitic effect by substrate resistivity of RFIC or microwave
devices caused. Such passivation, however, was not reported
for the low-loss packaging of RF-MEMS devices in addition
to the RFIC and microwave devices.

In this paper, a WLP structure that uses surface-passivated
HR-Si and TSVs in the cap wafer for electrical connection is
proposed for a low-loss broadband RF-MEMS device packag-
ing. To determine the RF characteristics of the package with
surface-passivated HR-Si and different grounding configura-
tions, the coplanar waveguide (CPW) transmission lines are
fabricated on HR-Si substrates. The grounding configuration
for the package structures are based on actual RF-MEMS
device layouts, which include test pads for dc biasing. With
the transition, a 94-GHz antenna is also designed together with
the CPW test vehicles and characterizes the insertion loss
after fabrication. The fabrication of the WLP structure with
TSV interconnects and AuSn bonding for hermetic sealing is
developed. The WLP structure with optimized grounding con-
figuration design is then used as a platform for the packaging
of RF tuners and film bulk acoustic resonator (FBAR) filters.
Finally, the electrical characterization is carried out on the
fabricated devices.

II. DESIGN OF WLP WITH TSV

The cross section of proposed test vehicle for packaging
RF-MEMS devices is shown in Fig. 1. This cross section
shows only one MEMS die package sealed to TSV cap,
and there are multithousands (depending on die size and
wafer size) of MEMS die packages across one whole wafer.
Solder sealing and TSVs in the cap wafer are used to achieve
electrical connection while encapsulating the MEMS device.

With the TSVs locate within the boundary of the sealing
ring, a small form factor can be achieved with the proposed
test vehicle. Although literature exists on designing packages
for RF devices [17], [23], to the best of our knowledge, none
has considered package design based on the actual layout of
a RF-MEMS device until now. This paper seeks to minimize
the package loss by optimizing the grounding configuration of

HRSi Substrate

TSV

Sealing ring

CAP Wafer

Cap-wafer transition

Fig. 1. Test vehicle for RF-MEMS WLP with TSV.

Sealing ring

Test pads
(dc biasing)

RF MEMS device

Fig. 2. Design layout of typical RF-MEMS package with TSV.

the package. The package configuration is based on an actual
RF-MEMS layout with test pads for dc biasing, which was not
considered in previous literature. The RF performance of the
package is ascertained through transmission lines designed on
HR-Si substrates (>1000 � cm).

A. Design of Grounding Configuration

A design layout of typical RF-MEMS package is shown in
Fig. 2. To determine the package performance, the RF-MEMS
device is replaced with a test vehicle of CPW transmission line
for the ease of device fabrication. The optimized grounding
configuration for WLP structure will later be applied to the
packaging platform for RF-MEMS devices. As shown in
Fig. 2, the overall structure involves multiple ground planes.
As such, ensuring for proper ground return paths becomes
paramount for the package to operate up to high frequencies.
In optimizing the grounding configurations, four different
models are considered. Fig. 3(a) shows a typical CPW-to-
CPW transition in a back-to-back configuration (Model 1). In
subsequent Models 2 and 3, the grounding vias are gradually
increased in the lateral dimension. The optimum configuration
is shown in Model 4 of Fig. 3(d), where the grounding is
closest to the signal for the return current path (least induc-
tance). The overall length of the model is 2 mm, including
two TSV transitions. The CPW line is 1-mm long. The TSV
pitch is 350 μm with via diameter of 100 μm. The other key
parameters pertaining to the test vehicle are shown in Table I.

B. Mechanical Modeling

To validate the mechanical concerns for the grounding
design and locations of bonding pads and TSVs, mechanical
modeling is used. Finite element modeling (FEM) is performed
to understand the cap warpage and bonding stress because
of solder packaging processes [24]. The simulation is per-
formed to identify the regions of high stress concentration in
the MEMS-capped package and therefore design the proper
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(a) (b)

(c) (d)

DC bias pads

Fig. 3. (a)–(d) TSV Models 1–4 with different TSV grounding configurations.

TABLE I

PARAMETERS OF RF-MEMS TEST VEHICLE

Parameters Value

Cap wafer thickness 300 μm

Sealing-ring height 8–9 μm

Substrate thickness 725 μm

Substrate resistivity 1 k–10 k� cm

Sealing-ring width 100/200 μm

Redistribution layer (RDL) thickness 1.5 μm

Fig. 4. Equivalent creep strain distribution in the solder joint.

bond pad location. A FEM is built to simulate the thermal–
mechanical reliability of the AuSn bonded wafers, as shown
in Fig. 4. In this model, the MEMS package is mounted to
a printed circuit board by adhesive to perform the thermal
cycling (TC, −40 °C–125 °C) on board test. From the simu-
lation, we find that the solder bump is the most critical part
in terms of reliability. As shown in Fig. 4, the maximum
equivalent creep strain occurs at the upper left corner (cap
wafer side) of the solder bump.

The stresses in the package after bonding are also inves-
tigated. This is important for the determination of the bond
pad layout design rule and guidelines for tapeout of actual
devices. The simulation results show that the maximum von
Mises stress (σvm) is observed at the passivation–copper trace
interface below the copper TSV. The contraction of the Cu

(a) (b)

Fig. 5. (a) and (b) von Mises stress (σvm) contour plot—because of
compressive stress in Cu, bonding pad should be offset to TSV to avoid
delamination.

TSV (shift inward by 98 nm) during cooling down from
280 °C to 25 °C has pulled the copper traces inward. This
causes a high stress concentration in the copper traces, as
shown in Fig. 5(a). Such high stress at TSV corner should
be avoided to impact the bonding pad, which is also slightly
deformed and presented high stress concentration at bond
pad corner after the bonding process. From Fig. 5(b), the
stress contour shows clearly that copper traces nearer to the
AuSn bond pad is undergoing tensile stress, and the copper
traces nearer to the TSV is undergoing compressive stress. To
minimize the effects of stress concentration at area of Cu TSV
to AuSn bond pad after bonding (temperature loading from
280 °C to 25 °C), an offset distance is necessary between
the bond pad to Cu TSV. The offset distance is increased
from 200 to 425 μm, and the simulation results show that
the stress in the AuSn bond and copper trace has reduced
by 28.3% (from 213 to 152 MPa) and 3.3% (from 121 to
117 MPa), respectively. Therefore, the effect of the contraction
of the TSV pulling the copper trace and deformed the AuSn
bond is lesser as the offset distance is increased. To avoid
the high stress concentration of bond pad because of Cu TSV
contraction, the offset distance between AuSn bond pad and
Cu TSV is necessary and preferred to be 200 μm or bigger.

III. FABRICATION PROCESS

The fabrication of the test vehicle for RF-MEMS packaging
involves a TSV cap wafer process and CPW transmission lines
or RF-MEMS devices process on the substrate wafer. CPW test
vehicle is used for the determination of RF characteristics of
the WLP structures and grounding configuration optimization.

A. CPW Test Vehicle Fabrication

The fabrication of CPW is a simple two-mask process:
transmission line and bonding metallization. To verify the
surface-passivation effect on reducing the resistivity degrada-
tion, three different types of passivation are used in HR-Si
substrate (>1000 � cm). LPCVD is used to deposit a layer
of a-Si layer on Wafers 1 and 2 at 525 C. The silicon is then
crystallized by rapid thermal anneal during 120 s at 900 °C on
Wafer 1 only. For all wafers, the deposited silicon thickness
is 300 nm (as in [21]) and a 500-nm-thick covering oxide
is deposited by plasma-enhanced chemical vapor-deposition
at low temperature (< 350 °C) to avoid crystallization of
the deposited a-Si. The same oxide is also deposited on an
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Fig. 6. Process flow of TSV cap wafer and wafer bonding. (a) Via etching.
(b) TSV filling and front-side RDL. (c) Backside via revealing. (d) Backside
RDL. (e) Backside cavity etching. (f) UBM and solder. (g) Wafer bonding.

unpassivated substrate (Wafer 3), which serves as a reference
wafer. A 1.2-μm-thick aluminum layer is also deposited and
patterned to form CPWs. The wafers are then received a met-
allization with thick AuSn under bump metallization (UBM)
solder metal that would be used for the bonding to the TSV
cap wafer.

B. TSV Interposer Wafer Fabrication

Fig. 6 shows the cap wafer process flow of the WLP
structure with TSV. 725-μm-thick 8-in HR-Si wafers are used
in the process, and all the fabrications are done in our 8-in Fab.
Fig. 6(a) shows that the cap wafer is first etched with tapered
vias by SPTS ion coupled plasma (ICP) deep reactive ion
etching (DRIE) (SPTS ICP DRIE) and passivated with thermal
oxide by furnace. In Fig. 6(b), the vias are fully filled with
copper by electroplating, and then the top-side Cu RDLs is
fabricated and passivated with silicon nitride. Fig. 6(c) shows
that the cap wafer is grinded from backside to expose the
vias, and then is passivated again. In Fig. 6(d), the backside Cu
RDL is fabricated and passivated with silicon nitride. Fig. 6(e)
shows that a cavity is fabricated by DRIE to accommodate the
MEMS devices (the cavity may not be etched if there is no
protruding structures in MEMS substrate wafer). In Fig. 6(f),
UBM/sealing-ring AuSn solder is fabricated on the bonding
side of both wafers. Fig. 6(g) shows that the cap wafer is
bonded to the CPW or MEMS substrate wafer using AuSn
eutectic bonding.

The critical process of the WLP integration lies in the
TSV interconnects and double-side RDL. In a common TSV
process, the via interconnection is basically formed by blind-
via drilling, sidewall insulation, seed-layer deposition for metal
plating, metal filling/plating, and seed-layer etch back [25],
[26]. When a TSV process is carried out from the active side

Fig. 7. SEM image of fabricated TSV (∼300-μm deep), after straight etching
and tapered etching.

Fig. 8. SEM image of Ti/Cu seed on the sidewall of vias.

of the wafer, the backside grinding will be the last step for
thinning the wafer down to exposing the filled conductive
metal within the via holes at a desired thickness. The approach,
however, consists of major technical challenges in the yield
and the processibility of the TSVs. One of these is to perform
high-aspect-ratio electrodeposition of a seed metal layer onto
the via sidewalls with a better deposition rate or coverage [27].
In addition, introducing a high-aspect-ratio metal filling in the
via holes results in a possibility of void forming in the vias,
therefore leading to yield and reliability issues, even to the
RF characteristics. To avoid void formation, good wettability
of via surface and uniform current density distribution across
the via depth together with proper plating current [28] are the
essential considerations for TSV void-free plating.

We develop a two-step DRIE process of straight etching plus
isotropic etching to get a tapered via profile, which ensures a
good sidewall coverage of seed layer with sputtering. Fig. 7
shows the scanning electron microscopic (SEM) image of
the fabricated vias, after the two-step tapered etching in ICP
DRIE system. The dimensions of TSV are 300 μm in depth,
60 μm in diameter at via bottom, and 90 μm in diameter at
via opening. The aspect ratio of the via (depth-to-width of
via) is ∼5:1. The vias are then passivated with 1-μm thermal
oxide to form the plating insulation layer between TSVs and Si
substrate. The Ti/Cu seed layer is deposited onto the sidewall
of the vias using Tango sputtering system, and the images
of seed-layer step coverage are shown in Fig. 8. The cross-
sectional SEM images show that the minimum thickness of
deposited seed layer is at the via bottom. The thickness of
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(a) (b) 

Fig. 9. X-ray images of different plating currents and times. (a) 0.7 A for
10 h. (b) 0.35 A for 12 h and 0.7 A for 4 h.

(a) (b) 

Fig. 10. Full-via-plated Cu TSV. (a) X-ray. (b) Cross-sectional polished
image.

seed layer at via bottom is ∼200-nm thick, which is sufficient
comparing with the essential seed thickness of 30–50 nm for
electroplating process.

The full-via TSV Cu electroplating process is done in Rena
plating system. The acid-based Cu plating bath contains Cu
sulfate (CuSO4), sulfuric acid (H2SO4), chloride ions (Cl−)-
based electrolyte, and organic additives. The additives consist
of accelerator (A), suppressor (S), and leveler (L). The addi-
tives are basically used to achieve desired Cu grain structures
and properties, for example, bright appearance, fine grain,
and good ductility [29]. State-of-the-art of Cu electroplating
often faces the challenge of plating high-aspect-ratio holes or
trenches (micrometer size or smaller) with a uniform thick-
ness, which is also the major challenge for our aspect ratio
of 5:1 300-μm-deep TSV plating. Therefore, the additives
(A, S, and L) and processing parameters, such as current
density and time, need to be specially formulated to achieve a
conformal deposition. S is perhaps the most critical additive in
the bath to achieve the defect-free via plating, which helps to
suppress the deposition to happen mostly from the via bottom.
The ratio of organic additives A:S:L is tuned to be 3:10:7
based on the recommendations of the chemical supplier. In
addition to additives, we have also tried quite a number of
combinations of plating current and time steps to develop the
void-free full-via plating. Fig. 9(a) shows the X-ray image of
plating with current of 0.7 A for 10 h, which presents big voids
at the via bottom. Fig. 9(b) shows the X-ray image of plating
with current of 0.35 A for 12 h and 0.7 A for 4 h, which still
presents voids. With optimized chemistry and multistep plating
with different currents (0.2 A for 3 h, 0.4 A for 15 h, and 0.8 A
for 2 h sequentially), we have eventually achieved the void-
free Cu TSV plating, as shown in Fig. 10. The 0.2-A plating
is used for the slow and conformal deposition to enhance the
thickness of seed metal and initial metal layer growth; and the

Fig. 11. Wafer-bonding profile for AuSn solder. Bonding temperature is
280 °C and force is 10 kN.

Fig. 12. Optical whole view of packaged wafers and X-ray zoom-in scan.

moderate current 0.4-A plating with long time is used for the
intermediate metal deposition to fill the via bottom and most
volume of the via; and the high current 0.7 A is used for the
fast deposition, which is usually overplated to ensure the fully
closure of the via. Fig. 10 shows the X-ray scanning image
and optical cross-sectional polishing of the full-via-plated Cu
TSV, which are void free.

C. AuSn Transient Liquid Phase Bonding

In the cap wafer, double-side RDL and dielectric passivation
are processed to realize the TSV interconnection from the bot-
tom to the top of the cap. Wafer-level capping is achieved with
optimized AuSn transient liquid-phase bonding method with
void-free sealing ring. AuSn bonding has the advantages such
as low or without outgassing from the thin solder layer, easy
controls of bonding ring, and can withstand high temperature
after bonding as all of the solder material would be converted
into high temperature intermetalic compound (IMC). That is to
say, once the low melting temperature 232 °C Sn solder is fully
converted into IMC including AuSn and Au5Sn, the remelting
temperature of IMC would be much higher than 400 °C and
thermally very stable. Another important advantage of bonding
with solder material is that electrical feedthrough can be
formed simultaneously with the wafer bonding [6]. The force
and temperature profiles of AuSn solder bonding is shown
in Fig. 11. The bonding is performed in EVG 520 bonder at
280 °C with 10-kN bonding force for 30-min bonding soak
time.

IV. CHARACTERIZATION RESULTS

Fig. 12 shows the whole view of the packaged TSV cap
wafer (on top) and MEMS device wafer (at bottom), and
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Fig. 13. Cross section of package structure with TSV and sealing-ring solder.

Fig. 14. Schematic view of die shear testing on bonded samples.

TABLE II

SHEAR STRENGTH TEST RESULTS FOR CHIP SIZE OF 4.5 × 4.5 mm AND

SEALING-RING WIDTH OF 200 μm

Shear
Strength

Die 1
(MPa)

Die 2
(MPa)

Die 3
(MPa)

Die 4
(MPa)

Average
(MPa)

Top 26.35 38.36 25.42 48.55 34.67

Bottom 26.91 29.24 37.13 31.45 31.18

Left 30.09 28.39 28.31 34.45 30.31

Right 35.51 25.07 35.11 29.14 31.21

Centre 22.94 16.18 19.42 23.31 20.46

Average 29.57 MPa, (σ = 7.11 MPa)

X-ray zoom-in scan of packaged MEMS wafer with TSV
cap wafer. After packaging, the bonded wafers are diced into
small chips and inspection of AuSn bonding is performed.
Fig. 13 shows the cross-sectional view of the bonded cap and
substrate wafer, with TSV interconnects and AuSn solder. The
thick AuSn solder forms the IMC after bonding process. The
close-up shows the Cu TSV filling, and there are no voids or
delamination observed in the via or the interface between the
copper and barrier layer.

A. Bonding Strength Test

The bonding strength of AuSn solder is characterized using
die shear stress testing with DAGE-Series-4000-T instrument.
The experiment setup scheme of die shear testing is shown in
Fig. 14 and the shear strength results are shown in Table II.
The die shear strength of AuSn bonding is measured with
an average of 29.57 MPa for different die locations across
one whole bonded wafer. This shear strength is much higher
than industry standard requirement (Mil-Std-883: ∼6 MPa)
and high enough for most consumer electronics applications.

TABLE III

HELIUM LEAKAGE TEST AFTER RELIABILITY TESTS

Reliability Test Sample Leak (atm·cc/sec)

TC: −40 to 125 °C for 1000 cycles

1 1.1 × 10(−9)

2 1.0 × 10(−9)

3 1.3 × 10(−9)

TH: 85% relative humidity
(RH) @ 85 °C for 1000 h

4 1.5 × 10(−9)

5 3.3 × 10(−9)

6 1.1 × 10(−9)

HTS: 150 °C for 1000 h

7 2.7 × 10(−9)

8 1.1 × 10(−9)

9 2.5 × 10(−9)

PCT: 121 °C, 100% RH

10 1.9 × 10(−9)

11 1.4 × 10(−9)

12 1.5 × 10(−9)

B. Reliability and Hemerticity Test

Some bonded samples are sent for different reliabil-
ity tests, including TC, temperature humidity (TH) bias
test, high-temperature storage (HTS), and pressure cook
test (PCT). The conditions of different reliability tests are
shown in Table II. After the reliability test, the samples
are inspected with C-mode scanning acoustic microscope
(CSAM) to check the voids formation and helium leak
test to check hermeticity. Hermeticity test of AuSn pack-
aging is done with the helium fine-leak tests. The cavity
volume of the sample is < 0.05 cm3 but > 0.001 cm3,
and according to MIL-STD-883, the leakage limit is
< 5.0E-8 atm cc/s [30], [31]. The specification prescribed by
the MIL-STD-883E method 1014.9 standard is employed for
analyzing the hermeticity of the sealed cavities.

The hermeticity test consists of two steps: helium bombing
and helium leak rate detection. The test begins by placing the
samples in a chamber filled with helium gas at a pressure of
75 Psia for an exposure time over 2 h (helium bombing). Then,
the samples are unloaded from the bombing chamber followed
by helium leak detector using a mass spectrometer. The dwell
time that is defined as the time efflux between unloading from
the bombing chamber and end of the leak test is 1 h or less.
As shown in Table III, all samples show the helium leakage
rate of < 5.0E-9 atm cc/s that is ten times smaller than the
reject limit and proved the sealing is hermetic.

C. Electrical Characterization of CPW Test Vehicle

After singulation of the individual test vehicle devices,
the designed different models are characterized. The wafer-
level testing is done with Anritsu ME7808B broadband vector
network analyzer and 110-GHz Semiautomatic Suss MicroTec
PA300PS probe station. Fig. 15(a) and (b) shows some of the
fabricated designs. RF measurements are performed from 0.1
to 40.1 GHz, with 201 data points. A short-open-load-through
calibration is done using Infinity GSG-250-μm probes. Ini-
tially, the measurement of insertion loss of CPW with different
schemes of surface passivation on HR-Si substrates and the
S21 before packaging are shown in Fig. 16. The passivation
Scheme 1 with polySi plus oxide passivation shows the smaller
insertion loss than Scheme 2 with a-Si plus oxide passivation,
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(a) (b)

Fig. 15. (a) View of cap wafer and 1-mm line. (b) X-ray of TSV Model 4.

Fig. 16. Insertion loss measurement of CPW with different surface passiva-
tion before packaging.
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Fig. 17. Measured insertion loss for TSV Models 1–4.

and Scheme 3 with only oxide passivation shows the biggest
insertion loss and also significant higher than Scheme 1 and
2. Thus, a-Si and polySi can significantly enhance the surface
passivation on HR-Si substrate and reduce the insertion loss.
The optimized surface passivation with polySi is then applied
to the device wafer fabrication.

The CPW test vehicles with different designs of grounding
configuration are characterized as well. From the measured
results of fabricated CPW shown in Fig. 17, a slight resonance
is observed at 13 GHz for Model 1. Improving the grounding
further extends the resonance to 16 and 17 GHz (Models 2
and 3). The insertion loss S21 for Model 4 yields a wideband
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Fig. 18. Correlation of results for TSV Model 1.

0            5         10          15        20         25         30         35         40
Freq (GHz)

0

-2

-4

-6

-8

-10

In
se

rti
on

 L
os

s 
(d

B
)

Measurement

Simulation

Fig. 19. Correlation of results for TSV Model 4.

3-D package with a bandwidth up to 26.5 GHz. In a general
trend, good correlations are obtained between measurement
and simulation results (Figs. 18 and 19). The mismatch might
be because of the material and manufacturing tolerance, as
well as the probe-connector mismatch. The presence of surface
charges is another reason, especially at higher frequency.
The correlation could be improved by considering higher
conductivity values of the HR-Si used for the substrate and
cap, because of the presence of surface charges [32].

With respect to Model 4, the measured insertion loss is
0.6 and 0.7 dB at 2.5 and 10 GHz, respectively. Through
considering the loss of a CPW line of the same length, the
de-embedded insertion loss per TSV transition is 0.04 and
0.05 dB at frequencies of 2.5 and 10 GHz (Fig. 20). Therefore,
the packaging-induced insertion loss of test vehicle Model 4
with two TSV transitions is 0.08 and 0.1 dB at frequencies of
2.5 and 10 GHz, respectively, which is considered to be very
small.

V. APPLICATIONS IN RF DEVICES PACKAGING

A. Packaging of a 94-GHz Antenna

In the CPW test vehicles, a few CPWs are used to design
a CPW-to-microstrip aperture coupled antenna [33] operating
at 94 GHz and fabricated and bonded with wafer containing
the TSV transition. The energy is coupled electromagneti-
cally from the CPW feed to the patch antenna. The design
is performed with the aid of a 3-D electromagnetic simu-
lator ANSOFT high frequency structural simulator (HFSS)
(ANSOFT HFSS), Fig. 21 shows the 3-D model, optical image
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Fig. 20. Measured insertion loss before and after packaging
(TSV Model 4).

Aperture Coupled Antenna

TSVs

Probe Pads

TSVs
Aperture Coupled Antenna

(a) (b)

Fig. 21. (a) Antenna design. (b) Fabricated antenna (top view).

Fig. 22. Return loss of millimeter-wave antenna.

of fabricated device, and simulated and measured results of an
antenna with dimensions of 550 × 260 μm.

The antenna performance is measured by probing on the
pads on the top metal layer (cap wafer) via CPW feed
line through the TSV transition, which is joined to a slot-
line section positioned underneath the patch. The device is
characterized from 60 to 110 GHz using line-reflect-reflect-
match calibration and 100-μm pitch probes. Fig. 22 shows
the measured the results of the antenna device with impedance
bandwidth of −10 dB from 86 to 100 GHz. A correlation trend
is achieved between simulation and measured results from 60
to 75 GHz, with a maximum gain of 2.9 dBi.

B. Packaging of FBAR Filter and Impedance Tuner

The developed WLP structure with low packaging loss is
applied as a platform for the RF-MEMS devices packaging.

Fig. 23. Cross-sectional schemes of FBAR filter and impedance tuner.

Fig. 24. SEM images of fabricated RF tuner and FBAR devices after release.

Fig. 25. RF characteristics of FBAR bandpass filter before and after bonding.

Fig. 26. RF characteristics of impedance tuner before and after bonding,
frequency sweep 0.2–8.5 GHz.

Two types of RF-MEMS devices, impedance tuner and thin
FBAR bandpass filter are fabricated and WLP is performed
with TSV interposers. Fig. 23 shows the cross-sectional
scheme of FBAR filter and impedance tuner. The SEM images
of fabricated FBAR filter and impedance tuner are shown in
Fig. 24.

The devices are characterized for the RF performance that
is followed by the WLP of device wafer using AuSn eutectic
bonding with TSV cap wafers. The probing is performed on
the front-side metal pads thru the TSV interposers to measure
the RF performance of bottom MEMS devices. Fig. 25 shows
measured RF characteristics of FBAR filter before and after
bonding, respectively. It can be observed that loss caused by
packaging is very small. The center frequency, bandwidth, and
loss in passband of the FBAR bandpass filter after WLP are
measured ∼2.19 GHz, 60 MHz, and ∼−17 dB, respectively.
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The impedance tuners performance is evaluated by mea-
suring the impedance of device at various dc bias voltages.
The application of dc voltage on the actuator results in a
change in the capacitance which in turn results in a change of
total impedance of tuner device. Fig. 26 shows the impedance
characteristics for the frequency range 0.2 – 8.5 GHz, before
and after bonding, respectively. The measured results show
appreciable change in the impedance of the tuner device. The
impedance measured at 2.45-GHz frequency with dc bias of
0 and 15 V are 27 and 22 �, respectively. This shows that
packaging is successful and the impedance is tunable. These
results also show the possibility of designing an impedance
tuner that can be tuned over a continuous range, using only a
few control signals.

VI. CONCLUSION

As conclusion, a low-loss wideband WLP platform with
TSV was successfully designed, fabricated, and characterized
for RF-MEMS packaging. Through optimizing the grounding
configuration in the TSV interposer, low loss and wideband
packaging were achieved. To the best of our knowledge, this
was the first time the RF performance before and after packag-
ing based on actual RF devices in a TSV package was studied.
The TSV interposer was demonstrated here as an enabling
platform to package different MEMS devices. PolySi and
a-Si surface passivation were used on HR-Si substrate and the
insertion loss was greatly reduced comparing with oxide-only
passivated substrate. With the combination of TSV interposer
design and surface passivation, a bandwidth of 26.5 GHz
and an insertion loss of 0.1 dB at 10 GHz were measured
in the CPW test vehicle after packaging. With the platform
of TSV transition and surface-passivated HR-Si substrates,
some RF devices including 94-GHz antenna, FBAR filter,
and impedance tuner were fabricated and demonstrated the
packaged device performance. The developed WLP platform
with TSV was also ready for inertial MEMS packaging that
was less demanding. The WLP platform can be used for
3-D integration of MEMS and application-specified integrated
circuit devices as well.
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Low-Loss Broadband Package Platform With
Surface Passivation and TSV for Wafer-Level

Packaging of RF-MEMS Devices
Bangtao Chen, Vasarla Nagendra Sekhar, Cheng Jin, Member, IEEE, Ying Ying Lim, Justin See Toh,

Sanchitha Fernando, Member, IEEE, and Jaibir Sharma

Abstract— Packaging of radio frequency (RF) microelectro-
mechanical system (MEMS) devices requires a good electrical
performance, and thus requires the parasitic effects of packaging
to be minimal. This paper presents the design, fabrication,
and characterization of improved low-loss wafer-level packaging
(WLP) platform with through-silicon-via (TSV) interposer for
RF-MEMS packaging. The insertion loss because of parasitic
effects is reduced using optimized grounding configuration and
surface passivation. The coplanar waveguide (CPW) test vehi-
cle, high-frequency antenna, RF tuner, and film bulk acoustic
resonator (FBAR) filter are fabricated and characterized using
the developed WLP platform with TSV. To determine the RF
performance of the package, the CPW transmission lines are
fabricated on high-resistivity Si substrates, and the grounding
configuration is optimized. The fabrication of the RF-MEMS
WLP involves the process of a TSV cap wafer and CPW
transmission lines or RF MEMS on the substrate wafer. TSV
cap process includes TSV etching, void-free TSV plating, and
redistribution layer postprocess on thin TSV wafer. The electrical
characterization of the fabricated devices is performed. The
optimized model has a wide bandwidth of 26.5 GHz and a
packaging loss of 0.1 dB at 10 GHz. This implies that the
effect of packaging on the performance of RF device is expected
to be minor. The developed WLP platform is used for the
94-GHz antenna, RF tuner, and FBAR filter packaging and the
characterization of RF-MEMS devices is presented.

Index Terms— Low loss, radio frequency
microelectromechanical system (RF MEMS), solder bonding,
through-silicon-via (TSV), wafer-level packaging (WLP).

I. INTRODUCTION

WAFER-level packaging (WLP) of CMOS imager sen-
sors and microelectromechanical system (MEMS)

devices has gained much attention recently, along with the
3-D stacking of die with through-silicon-vias (TSVs) inter-
connects [1], [2]. For the 3-D integration of MEMS devices,
the packaging is required to have a small footprint. In addition,
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packaging for MEMS devices requires the parasitic effects
of packaging to be minimal on the MEMS performance,
especially on the radio frequency (RF) characteristics [3].
Hence, WLP with low insertion loss is a promising solution
for the MEMS device packaging and 3-D integration.

WLP (also called zero-level packaging) for MEMS devices
was widely reported, where a cap substrate was bonded to the
substrate containing the MEMS devices [4]. WLP includes
wafer-level capping and formation of electrical contacts on
the wafer level. The wafer capping serves to protect the
MEMS devices before dicing, increases yield, and reduces
cost, sometimes also requires hermetic or vacuum sealing
for certain applicationsPlease check whether the preceding
sentence conveys the intended meaning. The sealing method
is typically using bisbenzocyclobutene (BCB), solder or frit
glass [5]–[8] to ensure that the packaging is reliable and
ease of the fabricate process. To achieve 3-D system inte-
gration through stacked die packages, TSV interconnects are
well recognized as a good solution for 3-D integration in
either chip-level packaging or WLP. Compared with stacked
packages, this technology presents greater functionality and
significantly reduced package profile and interconnects length,
thereby leading to an enhanced electrical performance over a
chip area [9], [10].

There are more requirements for the packaging of high-
performance MEMS devices, especially RF-MEMS devices,
besides normal requirements such as encapsulated in a
hermetic environment to provide protection to the internal
circuits from the surrounding elements (humidity and
contaminants) [11]. These packages are required to exhibit
minimum insertion loss, wideband, excellent match, and
good isolation between the ports [3], [12]–[14]. There are
several recent successful efforts to package these low-loss
and high-quality factor RF-MEMS devices using wafer
capping and planar and vertical feedthroughs [15]–[17]. The
bandwidth and insertion loss of these packages are limited by
the thru-substrate vias, bond wires, package resonances, and
in-package interconnects. Generally, the following criteria are
used in the development of a package compatible with these
RF-MEMS devices: 1) the package must not significantly
degrade the RF performance of the MEMS devices (insertion
loss <1 dB, up to 110 GHz operation); 2) interconnects
should enable dense packaging of low-loss RF circuits
(state-of-the-art line loss and high isolation); 3) the package

2156-3950/$31.00 © 2013 IEEE
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must allow reliable operation of MEMS devices (full range of
motion, near-hermetic environment, and controlled ambient);
and 4) process technologies must be compatible with a variety
of MEMS and CMOS technologies on a wafer scale.

High-resistivity silicon (HR-Si) wafer is foreseen as a
promising substrate for RF integrated circuits (RFIC) and
mixed signal applications [18], [19], but it is known to
suffer from surface effects and resistivity degradation near
the insulating oxide. Indeed, charges within the oxide attract
free carriers near the substrate surface, reducing the effective
resistivity seen by coplanar devices and increasing substrate
losses. Such parasitic surface conduction can be reduced or
even suppressed if the silicon substrate is passivated before
oxidation with a trap-rich, highly resistive layer. This was
successfully achieved using low-pressure chemical vapor-
deposited (LPCVD) polysilicon (polySi) and amorphous sil-
icon (a-Si) in [20]–[22], respectively. Thus, the method of
surface passivation between the HR-Si/silicon-on-insulator and
oxide was believed to reduce the resistivity degradation and
parasitic effect by substrate resistivity of RFIC or microwave
devices caused. Such passivation, however, was not reported
for the low-loss packaging of RF-MEMS devices in addition
to the RFIC and microwave devices.

In this paper, a WLP structure that uses surface-passivated
HR-Si and TSVs in the cap wafer for electrical connection is
proposed for a low-loss broadband RF-MEMS device packag-
ing. To determine the RF characteristics of the package with
surface-passivated HR-Si and different grounding configura-
tions, the coplanar waveguide (CPW) transmission lines are
fabricated on HR-Si substrates. The grounding configuration
for the package structures are based on actual RF-MEMS
device layouts, which include test pads for dc biasing. With
the transition, a 94-GHz antenna is also designed together with
the CPW test vehicles and characterizes the insertion loss
after fabrication. The fabrication of the WLP structure with
TSV interconnects and AuSn bonding for hermetic sealing is
developed. The WLP structure with optimized grounding con-
figuration design is then used as a platform for the packaging
of RF tuners and film bulk acoustic resonator (FBAR) filters.
Finally, the electrical characterization is carried out on the
fabricated devices.

II. DESIGN OF WLP WITH TSV

The cross section of proposed test vehicle for packaging
RF-MEMS devices is shown in Fig. 1. This cross section
shows only one MEMS die package sealed to TSV cap,
and there are multithousands (depending on die size and
wafer size) of MEMS die packages across one whole wafer.
Solder sealing and TSVs in the cap wafer are used to achieve
electrical connection while encapsulating the MEMS device.

With the TSVs locate within the boundary of the sealing
ring, a small form factor can be achieved with the proposed
test vehicle. Although literature exists on designing packages
for RF devices [17], [23], to the best of our knowledge, none
has considered package design based on the actual layout of
a RF-MEMS device until now. This paper seeks to minimize
the package loss by optimizing the grounding configuration of

HRSi Substrate

TSV

Sealing ring

CAP Wafer

Cap-wafer transition

Fig. 1. Test vehicle for RF-MEMS WLP with TSV.

Sealing ring

Test pads
(dc biasing)

RF MEMS device

Fig. 2. Design layout of typical RF-MEMS package with TSV.

the package. The package configuration is based on an actual
RF-MEMS layout with test pads for dc biasing, which was not
considered in previous literature. The RF performance of the
package is ascertained through transmission lines designed on
HR-Si substrates (>1000 � cm).

A. Design of Grounding Configuration

A design layout of typical RF-MEMS package is shown in
Fig. 2. To determine the package performance, the RF-MEMS
device is replaced with a test vehicle of CPW transmission line
for the ease of device fabrication. The optimized grounding
configuration for WLP structure will later be applied to the
packaging platform for RF-MEMS devices. As shown in
Fig. 2, the overall structure involves multiple ground planes.
As such, ensuring for proper ground return paths becomes
paramount for the package to operate up to high frequencies.
In optimizing the grounding configurations, four different
models are considered. Fig. 3(a) shows a typical CPW-to-
CPW transition in a back-to-back configuration (Model 1). In
subsequent Models 2 and 3, the grounding vias are gradually
increased in the lateral dimension. The optimum configuration
is shown in Model 4 of Fig. 3(d), where the grounding is
closest to the signal for the return current path (least induc-
tance). The overall length of the model is 2 mm, including
two TSV transitions. The CPW line is 1-mm long. The TSV
pitch is 350 μm with via diameter of 100 μm. The other key
parameters pertaining to the test vehicle are shown in Table I.

B. Mechanical Modeling

To validate the mechanical concerns for the grounding
design and locations of bonding pads and TSVs, mechanical
modeling is used. Finite element modeling (FEM) is performed
to understand the cap warpage and bonding stress because
of solder packaging processes [24]. The simulation is per-
formed to identify the regions of high stress concentration in
the MEMS-capped package and therefore design the proper
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(a) (b)

(c) (d)

DC bias pads

Fig. 3. (a)–(d) TSV Models 1–4 with different TSV grounding configurations.

TABLE I

PARAMETERS OF RF-MEMS TEST VEHICLE

Parameters Value

Cap wafer thickness 300 μm

Sealing-ring height 8–9 μm

Substrate thickness 725 μm

Substrate resistivity 1 k–10 k� cm

Sealing-ring width 100/200 μm

Redistribution layer (RDL) thickness 1.5 μm

Fig. 4. Equivalent creep strain distribution in the solder joint.

bond pad location. A FEM is built to simulate the thermal–
mechanical reliability of the AuSn bonded wafers, as shown
in Fig. 4. In this model, the MEMS package is mounted to
a printed circuit board by adhesive to perform the thermal
cycling (TC, −40 °C–125 °C) on board test. From the simu-
lation, we find that the solder bump is the most critical part
in terms of reliability. As shown in Fig. 4, the maximum
equivalent creep strain occurs at the upper left corner (cap
wafer side) of the solder bump.

The stresses in the package after bonding are also inves-
tigated. This is important for the determination of the bond
pad layout design rule and guidelines for tapeout of actual
devices. The simulation results show that the maximum von
Mises stress (σvm) is observed at the passivation–copper trace
interface below the copper TSV. The contraction of the Cu

(a) (b)

Fig. 5. (a) and (b) von Mises stress (σvm) contour plot—because of
compressive stress in Cu, bonding pad should be offset to TSV to avoid
delamination.

TSV (shift inward by 98 nm) during cooling down from
280 °C to 25 °C has pulled the copper traces inward. This
causes a high stress concentration in the copper traces, as
shown in Fig. 5(a). Such high stress at TSV corner should
be avoided to impact the bonding pad, which is also slightly
deformed and presented high stress concentration at bond
pad corner after the bonding process. From Fig. 5(b), the
stress contour shows clearly that copper traces nearer to the
AuSn bond pad is undergoing tensile stress, and the copper
traces nearer to the TSV is undergoing compressive stress. To
minimize the effects of stress concentration at area of Cu TSV
to AuSn bond pad after bonding (temperature loading from
280 °C to 25 °C), an offset distance is necessary between
the bond pad to Cu TSV. The offset distance is increased
from 200 to 425 μm, and the simulation results show that
the stress in the AuSn bond and copper trace has reduced
by 28.3% (from 213 to 152 MPa) and 3.3% (from 121 to
117 MPa), respectively. Therefore, the effect of the contraction
of the TSV pulling the copper trace and deformed the AuSn
bond is lesser as the offset distance is increased. To avoid
the high stress concentration of bond pad because of Cu TSV
contraction, the offset distance between AuSn bond pad and
Cu TSV is necessary and preferred to be 200 μm or bigger.

III. FABRICATION PROCESS

The fabrication of the test vehicle for RF-MEMS packaging
involves a TSV cap wafer process and CPW transmission lines
or RF-MEMS devices process on the substrate wafer. CPW test
vehicle is used for the determination of RF characteristics of
the WLP structures and grounding configuration optimization.

A. CPW Test Vehicle Fabrication

The fabrication of CPW is a simple two-mask process:
transmission line and bonding metallization. To verify the
surface-passivation effect on reducing the resistivity degrada-
tion, three different types of passivation are used in HR-Si
substrate (>1000 � cm). LPCVD is used to deposit a layer
of a-Si layer on Wafers 1 and 2 at 525 C. The silicon is then
crystallized by rapid thermal anneal during 120 s at 900 °C on
Wafer 1 only. For all wafers, the deposited silicon thickness
is 300 nm (as in [21]) and a 500-nm-thick covering oxide
is deposited by plasma-enhanced chemical vapor-deposition
at low temperature (< 350 °C) to avoid crystallization of
the deposited a-Si. The same oxide is also deposited on an
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Fig. 6. Process flow of TSV cap wafer and wafer bonding. (a) Via etching.
(b) TSV filling and front-side RDL. (c) Backside via revealing. (d) Backside
RDL. (e) Backside cavity etching. (f) UBM and solder. (g) Wafer bonding.

unpassivated substrate (Wafer 3), which serves as a reference
wafer. A 1.2-μm-thick aluminum layer is also deposited and
patterned to form CPWs. The wafers are then received a met-
allization with thick AuSn under bump metallization (UBM)
solder metal that would be used for the bonding to the TSV
cap wafer.

B. TSV Interposer Wafer Fabrication

Fig. 6 shows the cap wafer process flow of the WLP
structure with TSV. 725-μm-thick 8-in HR-Si wafers are used
in the process, and all the fabrications are done in our 8-in Fab.
Fig. 6(a) shows that the cap wafer is first etched with tapered
vias by SPTS ion coupled plasma (ICP) deep reactive ion
etching (DRIE) (SPTS ICP DRIE) and passivated with thermal
oxide by furnace. In Fig. 6(b), the vias are fully filled with
copper by electroplating, and then the top-side Cu RDLs is
fabricated and passivated with silicon nitride. Fig. 6(c) shows
that the cap wafer is grinded from backside to expose the
vias, and then is passivated again. In Fig. 6(d), the backside Cu
RDL is fabricated and passivated with silicon nitride. Fig. 6(e)
shows that a cavity is fabricated by DRIE to accommodate the
MEMS devices (the cavity may not be etched if there is no
protruding structures in MEMS substrate wafer). In Fig. 6(f),
UBM/sealing-ring AuSn solder is fabricated on the bonding
side of both wafers. Fig. 6(g) shows that the cap wafer is
bonded to the CPW or MEMS substrate wafer using AuSn
eutectic bonding.

The critical process of the WLP integration lies in the
TSV interconnects and double-side RDL. In a common TSV
process, the via interconnection is basically formed by blind-
via drilling, sidewall insulation, seed-layer deposition for metal
plating, metal filling/plating, and seed-layer etch back [25],
[26]. When a TSV process is carried out from the active side

Fig. 7. SEM image of fabricated TSV (∼300-μm deep), after straight etching
and tapered etching.

Fig. 8. SEM image of Ti/Cu seed on the sidewall of vias.

of the wafer, the backside grinding will be the last step for
thinning the wafer down to exposing the filled conductive
metal within the via holes at a desired thickness. The approach,
however, consists of major technical challenges in the yield
and the processibility of the TSVs. One of these is to perform
high-aspect-ratio electrodeposition of a seed metal layer onto
the via sidewalls with a better deposition rate or coverage [27].
In addition, introducing a high-aspect-ratio metal filling in the
via holes results in a possibility of void forming in the vias,
therefore leading to yield and reliability issues, even to the
RF characteristics. To avoid void formation, good wettability
of via surface and uniform current density distribution across
the via depth together with proper plating current [28] are the
essential considerations for TSV void-free plating.

We develop a two-step DRIE process of straight etching plus
isotropic etching to get a tapered via profile, which ensures a
good sidewall coverage of seed layer with sputtering. Fig. 7
shows the scanning electron microscopic (SEM) image of
the fabricated vias, after the two-step tapered etching in ICP
DRIE system. The dimensions of TSV are 300 μm in depth,
60 μm in diameter at via bottom, and 90 μm in diameter at
via opening. The aspect ratio of the via (depth-to-width of
via) is ∼5:1. The vias are then passivated with 1-μm thermal
oxide to form the plating insulation layer between TSVs and Si
substrate. The Ti/Cu seed layer is deposited onto the sidewall
of the vias using Tango sputtering system, and the images
of seed-layer step coverage are shown in Fig. 8. The cross-
sectional SEM images show that the minimum thickness of
deposited seed layer is at the via bottom. The thickness of
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(a) (b) 

Fig. 9. X-ray images of different plating currents and times. (a) 0.7 A for
10 h. (b) 0.35 A for 12 h and 0.7 A for 4 h.

(a) (b) 

Fig. 10. Full-via-plated Cu TSV. (a) X-ray. (b) Cross-sectional polished
image.

seed layer at via bottom is ∼200-nm thick, which is sufficient
comparing with the essential seed thickness of 30–50 nm for
electroplating process.

The full-via TSV Cu electroplating process is done in Rena
plating system. The acid-based Cu plating bath contains Cu
sulfate (CuSO4), sulfuric acid (H2SO4), chloride ions (Cl−)-
based electrolyte, and organic additives. The additives consist
of accelerator (A), suppressor (S), and leveler (L). The addi-
tives are basically used to achieve desired Cu grain structures
and properties, for example, bright appearance, fine grain,
and good ductility [29]. State-of-the-art of Cu electroplating
often faces the challenge of plating high-aspect-ratio holes or
trenches (micrometer size or smaller) with a uniform thick-
ness, which is also the major challenge for our aspect ratio
of 5:1 300-μm-deep TSV plating. Therefore, the additives
(A, S, and L) and processing parameters, such as current
density and time, need to be specially formulated to achieve a
conformal deposition. S is perhaps the most critical additive in
the bath to achieve the defect-free via plating, which helps to
suppress the deposition to happen mostly from the via bottom.
The ratio of organic additives A:S:L is tuned to be 3:10:7
based on the recommendations of the chemical supplier. In
addition to additives, we have also tried quite a number of
combinations of plating current and time steps to develop the
void-free full-via plating. Fig. 9(a) shows the X-ray image of
plating with current of 0.7 A for 10 h, which presents big voids
at the via bottom. Fig. 9(b) shows the X-ray image of plating
with current of 0.35 A for 12 h and 0.7 A for 4 h, which still
presents voids. With optimized chemistry and multistep plating
with different currents (0.2 A for 3 h, 0.4 A for 15 h, and 0.8 A
for 2 h sequentially), we have eventually achieved the void-
free Cu TSV plating, as shown in Fig. 10. The 0.2-A plating
is used for the slow and conformal deposition to enhance the
thickness of seed metal and initial metal layer growth; and the

Fig. 11. Wafer-bonding profile for AuSn solder. Bonding temperature is
280 °C and force is 10 kN.

Fig. 12. Optical whole view of packaged wafers and X-ray zoom-in scan.

moderate current 0.4-A plating with long time is used for the
intermediate metal deposition to fill the via bottom and most
volume of the via; and the high current 0.7 A is used for the
fast deposition, which is usually overplated to ensure the fully
closure of the via. Fig. 10 shows the X-ray scanning image
and optical cross-sectional polishing of the full-via-plated Cu
TSV, which are void free.

C. AuSn Transient Liquid Phase Bonding

In the cap wafer, double-side RDL and dielectric passivation
are processed to realize the TSV interconnection from the bot-
tom to the top of the cap. Wafer-level capping is achieved with
optimized AuSn transient liquid-phase bonding method with
void-free sealing ring. AuSn bonding has the advantages such
as low or without outgassing from the thin solder layer, easy
controls of bonding ring, and can withstand high temperature
after bonding as all of the solder material would be converted
into high temperature intermetalic compound (IMC). That is to
say, once the low melting temperature 232 °C Sn solder is fully
converted into IMC including AuSn and Au5Sn, the remelting
temperature of IMC would be much higher than 400 °C and
thermally very stable. Another important advantage of bonding
with solder material is that electrical feedthrough can be
formed simultaneously with the wafer bonding [6]. The force
and temperature profiles of AuSn solder bonding is shown
in Fig. 11. The bonding is performed in EVG 520 bonder at
280 °C with 10-kN bonding force for 30-min bonding soak
time.

IV. CHARACTERIZATION RESULTS

Fig. 12 shows the whole view of the packaged TSV cap
wafer (on top) and MEMS device wafer (at bottom), and
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Fig. 13. Cross section of package structure with TSV and sealing-ring solder.

Fig. 14. Schematic view of die shear testing on bonded samples.

TABLE II

SHEAR STRENGTH TEST RESULTS FOR CHIP SIZE OF 4.5 × 4.5 mm AND

SEALING-RING WIDTH OF 200 μm

Shear
Strength

Die 1
(MPa)

Die 2
(MPa)

Die 3
(MPa)

Die 4
(MPa)

Average
(MPa)

Top 26.35 38.36 25.42 48.55 34.67

Bottom 26.91 29.24 37.13 31.45 31.18

Left 30.09 28.39 28.31 34.45 30.31

Right 35.51 25.07 35.11 29.14 31.21

Centre 22.94 16.18 19.42 23.31 20.46

Average 29.57 MPa, (σ = 7.11 MPa)

X-ray zoom-in scan of packaged MEMS wafer with TSV
cap wafer. After packaging, the bonded wafers are diced into
small chips and inspection of AuSn bonding is performed.
Fig. 13 shows the cross-sectional view of the bonded cap and
substrate wafer, with TSV interconnects and AuSn solder. The
thick AuSn solder forms the IMC after bonding process. The
close-up shows the Cu TSV filling, and there are no voids or
delamination observed in the via or the interface between the
copper and barrier layer.

A. Bonding Strength Test

The bonding strength of AuSn solder is characterized using
die shear stress testing with DAGE-Series-4000-T instrument.
The experiment setup scheme of die shear testing is shown in
Fig. 14 and the shear strength results are shown in Table II.
The die shear strength of AuSn bonding is measured with
an average of 29.57 MPa for different die locations across
one whole bonded wafer. This shear strength is much higher
than industry standard requirement (Mil-Std-883: ∼6 MPa)
and high enough for most consumer electronics applications.

TABLE III

HELIUM LEAKAGE TEST AFTER RELIABILITY TESTS

Reliability Test Sample Leak (atm·cc/sec)

TC: −40 to 125 °C for 1000 cycles

1 1.1 × 10(−9)

2 1.0 × 10(−9)

3 1.3 × 10(−9)

TH: 85% relative humidity
(RH) @ 85 °C for 1000 h

4 1.5 × 10(−9)

5 3.3 × 10(−9)

6 1.1 × 10(−9)

HTS: 150 °C for 1000 h

7 2.7 × 10(−9)

8 1.1 × 10(−9)

9 2.5 × 10(−9)

PCT: 121 °C, 100% RH

10 1.9 × 10(−9)

11 1.4 × 10(−9)

12 1.5 × 10(−9)

B. Reliability and Hemerticity Test

Some bonded samples are sent for different reliabil-
ity tests, including TC, temperature humidity (TH) bias
test, high-temperature storage (HTS), and pressure cook
test (PCT). The conditions of different reliability tests are
shown in Table II. After the reliability test, the samples
are inspected with C-mode scanning acoustic microscope
(CSAM) to check the voids formation and helium leak
test to check hermeticity. Hermeticity test of AuSn pack-
aging is done with the helium fine-leak tests. The cavity
volume of the sample is < 0.05 cm3 but > 0.001 cm3,
and according to MIL-STD-883, the leakage limit is
< 5.0E-8 atm cc/s [30], [31]. The specification prescribed by
the MIL-STD-883E method 1014.9 standard is employed for
analyzing the hermeticity of the sealed cavities.

The hermeticity test consists of two steps: helium bombing
and helium leak rate detection. The test begins by placing the
samples in a chamber filled with helium gas at a pressure of
75 Psia for an exposure time over 2 h (helium bombing). Then,
the samples are unloaded from the bombing chamber followed
by helium leak detector using a mass spectrometer. The dwell
time that is defined as the time efflux between unloading from
the bombing chamber and end of the leak test is 1 h or less.
As shown in Table III, all samples show the helium leakage
rate of < 5.0E-9 atm cc/s that is ten times smaller than the
reject limit and proved the sealing is hermetic.

C. Electrical Characterization of CPW Test Vehicle

After singulation of the individual test vehicle devices,
the designed different models are characterized. The wafer-
level testing is done with Anritsu ME7808B broadband vector
network analyzer and 110-GHz Semiautomatic Suss MicroTec
PA300PS probe station. Fig. 15(a) and (b) shows some of the
fabricated designs. RF measurements are performed from 0.1
to 40.1 GHz, with 201 data points. A short-open-load-through
calibration is done using Infinity GSG-250-μm probes. Ini-
tially, the measurement of insertion loss of CPW with different
schemes of surface passivation on HR-Si substrates and the
S21 before packaging are shown in Fig. 16. The passivation
Scheme 1 with polySi plus oxide passivation shows the smaller
insertion loss than Scheme 2 with a-Si plus oxide passivation,
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(a) (b)

Fig. 15. (a) View of cap wafer and 1-mm line. (b) X-ray of TSV Model 4.

Fig. 16. Insertion loss measurement of CPW with different surface passiva-
tion before packaging.
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Fig. 17. Measured insertion loss for TSV Models 1–4.

and Scheme 3 with only oxide passivation shows the biggest
insertion loss and also significant higher than Scheme 1 and
2. Thus, a-Si and polySi can significantly enhance the surface
passivation on HR-Si substrate and reduce the insertion loss.
The optimized surface passivation with polySi is then applied
to the device wafer fabrication.

The CPW test vehicles with different designs of grounding
configuration are characterized as well. From the measured
results of fabricated CPW shown in Fig. 17, a slight resonance
is observed at 13 GHz for Model 1. Improving the grounding
further extends the resonance to 16 and 17 GHz (Models 2
and 3). The insertion loss S21 for Model 4 yields a wideband
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Fig. 18. Correlation of results for TSV Model 1.
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Fig. 19. Correlation of results for TSV Model 4.

3-D package with a bandwidth up to 26.5 GHz. In a general
trend, good correlations are obtained between measurement
and simulation results (Figs. 18 and 19). The mismatch might
be because of the material and manufacturing tolerance, as
well as the probe-connector mismatch. The presence of surface
charges is another reason, especially at higher frequency.
The correlation could be improved by considering higher
conductivity values of the HR-Si used for the substrate and
cap, because of the presence of surface charges [32].

With respect to Model 4, the measured insertion loss is
0.6 and 0.7 dB at 2.5 and 10 GHz, respectively. Through
considering the loss of a CPW line of the same length, the
de-embedded insertion loss per TSV transition is 0.04 and
0.05 dB at frequencies of 2.5 and 10 GHz (Fig. 20). Therefore,
the packaging-induced insertion loss of test vehicle Model 4
with two TSV transitions is 0.08 and 0.1 dB at frequencies of
2.5 and 10 GHz, respectively, which is considered to be very
small.

V. APPLICATIONS IN RF DEVICES PACKAGING

A. Packaging of a 94-GHz Antenna

In the CPW test vehicles, a few CPWs are used to design
a CPW-to-microstrip aperture coupled antenna [33] operating
at 94 GHz and fabricated and bonded with wafer containing
the TSV transition. The energy is coupled electromagneti-
cally from the CPW feed to the patch antenna. The design
is performed with the aid of a 3-D electromagnetic simu-
lator ANSOFT high frequency structural simulator (HFSS)
(ANSOFT HFSS), Fig. 21 shows the 3-D model, optical image
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Fig. 20. Measured insertion loss before and after packaging
(TSV Model 4).

Aperture Coupled Antenna

TSVs

Probe Pads

TSVs
Aperture Coupled Antenna

(a) (b)

Fig. 21. (a) Antenna design. (b) Fabricated antenna (top view).

Fig. 22. Return loss of millimeter-wave antenna.

of fabricated device, and simulated and measured results of an
antenna with dimensions of 550 × 260 μm.

The antenna performance is measured by probing on the
pads on the top metal layer (cap wafer) via CPW feed
line through the TSV transition, which is joined to a slot-
line section positioned underneath the patch. The device is
characterized from 60 to 110 GHz using line-reflect-reflect-
match calibration and 100-μm pitch probes. Fig. 22 shows
the measured the results of the antenna device with impedance
bandwidth of −10 dB from 86 to 100 GHz. A correlation trend
is achieved between simulation and measured results from 60
to 75 GHz, with a maximum gain of 2.9 dBi.

B. Packaging of FBAR Filter and Impedance Tuner

The developed WLP structure with low packaging loss is
applied as a platform for the RF-MEMS devices packaging.

AQ:2

Fig. 23. Cross-sectional schemes of FBAR filter and impedance tuner.

Fig. 24. SEM images of fabricated RF tuner and FBAR devices after release.

Fig. 25. RF characteristics of FBAR bandpass filter before and after bonding.

Fig. 26. RF characteristics of impedance tuner before and after bonding,
frequency sweep 0.2–8.5 GHz.

Two types of RF-MEMS devices, impedance tuner and thin
FBAR bandpass filter are fabricated and WLP is performed
with TSV interposers. Fig. 23 shows the cross-sectional
scheme of FBAR filter and impedance tuner. The SEM images
of fabricated FBAR filter and impedance tuner are shown in
Fig. 24.

The devices are characterized for the RF performance that
is followed by the WLP of device wafer using AuSn eutectic
bonding with TSV cap wafers. The probing is performed on
the front-side metal pads thru the TSV interposers to measure
the RF performance of bottom MEMS devices. Fig. 25 shows
measured RF characteristics of FBAR filter before and after
bonding, respectively. It can be observed that loss caused by
packaging is very small. The center frequency, bandwidth, and
loss in passband of the FBAR bandpass filter after WLP are
measured ∼2.19 GHz, 60 MHz, and ∼−17 dB, respectively.
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The impedance tuners performance is evaluated by mea-
suring the impedance of device at various dc bias voltages.
The application of dc voltage on the actuator results in a
change in the capacitance which in turn results in a change of
total impedance of tuner device. Fig. 26 shows the impedance
characteristics for the frequency range 0.2 – 8.5 GHz, before
and after bonding, respectively. The measured results show
appreciable change in the impedance of the tuner device. The
impedance measured at 2.45-GHz frequency with dc bias of
0 and 15 V are 27 and 22 �, respectively. This shows that
packaging is successful and the impedance is tunable. These
results also show the possibility of designing an impedance
tuner that can be tuned over a continuous range, using only a
few control signals.

VI. CONCLUSION

As conclusion, a low-loss wideband WLP platform with
TSV was successfully designed, fabricated, and characterized
for RF-MEMS packaging. Through optimizing the grounding
configuration in the TSV interposer, low loss and wideband
packaging were achieved. To the best of our knowledge, this
was the first time the RF performance before and after packag-
ing based on actual RF devices in a TSV package was studied.
The TSV interposer was demonstrated here as an enabling
platform to package different MEMS devices. PolySi and
a-Si surface passivation were used on HR-Si substrate and the
insertion loss was greatly reduced comparing with oxide-only
passivated substrate. With the combination of TSV interposer
design and surface passivation, a bandwidth of 26.5 GHz
and an insertion loss of 0.1 dB at 10 GHz were measured
in the CPW test vehicle after packaging. With the platform
of TSV transition and surface-passivated HR-Si substrates,
some RF devices including 94-GHz antenna, FBAR filter,
and impedance tuner were fabricated and demonstrated the
packaged device performance. The developed WLP platform
with TSV was also ready for inertial MEMS packaging that
was less demanding. The WLP platform can be used for
3-D integration of MEMS and application-specified integrated
circuit devices as well.

ACKNOWLEDGMENT

The authors would like to thank MEMS Consortium mem-
bers for providing valuable insight into developing process
modules with a view to manufacturing. The authors would
like to thank Mr. K. C. Houe for FEM simulation. The authors
also would like to thank Dr. R. Nagarajan, Dr. L. Hongyu, Mr.
L. K. Hian, Mr. A. Zulkiflee, Mr. M. Khairi, Mr. O. L. Guan,
and Mr. V. L. W. Sheng from MEMS group and Fab of IME for
their advice and help in the fabrication of TSV WLP platform.

REFERENCES

[1] X. Gagnard and T. Mourier, “Through silicon via: From the CMOS
imager sensor wafer level package to the 3D integration,” Microelectron.
Eng., vol. 87, no. 3, pp. 470–478, 2010.

[2] L. H. Hsu, W. C. Wu, E. Y. Chang, H. Zirath, Y. C. Wu, C. T. Wang, and
C. T. Lee, “Design and fabrication of 0/1-level RF-via interconnect for
RF-MEMS packaging applications,” IEEE Trans. Adv. Packag., vol. 33,
no. 1, pp. 30–36, Feb. 2010.

[3] J. Tian, S. Sosin, J. Iannacci, R. Gaddi, and M. Bartek, “RF-MEMS
wafer-level packaging using through-wafer interconnect,” Sens. Actua-
tors A, Phys., vol. 142, no. 1, pp. 442–451, 1974.

[4] Y. Cao, W. Ning, and L. Luo, “Wafer-level package with simultaneous
TSV connection and cavity hermetic sealing by solder bonding for
MEMS device,” IEEE Trans. Electron. Packag. Manuf., vol. 32, no. 3,
pp. 125–132, Jul. 2009.

[5] A. Jourdain, P. D. Moore, K. Baert, I. D. Wolf, and H. A. C. Tilmans,
“Mechanical and electrical characterization of BCB as a bond and
seal material for cavities housing (RF) MEMS devices,” J. Micromech.
Microeng., vol. 15, no. 7, pp. 89–96, 2005.

[6] W. C. Welch, III, J. Chae, S. Lee, and K. Najafi, “Transient liquid phase
(TLP) bonding for microsystem packaging applications,” in 13th Int.
Conf. Solid-State Sensors, Actuat. Microsyst., Dig. Tech. Papers, Seoul,
Korea, Jun. 2005, pp. 1350–1353.

[7] A. B. Yu, C. S. Premachandran, R. Nagarajan, C. W. Kyoung, R. Kumar,
L. S. Lim, J. H. Han, Y. G. Jie, and P. Damaruganath, “Design, process
integration and characterization of wafer level vacuum packaging for
MEMS resonator,” in Proc. 60th Electron. Compon. Technol. Conf., Las
Vegas, NV, USA, Jun. 2010, pp. 1669–1673.

[8] A. Garnier, E. Lagoutte, X. Baillin, C. Gillot, and N. Sillon, “Gold-tin
bonding for 200 mm wafer level hermetic MEMS packaging,” in Proc.
61st Electron. Compon. Technol. Conf., Jun. 2011, pp. 1610–1615.

[9] K.-L. Chen, J. Salvia, R. Potter, R. T. Howe, and T. W. Kenny,
“Performance evaluation and equivalent model of silicon interconnects
for fully-encapsulated RF MEMS devices,” IEEE Trans. Adv. Packag.,
vol. 32, no. 2, pp. 402–409, May 2009.

[10] R. Hon, S. W. R. Lee, S. X. Zhang, and C. K. Wong, “Multistack flip
chip 3D packaging with copper plated through-silicon vertical inter-
connection,” in Proc. 7th Electorn. Packag. Technol. Conf., Dec. 2005,
pp. 385–389.

[11] T. A. Midford, J. J. Wooldridge, and R. L. Sturdivant, “The evolution of
packages for monolithic microwave and millimeter-wave circuits,” IEEE
Trans. Antennas Propag., vol. 43, no. 9, pp. 983–991, Sep. 1995.

[12] A. Jourdain, X. Rottenberg, G. Carshon, and H. A. C. Tilmans, “Opti-
mization of 0-level packaging for RF-MEMS devices,” in Proc. 12th Int.
Conf. Solid-State Sensors, Actuat. Microsyst., Boston, MA, USA, Jun.
2003, pp. 1915–1918.

[13] J. Muldavin, C. Bozler, S. Rabe, and C. Keast, “Wide-band low-loss
MEMS packaging technology,” in Proc. IEEE Microw. Symp., Long
Beach, CA, USA, Jun. 2005, pp. 1–4.

[14] B. W. Min and G. M. Rebeiz, “A low-loss silicon-on-silicon DC-110-
GHz resonance-free package,” IEEE Trans. Adv. Packag., vol. 54, no. 2,
pp. 710–716, Feb. 2006.

[15] S. Majumder, J. Lampen, R. Morrison, and J. Maciel, “A packaged,
highlifetime ohmic MEMS RF switch,” in IEEE MTT-S Int. Microw.
Symp. Dig., vol. 3. Jun. 2003, pp. 1935–1938.

[16] S. Duffy, C. Bozler, S. Rabe, J. Knecht, L. Travis, P. Wyatt, C. Keast,
and M. Gouker, “MEMS microswitches for reconfigurable microwave
circuitry,” IEEE Microw. Wireless Compon. Lett., vol. 11, no. 3,
pp. 106–108, Mar. 2001.

[17] Y. K. Park, Y. K. Kim, C. J. Kim, B. K. Ju, and J. O. Park, “Innovation
ultra thin packaging for RF-MEMS devices,” in Proc. 12th Int. Conf.
Solid-State Sensors, Actuat. Microsyst., Boston, MA, USA, Jun. 2003,
pp. 903–906.

[18] A. C. Reyes, S. M. El-Ghazaly, S. J. Dom, M. Dydyk, D. K. Schroeder,
and H. Patterson, “Coplanar waveguides and microwave inductors on
silicon substrates,” IEEE Trans. Microw. Theory Tech., vol. 43, no. 9,
pp. 2016–2021, Sep. 1995.

[19] K. Benaissa, J.-T. Yuan, D. Crenshaw, B. Williams, S. Sridhar,
J. Ai, G. Boselli, S. Zhao, S. Tang, S. Ashbun, P. Madhani, T. Blythe,
N. Mahalingam, and H. Schichijo, “RF CMOS high-resistivity sub-
strates for systems-on-chip applications,” IEEE Trans. Electron Devices,
vol. 50, no. 3, pp. 567–576, Mar. 2003.

[20] H. Gamble, B. M. Armstrong, S. J. N. Mitchell, Y. Wu, V. F. Fusco,
and J. A. C. Stewart, “Low-loss CPW lines on surface stabilized
highresistivity silicon,” IEEE Microw. Guid. Wave Lett., vol. 9, no. 10,
pp. 395–397, Oct. 1999.

[21] B. Wong, J. N. Burghartz, L. K. Natives, B. Rejaei, and M. van der Zwan,
“Surface-passivated high resistivity silicon substrates Tor RFICs,” IEEE
Electron. Device Lett., vol. 25, no. 4, pp. 176–178, Apr. 2004.

[22] D. Lederer and J. P. Raskin, “New substrate passivation method dedi-
cated to HR SOI wafer fabrication with increased substrate resistivity,”
IEEE Electron Device Lett., vol. 26, no. 11, pp. 805–807, Nov. 2005.



IE
EE

Pr
oo

f

10 IEEE TRANSACTIONS ON COMPONENTS, PACKAGING AND MANUFACTURING TECHNOLOGY

[23] A. Margomenos, D. Peroulis, J. P. Becker, and L. P. B. Katehi,
“Silicon micromachined interconnects for on-wafer packaging of MEMS
devices,” in Proc. Topical Meeting Silicon Monolithic Integr. Circuits RF
Syst., Dig. Papers, Ann Arbor, MI, USA, Sep. 2001, pp. 33–36.

[24] G. Kelly, C. Lyden, W. Lawton, and J. Barrett, “Accurate prediction
of PQFP warpage,” in Proc. 44th Electron. Compon. Technol. Conf.,
May 1994, pp. 102–106.

[25] L. C. Shen, C. W. Chien, H. C. Cheng, and C. T. Lin, “Develop-
ment of three-dimensional chip stacking technology using a clamped
through-silicon via interconnection,” Microelectron. Rel., vol. 50, no. 4,
pp. 489–497, 2010.

[26] N. T. Nguyen, E. Boellaard, N. P. Pham, V. G. Kutchoukov, G. Craciun,
and P. M. Sarro, “Through-wafer copper electroplating for three
dimensional interconnects,” J. Micromech. Microeng., vol. 12, no. 4,
pp. 395–399, 2002.

[27] P. Dixit and J. Miao, “Fabrication of high aspect ratio 35 μm pitch
interconnects for next generation 3-D wafer level packaging by through-
wafer copper electroplating,” in Proc. 56th Electron. Compon. Technol.
Conf., Jun. 2006, pp. 338–343.

[28] P. Dixit, X. Chen, J. Miao, S. Divakaran, and R. Preisser, “Study
of surface treatment processes for improvement in the wettability of
silicon based materials used in high aspect ratio through-via copper
electroplating,” Appl. Surf. Sci., vol. 253, no. 21, pp. 8637–9646, 2007.

[29] L. Yin and P. Borgesen, “On the root cause of Kirkendall voiding in
Cu3Sn,” J. Mater. Res., vol. 26, no. 3, pp. 455–466, 2011.

[30] Y. Tao and A. P. Malshe, “Theoretical investigation on hermeticity
testing of MEMS packages based on MIL-STD-883 E,” Microelectron.
Rel., vol. 45, nos. 3–4, pp. 559–566, 2005.

[31] A. Goswami and B. Han, “On ultra-fine leak detection of hermetic wafer
level packages,” IEEE Trans. Adv. Packag., vol. 31, no. 1, pp. 14–21,
Feb. 2008.

[32] D. Lederer and J. P. Raskin, “New substrate passivation method dedi-
cated to HR SOI wafer fabrication with increased substrate resistivity,”
IEEE Trans. Electron Lett., vol. 26, no. 11, pp. 805–807, Nov. 2005.

[33] T. J. Ellis, J. P. Raskin, G. M. Rebeiz, and L. P. Katehi, “A wideband
CPW-fed microstrip antenna at millimeter-wave frequencies,” in Proc.
IEEE Antennas Propag. Symp., Jul. 1999, pp. 1220–1223.

Bangtao Chen received the B.Eng. degree in
mechanical engineering from the Huazhong Univer-
sity of Science and Technology, Wuhan, China, in
2001, and the Ph.D. degree in MEMS technology
from Nanyang Technological University, Singapore,
in 2007.

He has been with the Institute of Microelectronics
(IME), Agency for Science Technology Research,
Singapore, since 2010, and he is currently the Prin-
ciple Investigator and a Group Leader of MEMS
packaging and integration. His current research inter-

ests include MEMS process integration, wafer bonding, and de-bonding,
wafer level packaging with TSV integration. Prior to joining IME, he was
a Post-Doctoral Fellow and a Scientist with research area in microfluidics,
BioMEMS, and wafer level packaging since 2005 with the Institute of
Bioengineering and Nanotechnology, Singapore.

Vasarla Nagendra Sekhar received the Bachelor
degree in metallurgy from the National Institute of
Technology, Warangal, India, and the Master degree
in material science from the National University of
Singapore, Singapore, in 2006.

He is currently with the Institute of Microelectron-
ics, Singapore, and involved in MEMS prototyping
and microelectronic device development. He has
published more than 50 journal and conference pub-
lications and one book chapter. His current research
interests include MEMS wafer level packaging, 3-D-

TSV advanced wafer level packaging, thin wafer handling technologies, and
reliability & failures analysis.

Cheng Jin (S’07–M’12) received the B.Eng.
degree in electronic engineering from the University
of Electronic Science and Technology of China,
Chengdu, China, in 2007, and the Ph.D. degree in
communication engineering from Nanyang Techno-
logical University, Singapore, in 2012.

He has been with the Institute of Microelectronics,
Singapore, since 2011. His current research inter-
ests include microwave applications design, elec-
tronic parameters extraction and measurement of
new materials, and analysis of designing microwave

applications.
Dr. Jin has served on review boards of various technical journals, including

the IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES,
IEEE MICROWAVE AND WIRELESS COMPONENTS LETTERS, the IEEE
TRANSACTIONS ON ANTENNA AND PROPAGATION, the IEEE ANTENNAS

AND WIRELESS PROPAGATION LETTERS, and IET ELECTRONICS LETTERS.

Ying Ying Lim photograph and biography are not available at the time of
publication.

Justin See Toh photograph and biography are not available at the time of
publication.

Sanchitha Fernando (M’04) received the B.Eng.
degree in electronic and telecommunication
engineering from the University of Moratuwa,
Moratuwa, Sri Lanka, in 2002, and the Ph.D. degree
from RMIT University, Melbourne, Australia, in
2008.

He is currently with the Institute of
Microelectronics, Singapore, since 2010. His
current research interests include inertial MEMS
sensors, piezoelectric MEMS devices, and
interferometric measurement methods.

Dr. Fernando is a member of the Institution of Engineering and Technology,
U.K.

Jaibir Sharma received the M.Sc. degree in physics
from Chaudhary Charan Singh University, Meerut,
India, in 1995, and the M.Tech. degree in solid
state technology and the Ph.D. degree in electrical
engineering from the Indian Institute of Technology
(IIT) Madras, Chennai, India, in 2000 and 2010,
respectively.

He was involved in both industry and teaching
before pursuing the Ph.D. degree at IIT Madras in
2004. From March 2010 to December 2010, he was a
Post-Doctoral Fellow with Koç University, Istanbul,

Turkey. He is currently a Scientist with the Institute of Microelectronics,
Singapore, working on module integration of MEMS with CMOS. His current
research interests include MEMS reliability, cost-effective MEMS techniques,
MEMS modeling, optical MEMS, thin-film encapsulation for MEMS devices,
and integration of MEMS with CMOS devices.


