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Abstract—Air-gap transmission-line structures have been fab-
ricated and integrated on doped silicon substrates using glass
microbump bonding (GMBB) techniques. The air-gap trans-
mission lines have the advantages of low losses and low dis-
persion compared to conventional uniplanar transmission lines
on semiconductor substrate. This bonding technique provides
an alternative approach for both monolithic microwave inte-
grated circuits (MMIC’s) and optoelectronic integrated circuits
(OEIC’s) on silicon substrates. To demonstrate the potential of
air-gap structures, several transmission-line configurations are
fabricated and tested. The measured data are compared with
simulation results. The results confirm the air-gap structures low-
loss capabilities. To further explore the advantage of this bonding
technique, several spiral inductors are fabricated in air-gap con-
figurations. Their measured characteristics demonstrate the low
dispersion potential of this technology. Finally, the integration of
air-gap interconnects for OEIC’s on silicon CMOS circuitry is
also proposed.

I. INTRODUCTION

RAPID advances in semiconductor integrated technology
coupled with the progress in both wireless and fiber-

optic communications demand sustained improvements and
developments of monolithic microwave integrated circuits
(MMIC’s) and optoelectronic integrated circuits (OEIC’s)
technology. The development of next-generation digital
wireless communication systems is constrained by cost, size,
and power considerations [1], which resulted in rapid growth
in MMIC research to meet the increased performance demands
[2], [3]. To meet the system level requirements, the current
technology uses a combination of GaAs and silicon integrated
circuits (IC’s), which are wire bonded to high-performance
passive components. Off-chip passive components often pose
a size-limitation factor in many designs. MMIC’s with
on-chip matching and filter components can reduce size
and cost compared to the hybrid approach [4]. Monolithic
integration of passive components, on silicon bipolar junction
transistor (BJT) or MOSFET IC’s, can provide a cost-effective
solution for complex mixed-signal applications [5]. However,
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silicon IC processes need doped silicon substrate to achieve
the desirable active-device performance. For short-channel
MOSFET’s, current fabrication processes require conductive
substrates to reduce the “snapback effect” [6]. The conducting
silicon substrate limits the performance of on-chip passive
components, such as transmission lines, filters, inductors, and
high- resonators.

For OEIC’s, the potential of low-threshold and high-
frequency GaAs vertical-cavity surface-emitting lasers
(VCSEL’s) [7], [8] has stimulated a tremendous amount
of research and development in integrating VCSEL arrays
with microelectronics and micro-optics [9]. Low-cost glass
substrates are highly transparent over the 0.4–1.2-m region
of the optical spectrum. The optical properties of the glass
substrates made them essential components for most OEIC
integration.

In this paper, we demonstrate a new technology for both
MMIC’s and OEIC’s using glass substrates. Novel intercon-
nects are developed on the glass substrates and connected to
semiconductor substrates using the glass microbump bonding
technique (GMBB), which is a new process developed to over-
come some of the limitations in MMIC and OEIC integration.
The new interconnects have their signal lines suspended in
air. Therefore, they will be referred to as air-gap transmission
lines. They enable several important advantages in MMIC’s
and OEIC’s. To demonstrate these advantages, two types
of air-gap transmission lines using the GMBB method are
introduced: the air-gap microstrip line (AGML) and the air-gap
coplanar waveguide (AGCPW). Fig. 1 shows the simplified
cross-sectional view of a conventional coplanar waveguide
(CPW) and the air-gap transmission lines. The air-gap height
is precisely controlled using the glass microbump. The air-
gap transmission lines on glass superstrate are integrated
with silicon substrates. The recent successful demonstrations
of passive components fabricated on silicon using micro-
machining techniques and on high-resistivity silicon substrates
show the feasibility of good performance MMIC’s on low-cost
silicon substrates [10], [11]. The main feature of the GMBB
method presented in this paper is the use of conducting silicon
substrates for MMIC applications.

At present, the most common interconnects used in mono-
lithic IC technology are the microstrip and CPW configu-
rations. The cross-sectional geometry of these interconnects
change the propagating field distributions, which has a large
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(a)

(b) (c)

Fig. 1. (a) Cross-sectional view of the CPW, AGML, and AGCPW transmission-line configurations. (b) Simplified GMBB bonding process layout. (c)
Cross-sectional view of the air-gap structure.

impact on the circuit performance. The losses and para-
sitic capacitances of the transmission lines on semiconduc-
tor substrates degrade the performance at high frequencies.
Air-gap transmission lines using the GMBB method avoid
these problems by having the propagating fields concen-
trated in air, which minimizes both the losses and parasitic
capacitance effects.

This paper is organized as follows. Firstly, the charac-
teristics of the AGML’s and AGCPW’s are theoretically
investigated. Secondly, the process for fabricating these struc-
tures is outlined. The loss performance of air-gap interconnects
is compared with conventional CPW on conducting silicon
substrates. To further explore the advantages of air-gap trans-
mission lines, several spiral inductors are fabricated using
AGML’s. The AGML inductor’s performance is compared
with the characteristics of conventional inductors. Finally, the
integration of VCSEL’s on CMOS circuitry for optoelectronic
transmitter using the GMBB method is presented.

II. M ODELING AND DESIGN OFAIR-GAP INTERCONNECTS

Recently, transmission lines on semiconductor substrates
have been investigated using solid-state physics concepts
[12]. They are considered as Schottky (metal–semiconductor)
junctions or metal–insulator–metal junctions. From the loss
analysis, it is confirmed that high-frequency performance of
interconnects on semiconductor substrates are affected by the
semiconductor surface conditions, as well as the properties of
bulk material. To model the electromagnetic (EM) wave prop-
agation characteristics of transmission lines on semiconductor
substrates, both the Poisson’s equation and continuity equation
are solved simultaneously to take into account the response of
the electrons in the semiconductor material to the applied EM
field [13].

Hence, modeling of transmission lines on semiconductor
substrates requires detailed information about the semicon-
ductor material and its properties. On the other hand, the

Fig. 2. Simulated characteristic impedance (solid lines) and effective dielec-
tric constant (dashed lines) of AGML.

EM wave propagation characteristics of air-gap structures are
considerably less affected by the properties of semiconductor
substrates. Thus, they are easier to simulate. In this paper,
the quasi-TEM mode propagation characteristics of the air-
gap transmission lines are simulated using the SILVACO
simulation package. Poisson’s equation is solved to obtain the
capacitance matrix of the structure. Using a similar structure,
which is completely filled with air, the inductance matrix
is calculated. Hence, the effective dielectric constants and
characteristic impedance can be obtained.

For comparison purposes, both AGML and AGCPW struc-
tures are simulated under three different cases. In case one,
a signal line is suspended in air without any cover mate-
rial. In cases two and three, the signal lines are deposited
on glass ( ) and silicon ( ) superstrates,
respectively. The characteristics of AGML under these three
cases are shown in Fig. 2. The characteristic impedance of
this structure can be varied over a relatively wide range
by controlling the air-gap height () and signal line width
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Fig. 3. Simulated characteristic impedance (solid lines) and effective dielec-
tric constant (dashed lines) of AGCPW.

( ). The effective dielectric constant is very close to one,
when the signal line is deposited on a glass superstrate. This
case demonstrates the very low dispersion characteristics of
this structure.

For the AGCPW structure, simulating its EM wave charac-
teristics requires four independent variables, which include the
signal line width ( ), air-gap height (), ground gap spacing
( ), and substrate thickness. In this paper, the main emphasis
is on reporting the advantage of air-gap structure using the
GMBB method. Therefore, the example presented here has the
following dimensions: fixed signal line width m,

m, and infinite substrate thickness. Several air-gap
heights are used in this simulation. The properties of the
AGCPW under these conditions are shown in Fig. 3.

Both air-gap structures have higher characteristic impedance
compared to conventional transmission lines that are in same
geometrical dimension since the field lines are mostly in air,
which reduces the capacitance per unit length.

III. FABRICATION OF AIR-GAP INTERCONNECTS

In order to characterize the microwave performance of both
AGML and AGCPW transmission lines, several transmission
lines are fabricated on glass superstrates using the GMBB
method. Fig. 1(b) and (c) illustrates a glass substrate bonded
to a semiconductor substrate using the GMBB method. The
fabrication process is described as follows. Firstly, a standard
photolithography is used to pattern the bumps on a thin
glass slide. Secondly, wet chemical etching using hydrofluoric
(HF) acid is employed. Thus, several glass microbumps with
different heights can be produced. Thirdly, the signal lines are
deposited using -beam evaporation. After a small amount
of ultraviolet (UV) curable epoxy is applied onto the silicon
substrate surface, the microbumps covered by metal lines on
the glass superstrate are aligned to the signal launchers on
semiconductor substrate with a regular UV contact aligner.
Taking advantage of the glass substrate optical transparency in
the UV region, the bonding processing is simply accomplished
by UV exposure. It should be noted that in the transmission-
line study, 2- m-thick aluminum is used for the signal lines.

However, in the inductor analysis presented later in this paper,
3- m-thick gold lines are used.

Three transmission-line structures are fabricated:

1) AGML;
2) AGCPW;
3) conventional CPW.

The silicon motherboards used in this paper have thickness
of 500 m and resistivity of 25 cm. For the AGML and
AGCPW, the signal line width is 100m, microbump height
is 15 m, and line length is 4400 m. The only difference
between the two air-gap configurations is the AGCPW has a
ground spacing ( ) of 240 m. For the conventional CPW, the
signal line width ( ) is 100 m, line spacing ( ) is 70 m,
and line length is 5000 m.

All transmission lines fabricated in this experiment include
the microwave-launcher section at both ends of the lines. The
microwave launcher has the conventional CPW configuration
for 150- m-pitch CASCADE probes to perform on-wafer
characterization. The launcher length is 500m, of which
200 m is in contact with glass microbump.

IV. M EASUREMENT

A. Test Setup

The samples were first measured using HP4145A to extract
the dc resistance values. The high-frequency measurement
setup consists of an HP 8510A network analyzer with Cas-
cade Microtech high-frequency ground–signal–ground copla-
nar probes and a computer to extract the-parameters. For
loss extraction, a short-open-load-through (SOLT) two-port
calibration technique was performed.

B. Measurement Results and Discussion

There are mainly two types of losses in a transmission
line: dielectric substrate losses and conductor losses. In this
paper, we propose using air-gap structures to overcome the
losses due to the dielectric substrate. This approach needs
one pair of glass bumps to make connection between the
glass superstrate and silicon motherboard. However, the bump
also could contribute undesirable losses. To verify the bump
losses, a comparison between a CPW fabricated on a glass
motherboard and an AGML on glass was performed. The loss
analysis is based on the extracted two-port-parameters, and
converted into propagation constants using the even- and odd-
mode method [14]. The measurement results, shown in Fig. 4,
confirm that the losses due to the bump are negligible. Fig. 5
shows the attenuation of the three different transmission lines.
The CPW configuration has more than 4-dB/cm losses com-
pared to the two air-gap structures at-band. The AGCPW
structure also shows slightly more losses compared to the
AGML structure. This is because the electric field interacts
with the electrons in the doped silicon substrate over the
240- m ground spacing. The losses in air-gap configurations,
shown in Fig. 5, originate from two sources: The air-gap
transmission lines and the two 500-m microwave launchers
at the line extremities. In order to verify their effects, the

-parameters of a 1000-m-long CPW was extracted from
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Fig. 4. Measured losses of the CPW and AGML on glass motherboard to
verify the bump losses.

Fig. 5. Measured losses of the three different transmission-line configuration
with 5000-mm-long signal lines.

the measurement, and conductor losses due to additional 4000-
m-long signal lines are taken into account in the following

measurement. Fig. 6 presents a comparison between measured
and simulated losses of the air-gap transmission lines after
taking into account the effects of the microwave launchers
and conductor losses. The measured and simulated results
agree within 0.1-dB/cm range for AGML structure. However,
the measured and simulated results for the AGCPW structure
show more than 0.5-dB/cm difference above 2 GHz. The
difference in the AGCPW case is mainly due to neglecting
the wave–electron interaction and recombination process that
occurs at the 240-m open spacing.

V. APPLICATIONS

A. Spiral Inductors on Glass

To further explore the advantages of the GMBB tech-
nique for MMIC applications, several one-port spiral inductors

Fig. 6. Measured and simulated losses of the AGML, and AGCPW.

(a)

(b)

Fig. 7. (a) Conventional CPW structure spiral inductor on a silicon substrate.
(b) AGML structure spiral inductor using glass microbump bonding.

using AGML configurations are fabricated and compared
with conventional spiral inductors on silicon. Fig. 7(a) shows
a typical conventional CPW spiral inductor, and Fig. 7(b)
shows a typical 4-1/2-turn AGML spiral inductor. There are
several important factors that affect an inductors’ performance,
including the quality ( ) factor and resonant frequency ()
[15]. High inductors are always desirable. Furthermore,
inductors with higher resonant frequency could extend the
inductors operation frequency range. The inductor’s resonant
frequency is limited by the stray capacitances of the inductive
structure.

In this paper, a short-open-load one-port calibration routine
is used. The one-port-parameters were first extracted from an
HP8510A network analyzer and converted into-parameters.
Both the inductance and resonant frequency values were ob-
tained from the reactive part of the-parameter and translated
into the equivalent capacitance for each sample. The equivalent
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Fig. 8. The parasitic capacitance values for different turns of AGML induc-
tors with different bump heights.

capacitance is obtained using

(1)

where is the resonant frequency. The parasitic capacitance
values for different turns of AGML inductors with different
bump heights are presented in Fig. 8. Careful examination of
Fig. 8 reveals that the capacitance of each inductor can be
modeled as follows:

(2)

where is signal-to-ground effective dielectric constant,
is the line-to-line effective dielectric constant,is the

ground-to-signal line separation, is the line-to-line sepa-
ration, and and are constants. They are geometry
dependent. It should be noted that can be approximated
as the average of the dielectric constant of the two materials
adjacent to the line. The distanceis equal to the bump height
for the AGML inductors. On the right-hand side of (2), the first
term is closely related to , which is the equivalent signal-to-
ground capacitance. Also, the second term is closely related to

, which is the line-to-line capacitance. Due to the distributed
nature of the inductor, both terms contribute capacitive effects
that limit the inductor operating frequency.

In this paper, the conventional inductor fabricated on a
doped silicon substrate has a 6-m-thick SiO layer to reduce
the high-frequency signal penetration into the lossy substrate.
Fig. 9 shows the typical factors of a conventional inductor
and an AGML inductor. The conventional inductor has a

at 0.7 GHz, and the AGML inductor has a
at 2.4 GHz. This demonstrates the low-loss

advantage of the AGML structure. However, the inductance
values of the AGML structure are about 60%–70% of that of
the conventional inductor. This is due to the magnetic flux
flowing between signal line and ground plane in the AGML
inductor, which is smaller than that of the conventional induc-
tor. Hence, increasing the glass bump height can enhance both
the inductance values and the resonant frequency performance
of AGML inductors.

Fig. 9. Q factors of a conventional spiral inductor and an AGML structure
spiral inductor.

(a)

(b)

Fig. 10. Application of glass microbump bonding for optoelectronics IC’s.
(a) Light off. (b) Light on.

B. Optical Transmitter Using Glass for OEIC’s

In addition to the numerous advantages for the air-gap
transmission lines in MMIC’s applications, they possess other
interesting characteristics that make them favorable for OEIC
application. To demonstrate the feasibility of using GMBB
for OEIC applications, an optical transmitter is fabricated, as
shown in Fig. 10. This optical transmitter circuit is fabricated
using the GMBB method to bond the substrate-removed GaAs
VCSEL’s [16] onto a Motorola CMOS inverter chip. This
integration technique has the advantage of combining both
highly developed digital silicon CMOS and matured GaAs
optoelectronic technologies in a small package. The modulated
laser light can be passed through the glass superstrate and
coupled into a waveguide or free space. Low-loss air-gap trans-
mission lines can be used for impedance matching between
the driving circuit and laser diode. This approach demon-
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strates the feasibility of high-density OEIC packaging for the
development of two-dimensional optical interconnects [17].

VI. CONCLUSIONS

This paper presented a new bonding technique, which
provides a new integration approach for MMIC’s and OEIC’s.
Two types of air-gap transmission lines deposited on glass
superstrates were analyzed, fabricated, and tested. Both the
theoretical and experimental results proved that the air-gap
transmission lines can reduce losses and parasitic capacitances,
compared to conventional CPW interconnects. Furthermore,
the transmission characteristics of both air-gap configurations
are significantly less affected by the semiconductor surface
conditions and bulk substrate properties.

Several inductors were fabricated using the new technol-
ogy. They exhibit lower parasitic capacitances and higher
resonance frequencies, which leads to higher operation range.
The new bonding technique is compatible with both silicon
and GaAs technologies. Hence, its usage is very promising
in overcoming some of the limitations in current MMIC and
OEIC applications.
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