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Integrated Passives for
High-Frequency Applications

Xiaoyu Mi and Satoshi Ueda
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Japan

1. Introduction

1.1 Definitions of Integrated Passives

Passive elements are indispensable in RF systems and are used for matching networks, LC
tank circuits, attenuators, filtering, decoupling purposes and so on (Tilmans H. A C et al.,
2003). Passive elements can be simply classified into distributed elements including
transmission lines and waveguides, and lumped elements including inductors, capacitors
and resistors. The distributed circuits take into account the phase shift occurring when the
signal wave propagates along the circuits. As the operating frequency moves into the
microwave spectrum, the distributed circuits have a higher Q factor, and thus they are
usually used for high-frequency applications. Lumped elements are zero-dimensional by
definition. In other words, the lumped elements have no physical dimensions which are
significant with respect to the wavelength at the operating frequency, so that the phase shift
that arises can be ignored. Discrete lumped elements are conventionally used in electronic
circuits that work at a lower frequency. This is because the sizes of the discrete lumped
elements become comparable to the wavelength at microwave frequencies.

With the advent of new photolithography and passive integration technologies, the three
basic building blocks for circuit design-inductors, capacitors, and resistors can be made
small enough to be available in lumped form (Tummala R. R. et al., 2000). Lumped passive
components may be discrete, integrated or embedded. The discrete is a singular device in a
leaded or surface mount technology (SMT) case. This includes screen-printed resistors,
capacitors, and inductors. Passive integration technologies allow several passive
components to be integrated, either into a substrate (embedded) or onto a substrate
(integrated). Integrated passive devices usually come in a compact SMT package or chip-
scale package (CSP) as a stand-alone component with input, output and ground
terminations, which is much smaller than the operating wavelength providing some
complete circuit functions, such as impedance-matching, filtering and so on, for high-
frequency applications up to several tens of GHz (Tilmans H. A C et al., 2003). The lumped
element circuits have the advantage of a smaller size, lower cost, and wide-band
characteristics, though the Q factor is generally lower than distributed circuits. Integrated
lumped passive circuits with a small form factor are especially suitable for some RF and
microwave applications where real estate or wide-band requirements are of prime
importance, for example mobile phones or other handheld wireless products. The choice
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between lumped and distributed element depends on the circuit functions to be fulfilled,
operating frequency, size and cost requirements, and performance targets. Sometime these
factors must be considered generally before making a trade off between performance and
cost or size. Lumped elements can be integrated together with distributed circuits to
construct so-called half-lumped circuits enabling more flexible and complex circuit designs.
The lumped-element circuits can also be integrated or combined (attached) with microwave
integrated circuits (MICs) to construct RF modules (Bahl I. & Bhartia P., 2003). Embedded
passives are buried into the substrate itself as an integral part of the substrate along with
multiple layers of conductors and do not need to be mounted or connected to the substrate.
The multiple inner layers of conductors are separated by a dielectric material with local
metal vias to provide interconnects among these embedded passives. Ceramic substrates or
printed circuit boards (PCBs) are used as the embedded substrates, since it is easy to build
multiple interconnects inside these substrate. This chapter will focus on integration
technologies for passive elements. The integration technologies can be classified into three
categories according to the construction method used:

* Laminate-based passive integration technology

+ LTCC (low-temperature-co-fired-ceramics) based passive integration technology

* Thin-film-based passive integration technology

Laminate-based technology and LTCC-based technology are technologies that allow the
passive elements to be embedded or built in the LTCC or polymer substrate. In contrast, the
thin-film-based technology is used to integrate passive circuits on the surface of a substrate
by performing thin-film deposition of multiple layers of metals and dielectrics. Section 2 will
give a comparison of the configuration and performance of these three technological
approaches, from the viewpoints of microwave and milli-metre wave applications, and
system miniaturization.

1.2 Reasons and Applications for Integrating Passive Devices

Recently, there has been an explosion of growth in the wireless telecom industry. There is a
strong market-driven demand to increase the functionality of internal electronics while
drastically reducing the total size and cost, particularly in mobile radio frequency
applications. This demand has been satisfied to date by major advances in integrated circuits
and continuing reductions in the size of discrete surface-mounted passive components. The
continuing reduction in the size of surface-mounted passive components is reaching its limit
and producing diminishing returns because of the incompatibility of printed circuit board
(PCB) technology as well as the high cost of assembly for those tiny discrete components.
Nowadays, the 0603 or 0402 size surface-mounted devices are commonly used for printed
circuit boards. The assembly cost usually includes the price of the discrete components and
the conversion cost consisting of the cost of placement, soldering, and inspection. The
typical conversion cost for installing one piece of 0603 or 0402 size SMD (surface-mounted
devices) component is $0.02 which is typically more than the price of the SMD itself. SMD
components smaller than 0402 will have a significant higher installation cost compared to
the 0603 or 0420 size. Therefore further reductions in size and cost will come from
integrating the passive components to reduce the component count. A typical mobile phone
has hundreds of passive components and only 20 to 40 ICs. The discrete passive components
account for 90% of the component count, 80% of the size and 70% of the cost in a handset.
As mobile phones come with an increasing array of functions, their active component count
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will likely remain stable. Therefore, the designers of compact electronics systems, especially
handheld and wireless devices, who are being faced with more and more stringent board
space constraints, are looking for alternative technologies to integrate these passive
components into devices or to remove these passives from the PCB surface (Dougherty J. P.
et al., 2003; Doyle L., 2005).
Functional integration (system integration) is another key to miniaturizing handsets. RF
modules are moving to higher levels of integration. The modules are required to offer more
functionality and higher performance, incorporate the passive circuit inside, and occupy a
smaller footprint (Norlyng S., 2003; Pulsford N., 2002). Despite many years of research, the
IC industry is facing a technological barrier preventing the integration of bulky, expensive,
off-chip passive RF components, such as high-Q inductors, capacitors, varactor diodes and
ceramic filters. These components are limiting reduction in size. On-chip passive
components, fabricated along with the active elements, as part of the semiconductor wafer
in various RFIC technologies have failed to provide adequately high-quality factors
compared to the off-chip passives. The typical Q factor of an integrated inductor using (Bi)
CMOS or bipolar technologies is usually around 10 (Tilmans H. A C et al., 2003). It can be
increased up to between 20 and 30 by introducing some special processing steps that are
usually complex and costly, such as etching away the Si under the inductors (Jiang H. et al.,
2000) or placing a very thick insulation layer between the inductor and the Si wafer (Kim D.
et al., 2003). However, these processes are still not enough for the many important circuit
functions in wireless communications systems. For RF front end and radio transceiver
applications, it is preferable for the inductor to have a Q factor of at least 30. System-in-
package solutions (SIP) are promising as a means of combining these passives and actives
together in a single package. The SIP solutions require the passives be small and easy to
combine with other devices. The evolution of module technology strongly depends on
improvements in passive integration and 3D assembly technologies.
Moreover, the continuing scaling of IC technology affects the required interconnection and
packaging technologies significantly. Improvements in the density of standard
interconnection and packaging technologies have not kept pace with IC scaling trends,
resulting in a so-called “interconnect technology gap” (Wojnowski M. et al., 2008). The
peripheral pads pitch of IC will trend to less than 30 x m in the near future. In contrast,
standard PCB technology commonly provides a coarse contact pitch of 400-1000 x m. An
interposer enabling high-density interconnection has to be used between the high-density IC
technology and the coarse standard PCB technology. The future MCM (Multi-Chip-Module)
substrates and packages are required to function as so-called interposers. To incorporate the
passive circuit into the interposer is attractive and powerful for constructing next-generation
SIP modules (Carchon G. et al, 2008).
Over the past 10 years, passive integration technology has gone through a significant
evolution to meet the requirements for lower cost solutions, system miniaturization, and
high levels of functionality integration, improved reliability, and high-volume applications.
In addition, the passive integration technologies have been leading to the benefits show
below:
* Smaller size, weight, and volume

Improved electrical performance due to the proximity of the passives to the active

devices reducing parasitic and increasing switching speeds
* Improved reliability through a reduction in the number of solder connections
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* Lower total cost due to reduced costs for procurement, logistics and installation
Passive integration technologies can be used in both digital and analog/RF applications.
Some of these applications include mobile phones, personal digital assistants (PDAs),
wireless computer networks, radar systems, and phased array antennas. Integrated passive
circuits with high-performance characteristics function in these systems as:

* RF front end modules

* RF power amplifier couplers

+ Filters (low pass, high pass and band pass)

* Functional interposers between ICs and the primary interconnect substrate

* Multi-band transceivers

1.3 General Design Considerations for Integrated Passives

Inductor

One of the most critical elements in RF and microwave circuits for high-frequency wireless
applications is the inductor. If the Q value is too low, the lumped circuit will not reach the
desired performance targets. Spiral inductors providing a high Q factor and inductance
value are commonly used for high-density circuits. The important characteristics of an
inductor are its inductance value and its parasitic capacitance and resistance, which
determine its Q factor and self-resonant frequency. The Q factor values can be obtained from
one-port or two-port scattering parameter data. A simplified one-port lumped-element
equivalent circuit model used to characterize inductors is shown in Fig. 1.1. Accurate
inductor models using measured two-port scattering parameters will be discussed in section
3. In this one-port model, L, R, and C represent the total inductance, series resistance, and
parasitic capacitance of the inductor, respectively. The admittance of an inductor is
expressed as

Y =joC+—
R+ joL
R , wL
- 4 i(eC-— . (1.1)
R+l R*+0’L
The series resistance R used to model the dissipative loss is given by
R= Rdc + Rac f + Rdf (12)

where R 4 represents DC resistance of the inductor, Rac models resistance due to skin

effect in the conductive trace, and R 4 represents resistance due to eddy current excitation

and dielectric loss in the substrate.
The Y parameters can be obtained from one-port S parameter. The Q factor is then

calculated from
0 =[Im(Y)/Re(Y). (13)
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Fig.1.1 Simplified one-port lumped-element equivalent circuit model of an inductor

When the parasitic capacitance C is very small and ignorable, Q factor can be given by
oL

- = 14
0 R (1.4)

As can be seen in the above-mentioned equation (1.4), achieving a predetermined
inductance L at a small resistance R contributes to an increase in the Q-factor. The self-
resonant frequency (SRF) of an inductor is determined by the Y parameter when

Im(Y ) =0, thatis to say,
. oL
R+l

Using the self-resonance condition, equation (1.5), the self-resonant frequency fo is then

@,C (1.5)

given by the following equation.
11 R
* 2z\LC L'

Usually the R is small, so self-resonant frequency f, can be estimated by

1 / 1
=—|—. 1.7
fo 27\ LC 17)

When self-resonance occurs, the inductive reactance and the parasitic capacitive reactance
become equal. Beyond the self-resonant frequency, the inductor becomes capacitive. The
self-resonant frequency decides the frequency from which the inductor cannot work well as
an inductor any more. The self-resonant frequency of an inductor is supposed to be much
higher than its operating frequency. To increase the self-resonant frequency, the parasitic
capacitance C in an inductor has to be suppressed.

(1.6)

The maximum diameter of an inductor should be less than A/30 in order to avoid
distributed effects. High-frequency applications require a smaller size and higher self-
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resonant frequency, so the inductance density also becomes more and more important.
Therefore a major design goal for inductor components is to increase the Q factor, density of
inductors and self-resonant frequency.

Capacitor

There are two types of passive capacitors generally used in RF and microwave circuits:
interdigital, and metal-insulator-metal (MIM). The choice between the interdigital and MIM
capacitors mainly depends on the capacitance value to be made. Usually interdigital
capacitors are only used to realize capacitance values less than 1 pF. For capacitance values
greater than 1 pF, MIM structures are generally used to minimize the overall size and to
avoid the distributed effects. For a capacitance value greater than 200 pF, usually surface-
mounted devices are necessary. The capacitor performance is strongly associated with the
Q-factor and parasitic inductance of the capacitor. The parasitic inductance L caused by the

connection to the capacitor electrodes must be accounted for. The effective capacitance C .

is given by
f2
C,=Cl1+=— (1.8)
0
1 1
where f, = 2— —— is the self-resonant frequency of the capacitor and f is the
T

operating frequency. When the capacitor operates at the self-resonant frequency, the
capacitance will become zero. To have effective capacitance reach the designed capacitance
C, the parasitic inductance in the capacitor has to be suppressed.

The quality factor of MIM capacitors is given by

1 _9.9,

Q:%Qc%d‘gcgd'

Where . =1/@CR accounting for conducting loss resulted from the wiring and

(1.9)

electrode resistor R, and Qd =1/tan o accounting for dielectric loss in the capacitor.

tan o is the loss tangent of the insulator material of the capacitor. To achieve a high Q-
factor, it is essential to reduce the conducting loss in the wiring and electrode and to use
dielectric material with a small loss tangent.

The dimension of capacitors should be less than 0.1 A in dielectric film high-frequency
applications. To increase high-frequency performance and the passive circuit density and
reduce the cost, a large capacitance density is highly desirable. Silicon oxide and nitride are
commonly used in conventional MIM capacitors. They can provide good voltage linearity
and low-temperature coefficients. Their capacitance density will be limited by their low

dielectric permittivity. The capacitance density can be given by &,k /t 4+ Attempts to

increase the capacitance density by reducing the dielectric thickness (7, ) usually cause an

undesired high leakage current and poor loss tangent. Therefore, high-k dielectric materials
are necessary to provide good electrical performances and increase the circuit density.
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Resistor
Integrated resistors can be produced either by depositing a thin film of lossy metal on a
dielectric substrate or by screen-printing a resistive paste to form a thick-film resistor on or
in a ceramics or PCB substrate. Nichrome and tantalum nitride are the most popular film
materials for thin-film resistors. SiCr and poly-silicon thin films also used for thin-film
resistors. TaN is preferred to NiCr for RF applications, due to the presence of undesirable
magnetic material, i.e., nickel, in NiCr, which is believed to introduce unwanted inter-
modulation products in multi-carrier wireless systems. Ruthenium dioxide paste and
carbon-filled polymer paste are widely used for thick-film resistors. A common problem
with planar film resistors is the parasitic capacitance arising form the underlying dielectric
region and the distributed inductance. These parasitics make the resistors have a frequency
dependence at high frequencies. To shorten the resistor length by introducing films having a
larger sheet resistivity is helpful for suppressing the parasitics.
Desirable characteristics of resistors for high-frequency applications are summarized below.
* Stable resistance value without changing with time
+ Low temperature coefficient of resistance (TCR)
Large sheet resistivity (kQ/square to MS/square) to minimize the parasitics and to
guarantee the resistor length less than 0.1 A so that distribution effects can be ignored
+ Adequate power dissipation capability

The required tolerances for passive components are roughly summarized in Table 1-1.
Analog and RF applications typically necessitate small tolerances of less than+5% and high-
performance characteristics such as high Q factors and high self-resonance frequency.

Application Element Type Required Tolerance
Damping Resistor (10-33Q) +30%
Bypass Capacitor (50 pF-1 u F) +30%
Pull-up, Pull-down Resistor (500-1 M Q) +10%
Integral calculus circuit | Capacitor (100 pF-1 u F) +15%
Differential circuit Capacitor (10 pF-10 u F) +5%
Oscillation circuit Capacitor (10 pF-10 uF) | +5%
Bias circuit Resistor(1 k-10 M Q) 1%
IC controlling Resistor(=10 k Q) 1%
Filter Capacitor(=1 n F); 5%
Inductor(=100 nH)
Impedance matching Resistor(50-100 Q); 5%
Capacitor(=10 nF)&
Inductor(=100 nH)

Table 1.1 Required tolerances for passive components

2. Current Research Status and Trend of Passive Integration

2.1 Laminate-Based Passive Integration Technology
Laminate-based passive integration technology is extended from printed circuit board (PCB)
technology which has been extensively used for all electronic applications. The primary
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function of conventional PCBs is to provide mechanical carrier and multilevel electrical
interconnections for packaged solid state devices and passive components. Embedded
passive technologies on organic substrates were introduced by Packaging Research Centre,
Georgia Institute of Technology in 1993. Since then several embedded passive technologies
have been developed (Dougherty J. P. et al., 2003; Jung E. et al., 2009; Chason M. et al., 2006).
System integration based on embedded passive in PCBs is illustrated in Fig. 1.2 (a) and (b).
The embedded substrate is constructed by laminating together polymer-based dielectric or
resistive films on which metal conductor are defined on one or both sides. The discrete
components can also be buried into the organic substrate for process simplicity. Recently,
some advanced PCB technologies have offered embedded passives for low-GHz RF
applications, such as a Bluetooth transceiver module, power amplifier module or sensors (Li
L. etal., 2003; Li L. et al., 2004; Vatanparast R. et al., 2007).

Embedded Discrete Passives Technology

The simplest embedded passive solution is to embed discrete SMT components into a
multilayer organic substrate. The SMT passives are buried in the individual layers that
usually are the core-layer (Sugaya Y. et al., 2001; Wu S. M. et al., 2007). On one or both sides
of the core-layer, the build-up layers are laminated and vias are formed to provide
interconnections for the embedded SMT passives (Shibasaki S. et al., 2004). This solution
uses SMD components and offers a relatively simple fabrication process and high reliability
and accuracy. For example, SMD film resistors can be made with inter-metallic semi-
amorphous alloys with a low thermal coefficient of resistance. The resistance can be laser-
trimmed to within 0.1 % accuracy. SMD inductors are optimized according to value and

LSI

Build{n inductor -

(b)
Fig.2.1 System integration based on embedded passive in PCB. (a) Embedded Discrete
Passives Technology; (b) Embedded Film Passives Technology
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performance with thin-film, thick-film or wire wound technology. With high-tolerance SMD
capacitors, components can be selected in terms of which capacitors to embed, and this can
lead to improved final capacitance accuracy. An embedded substrate using a discrete SMD
is usually thick and big compared to film elements due to the large size of the buried SMD
components. To embed SMD components contradicts the minimization purpose to some
extent. Several companies have checked the reliabilities of this solution and have used it for
mass production (Shibasaki S. et al., 2004; Kamiya H. et al., 2005; Kondou K. & Kamimura R,,
2002).

Embedded Film Resistor Technology

Three material technologies have been developed for embedded resistors: thin-film metal
(such as NiP), thick-film ceramics, and polymer thick-film (PTF) materials. Their
performance comparison is listed in Table 2.1. Copper foils supplied with a resistive thin-
film coating are available (Ohmega Technologies, Inc.; Ticer Technologies; Norlyng S., 2003).
The thin film metals typically comprise Ni, NiP, NiCr, or NiCrAlSi. These kinds of metal or
metal alloy are deposited onto a copper foil by sputtering, evaporation, CVD or plating,
depending on the required composition. The deposited thickness ranges from 50 nm to 400
nm. The resistive foils can be laminated onto a core layer. Then photolithography and
etching are conducted to define the copper electrodes and to remove the unwanted resistive
material. Highly accurate resistors necessitate a laser trimming process (Fjeldsted K., 2004).
After resistors have been defined, the following multilayer processing steps like stacking
and lamination can be conducted. Thin-film metals have a good TCR performance and are
usually used to form small and accurate embedded resistors.

Selective plating of NiP can also be used after the copper pattern is defined and etched (M-
Pass, MacDermid Inc.). The plating time defines the thickness and resistivity. Due to the
relative low sheet resistivity, this technology is not suited for high resistor values.

Material Classes
Thin-Film Metal Thick-Film Ceramics | Polymer Thick-Film
Materials Ni-P; Metal oxide powder | Carbon powder +
Doped Pt; + Glass powder Polymer
Ni-Cr; Ni-Cr-Al-Si
Sheet resistance | 10-1 k 10-1 M 10-1 M
(Q/square)
Tolerance +5-10% +10-20% +15-20%
TCR (ppm/C) +50-100 +150-250 +350
Formation Etching Screen Printing Screen Printing
or Plating Firing Heat hardening
(500-900°C) (=200°C)

Table 2.1 Performance comparison of resistive film materials

Polymer thick-film (PTF) materials can be screen-printed and cured at temperatures from
100 to 200°C (Jillek, W. et al., 2005). The typical cured film thicknesses range form 15-20 p m.
Aerosol-based deposition and Ink-jet printing for resistor-film formation were also reported
(Hong T. K. & Kheng L. T., 2005; Shah V. G. & Hayes D. J., 2003). PTF materials are an
attractive option and popularly used by the PCB industry due to their flexibility in sheet

www.intechopen.com



258 Advanced Microwave Circuits and Systems

resistivity (10 Q~1 MQ /Square), the ability to print multiple sheet resistivity inks on one
layer, and their low cost compared with thin-film metals and thick-film ceramics materials.
The challenges of using PTF resistors have been accurate printing and finished resistor
stability. Screen-printing is less precise in controlling dimensions than print-and-etch
processes used for thin-film metals. Usually screen printing has a tolerance in the order of
30 1 m, whereas etching a PCB feature allows dimensional control in the order of about 10
©m.

Additionally, the PTF resistors must be cured, and the resistivity of the finished materials
exhibits dependence on the cure profile. Therefore, tolerances on PTF resistors are
considered to be higher than those of the thin-film metals. Resistor stability is another
concern when using PTF. PTF termination directly on copper results in a relatively poor
resistor stability under environmental stress (exposure to 85% RH, 85°C) due to corrosion at
the copper/carbon ink interface (Chason M. et al., 2006). Using immersion silver on etched
copper pads as the corrosion barrier mitigates the resistor drift under environmental stress
while preserving the precise dimensions of the photo-lithographically patterned copper
(Savic J. et al., 2002; Dunn G. et al., 2004). PTF resistors are relatively poor in TCR compared
to thin-film metal and thick-film ceramics materials.

Thick-film ceramic resistive paste is usually used with copper foils. The pastes are screen
printed on the copper foil and fired in an N, atmosphere at a high temperature(500~900°C).
Then the copper foil is laminated to a core layer or pre-preg. The conductor pattern is
defined by photolithography and copper etching processes (Bauer W., 2003; Borland W. et
al., 2002). A wide range of sheet resistance values are available with thick film ceramics
pastes. Typical fired thicknesses range from 10 to 15 u m.

Embedded Film Capacitor Technology

Embedded film capacitors have restricted ranges of capacitance values based on the choice
of dielectric material, capacitor structure and area allowed. Some popular dielectric
materials used in embedded capacitors and their properties are listed in Table 2.2. The
challenges for embedded film capacitors have been developing stable high-k materials and
forming thin dielectric films. The modern PCB industry uses unloaded epoxy resin as An
insulation layer between copper conductors. Typical unloaded epoxy resin has a relatively
low dielectric constant (~4) and the resin thickness is approximately 50 1 m, resulting in a
capacitance density of 0.7 pF/mm?2 too small to embed typical capacitor values in a
reasonable area. Many ceramic-filled resins, such as BaTiO3 in epoxy or Polyimide, have
been developed for high-capacitance-density dielectrics (Ulrich R. & Schaper L. W., 2003).
Non-photosensitive-type ceramic-filled resins usually come in laminate sheet form
compatible with typical PCB fabrication techniques (Norlyng S., 2003; Oak-Mitsui
Technologies Technical Data; 3M C-ply Technical Data; Kumashiro Y. et al., 2004). The non-
photosensitive-type ceramic-filled resin is coated on a copper foil and after curing the
ceramic-filled resin film, another piece of copper foil is stuck to the other side of the ceramic-
filled resin film. The electrodes of film capacitors are formed by a photolithography process
and the copper foils are etched on ether one side or both sides of an insulator film. Non-
photosensitive type ceramic-filled resins are also available in the paste form (Norlyng S.,
2003; DuPon Microcircuit Materials, USA). The insulator paste and the upper electrode
patterns are screen-printed onto the lower electrode patterns prepared in advance on a
substrate or resin film. The ceramic-filled resins can also be made photosensitive, to produce
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a so called ceramic-filled photo-dielectric (CFP) (Chason M. et al., 2006; Croswell R. et al.,
2002). The CFP material is coated onto a planar copper surface, and a second sheet of copper
is laminated on top of the dielectric. After electrode patterning, this copper layer becomes a
self-aligned mask for dielectric exposure and development. The dielectric constant of the
ceramic-filled resin is limited by the density of the ceramics filler, thus the resulting
capacitance density is less than 50 pF/mm?, promising for small to medium capacitor values
in a reasonable area. The materials in film form usually used for planar-distributed film
capacitors are difficult to use for discrete capacitor formation because of unwanted dielectric
removal and layer registration problems. Photosensitive and paste materials are necessary
for singulated film capacitors.

Material Classes
Ceramic-filled Resin Ceramic

Photosensitive | Non-photosensitive Paste Nano-particle
Dielectric | BaTiOs in BaTiOs in BaTiOs,
materials Photosensitive | Polyimide/Polymer/ BaSrTiOs

epoxy Epoxy/Other resin
Materials | Paste Film on | Paste Film on Nano-particle
form copper foil copper foil
Capacitor | Exposure and | Photolithog | Screen Photolithogr | Aerosol
formation | development raphy and | printing | aphy deposition

etching and cure | and etching

Dielectric | 21 (1 MHz) Up to 60 (1 kHz) Up to 1000 Up to 210
constant
Thickness | Up to 11 4-50 15-20 0.6-40 0.5-10
(1 m)
C-density | 17 0.7-48 24-32 16-15000 Up to 3000
(pE/mm?)
Dielectric | 1.4% (1 kHz) Up to 5% (1 kHz) 1-1.5%
loss

Table 2.2 Dielectric materials used for embedded capacitors

Some companies have developed solutions to use thin BaTiO3; Ceramics film as the
insulation layer of embedded film capacitors to offer an extremely high capacitance density.
The ceramics film is sandwiched with copper (2-20 u m) and nickel (20-50 u m) electrode
layer and sintered at high temperature (600-900°C). The ceramics film can be made as thin as
0.6 um. The sandwiched ceramics sheet is easy to be incorporated into a standard PCB
structure by patterning and etching the conductor layers on the both sides, and laminating
the sheet into the board. A capacitance density of up to 15 nF/mm? is available for a high-k
ceramics film (Tanaka H. et al., 2008). But it is difficult to form a singulated capacitor which
restricts the range of applications of this kind of high-k film material. Aerosol deposition
technology has been developed to form a high-k ceramics layer by spraying ceramic nano-
particles directly onto the metal electrode surface (Imanaka Y. et al., 2005; Imanaka Y. et al.,
2007). The available film thickness ranges form 0.6 to 10 1 m. Aerosol deposition technology
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enables both use of high-k ceramic materials and the singulated capacitor structure.
Moreover, a multilayered capacitor structure is also possible with this technology.

The capacitance tolerances of embedded capacitors are affected by the precision of dielectric
thickness and electrode dimensions. Laminate based technologies have typical layer
thickness tolerances of up to 10%. Thick-film patterning technologies are less precise in
controlling dimensions. Usually screen printing has a tolerance in the order of +30um and
etching thick metal foils allows dimensional control in the order of about 10um.
Additionally, the embedded capacitors commonly undergo a heat treatment processes for
hardening or sintering dielectric materials or metal electrodes. So the heat treatment profile
also will affect the resulting capacitance deviation. The above-stated factors in general will
result in a relatively high capacitance tolerance. Motorola reported that a capacitance
tolerance of +21% (7% standard deviation in the worst cases) can be achieved for CFP
capacitors with a mezzanine micro via contact (Croswell R. et al., 2002). When ferroelectric
materials such as BaTiO; are used in the capacitor dielectric layer, the capacitor commonly
exhibits a large temperature drift in the order of several hundreds of ppm in capacitance
(Kawasaki M. et al., 2004; Popielarz R. et al., 2001; Kuo D. H. et al., 2001; Lee S. et al., 2006)
and a loss tangent as large as 1-5%. It is difficult to obtain a resulting Q factor of the
capacitors above 30 at the GHz frequency band.

Embedded Inductor Technology

Single and multilayer spiral inductors with inductance up to 30 nH can be printed with
standard PCB printing and etching techniques (Chason M. et al., 2006). Transmission line
structures can also be used to produce small inductances under about 3 nH. The tolerance of
the embedded spiral inductors is between 15-20% and is affected by the registration, print-
and-etch and HDI (High-Density-Integration) dielectric thickness control capability of the
individual PCB fabricator (Savic J. et al., 2002).

The quality factor of the built-in inductor will be low and the inductor size will be large due
to a relatively large dielectric constant of the substrate materials. The size of the embedded
coils in PCB is usually larger than 1 mm. To obtain a large Q-factor and a high self-
resonance frequency (SRF) for RF applications, the traces of the coils have to be separated a
lot and more layers have to be used. The distance between the coil traces and ground plate
has also to be large. Moreover, low-k materials with a low loss are preferable for use in the
insulation materials between the coil traces. A liquid crystal polymer (LCP) possessing low
and stable dielectric constant and loss tangent up to a high frequency is attractive for use as
a PCB insulation material, especially for embedded inductor applications at high frequency
(Lu H. et al., 2007; Stratigos J., 2007; Govind V. et al., 2006).

2.2 LTCC-Based Passive Integration Technology

For embedded passives, LTCC (low temperature co-fired ceramic) is the preferred
technology (Sutono A. et al., 2001). Most LTCC’s are based on glass (Ca-B-Si-O glass) with
alumina as a filler (Brown R. L. et al., 1994). LTCC allows the use of highly conductive
metals such as copper or silver due to its low firing temperature so that good coil inductors
with a high-quality factor and low loss interconnects can be built in the substrate. The LTCC
process flow is simply illustrated in Fig. 2.2. Thin unfired ceramic tapes (green sheets) are
punched, vias are filled and resistors or conductors are screen-printed. The individual sheets
are aligned, laminated and co-fired around 850-900°C. LTCC-based integrated passive
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devices are illustrated in Fig 2.3. The conductors can be the electrodes of parallel plate
capacitors or windings of an inductor. For small capacitance values, the normal LTCC tapes
are usually used for the capacitor's dielectric layer. The tape thickness can be made as thin
as 12.5 u m. For large capacitance values, high-k LTCC tapes need to be introduced. To form
embedded singulated capacitors, high-k ceramic paste materials are needed. The high-k
paste is screen-printed on unfired tapes and co-fired with LTCC tapes after laminating all
the tapes together. The resistors are usually printed on the surface of the outer layers so that
laser trimming can be conducted to achieve a high resistance tolerance of up to *1%.
Ruthenium (RuO,)-doped glass is commonly used as the resistor materials. Film resistors
can be formed by either co-firing or post-firing technology. In the co-firing process the
resistor paste is fired along with the LTCC. And in the post-firing process, the resistor paste
is printed onto the fired LTCC surface and then sintered again at a temperature lower than
that of LTCC’s firing.

Tape casting

[

Tape cutting

| WVia-hole punching ‘ __________________ [ O

i

‘ Filling conductor paste to via-holes ‘— —» .

Conductor or resistor pattern print

i A R »
and pattern inspection \
1
l |
Lamination
{Heating pressurization)

------------------- . s

Fig. 2.2 LTCC process flow

HTCC uses standard ceramic materials such as alumina (AlOs) or aluminum nitride (AIN)
that are fired at high temperature (1600°C). The firing temperature of HTCC precludes the
use of highly conductive metals as inner electrical interconnects, which are necessary for
high-frequency applications to realize low insertion loss. Refractory metals such as tungsten
or molybdenum with a low conductivity must be used in HTCC, resulting in additional
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resistive losses. No suitable co-friable resistive and capacitive materials for embedding
passive components in HTCC exist. The integration of passives for HTCC is limited to the
surface by using post-firing technology.

Material properties of LTCC, HTCC and FR4/glass are listed in Table 2.3. LTCC succeeded
in producing some good characteristics for HTCC including high thermal conductivity, low
dielectric loss, and high resistance against humidity and heat. Recently, some new LTCC
materials with high mechanical strength have been developed (muRata LTCC). One newly
developed material has a high flexural strength of up to 400MPa, almost the same as HTCC,
whereas the conventional LTCC has a flexural strength of only about 200 MPa. High
mechanical strength helps protect the substrate from cracking when it receives strong
mechanical or thermal shocks. High mechanical strength also allows for the use of a thinner
substrate.

One more advantage that LTCC technology has over HTCC technology is that a high level
of dimension precision, less than +0.1% can be obtained by using no shrinkage firing
techniques, which are not available with its rival, HTCC technology. This high dimension
precision allows the module substrate to achieve high density integration and assembly.

Build-in capacitor Resistors formed on surface

Build-in inductor Build-in capacitor

Fig. 2.3 LTCC-based integrated passive devices

Similar to laminate-based passive integration technology, the built-in components are
defined by a screen-print technique having less precision in the pattern dimension and
thickness. This results in a relatively high production deviation in property values of
embedded passive components. Usually embedded inductors can have inductance values of
up to 10 nH at a reasonable area and thickness. Capacitors of up to 10 pF can be built in at a
reasonable area without introducing additional high-k dielectric layers. A capacitance
tolerance less than +20% can be expected. If ferroelectric ceramic materials are used to obtain
large capacitance density, the capacitor will show a great temperature drift in capacitance
and the loss tangent will also increase in the order of several percentage points.

Low electrical and dielectric losses, a good thermal conductivity, and high levels of
dimension precision and passives integration make LTCC technology attractive for RF
module applications. LTCC is now popular for constructing compact passive circuits
ranging from traditional baluns (Lew D. W. et al., 2001), couplers (Fujiki Y. et al., 1999), and
filters (Yeung L. K. & Wu K. L., 2003; Piatnitsa V. et al., 2004) to more sophisticated diplexers
(Sheen J. W., 1999) and balanced filters (Yeung L. K. & Wu K. L., 2006), for different wireless
communication systems such as mobile phones, Bluetooth, and wireless LAN equipped
terminals. LTCC technology is also attracting a great deal of interest for produce highly

www.intechopen.com



Integrated Passives for High-Frequency Applications 263

integrated RF Front-End-Modules (FEM) where embedded passive circuits are combined
with active devices to make complete functional modules, like those encompassing a Tx/Rx
switch, SAW filters, and/or power amplifier (Marksteiner S. et al., 2006).

Electrical Thermal Mechanical
£ tan § | Resistivity CTE Thermal Flexural | Young's
(10-4) (Qcm) (ppm/K) | Conductivity | Strength | Modulus
(W/mK) (MPa) (GPa)
LTCC |5 25 >1014 3-12 1.2-5 170-400 | 74-188
80 |40
HTCC | 85 | 5-25 | >1014 6.9-7.2 10-25 400-460 | 260-310
10
ALN 8.7 | 170 >1014 4.7 150-230 400 320
FR4/ 4.5 | 200 >1014 xy:16-20 | 0.2 430
glass - - z:50-70 —
5.5 | 300

Table 2.3 Dielectric materials used for embedded capacitors

2.3 Thin-Film-Based Passive Integration Technology

Thin-film-based passive integration is used to integrate passive elemnets onto a substrate’s
surface using photolithography and thin-film technology, enabling a fine structure and high
integration density. Such thin-film-based integrated passive devices are usually called as
IPDs (integrated passiv devices). The passive elements and high-density interconnects are
fabricated by depositing thin metal and dielectric materials onto a high-resistivity or
dielectric substrate by using standard IC fabrication technologies such as evaporation,
sputtering, electroplating, chemical vapor deposition (CVD) and spin-coating. The layers are
defined by standard photolithographic etching or selective deposition such as lift-off
process which are used in the semiconductor IC industry. A typical IPD structure is
illustrated in Fig.2.5. Usually resistors, capacitors and inductors are formed directly on the
substrate surface. A interconnection layer is formed above the passive elements to connect
these elements. A dielectric interlayer is placed between the interconnection layer and
passive elements as an insulation layer. A passivation layer is usually formed on the surface
to protect the passive circuts from the atmosphere. Pads are formed on the top of the
passivation layer to provide acess between the IPD and the outside.

Insulation & passivation layers Interconnection Pad
/
Resistor MIM Capacitor Spiral Inductor
Substrate

Fig. 2.4 A tipical IPD structure
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When semiconductor materials are used as the IPD’s substrate, an additional dielectric layer
is needed to insulate the passive elements and the substrate, and the inductors are
favarourablly formed at the interconnection layer so as to separate the inductor from the
substrate to reduce the eddy current loss in the semiconductor substrate.

Electrical Thermal Mechanical
: tan 6 | Resistivity CTE Thermal Flexural | Young's
(10-4) (Qcm) (ppm/K) | Conductivity | Strength | Modulus
(W/mK) (MPa) (GPa)

Quartz | 38 | 0.2 >1018 0.56 15 Up to100 | 74
Glass 53 | 10 >1017 3.8 1-2.5 <94 Up to 100
Al O3 929 |1 >1015 6.8 38 660 390
99.9%
HR-Si 12 10-50 | 1000-5000 2.6 150 2800 129-190
HR- 129 | 6 107-109 5 46 - -
GaAs

Table 2.4 Commonly used materials for IPD substrate

IPD Substrates

The substrate materials usually used in IPD are list in Table 2.4. For high-frequency
applications, the substrates have to be selected to have low dielctric losses and low
permitivity to reduce the RF power dissipation in the substrates and to increase the self-
resonant-frequency. Glass, fused quartz, high-resistivity silicon and ceramics are usually
used as IPD’s substrate for RF applications. Glass and fused quartz have both a low
dielectric constant and low dielectric tangent which makes them preferrable for achieving a
high self-resonant frequency and reducing the eddy loss in the substarate which is asociated
with the qualty factor of passive circuits. From the viewpoint of high-frewuency
applications, glass and fused quartz are the most suitable substarte materials. The
semiconductor substrates are attractive for allowing active devices to be integrate with the
passive circuit. For example, combining ESD Protection and a low pass filter to attenuate the
RF noise, which may otherwise interere with the internal base band circuitry of a mobile
phone (Doyle L., 2005). Normal semiconductor substrates used for IC fabrication have such
a low resistivity (=50 Qcm) as to be very lossy for RF signals, as magnetic fields penetrate
deeply into the substrate causing losses and reducing both the inductanse and Q-factor.
Inductors formed on such substrates merely provide a Q-factors of around 10 (Tilmans H. A
C et al,, 2003; Chong K. et al., 2005). High resistivity in the order of 1000-10000 Qcm is in
general required for the semiconductor substrates used for IPD to suppress these parasitic
phenomena (Tilmans H. A C et al., 2003). Use of high-resistivity Si is not cost effective for
most CMOS applications. Moreover, when high-resistivity silicon is used for the substrate,
the surface of the silicon has to be oxidized. In addition, fixed charges occurring in the oxide
layer will cause DC dependency and performance spread. Ar implantation on the silicon
surface has been proposed to migarate these negative factors (Carchon G. et al., 2008). If a
normal Si substarte with low resistivity is used for IPD, some special processes have to be
taken to separate the IPD from the substrate or to reduce the substrate loss. A number of
new techniques have been proposed to reduce the substrate loss. Placing a 25um porous
silicon dioxide layer between the IPD and silicon substrate has been proposed by Telephus
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(Kim D. et al., 2003). MEMS (Microelectromechanical System) technology has been used to
remove the substrate under the inductors (Jiang H. et al., 2000; Chang J. Y-C et al., 1993).
And there have been reports on suspending large-sized inductors that were integrated with
the RF mixer using post-CMOS-based techniques (Wu J. C. & Zaghloul M. E., 2008). Using a
ground shielding metal layer between the inductor and Si substrate to prevent electrical
coupling with the substrate can improve the Q factor by up to 50% (Yue C. P. & WongS. S,,
1998). Another approach is to introduce an air gap into the Si substarte using Si deep-RIE
and a Si thermal oxidization technique (Erzgraber H. B. et al,, 1998). These alternative
solutions can increase the Q-factor up to 20-30 at a low GHz frequency, but usually they are
complex, costly or not compatible with standard CMOS lines. For many important circuit
functions in wireless communications systems, such as RF front end and radio transceiver
applications, it is preferable for the inductor to have a Q factor of at least 30. Furthermore,
since the wireless systems are moving to a much higher frequency, a high Q, high self-
resonant-frequency and small size are required for integrated passive devices.

IPD Resistors

IPD resistors are made by sputtering or evaporating resistive material onto the substrate,
like NiCr, Mo, Ti, Cr, or TaN and CrSi (Tilmans H. A C et al., 2003; Bahl I. & Bhartia P.,
2003). Some popularly used thin-film resistive materials are listed in Table 2.5. For large
sheet resistivity, Cr, Ti and CrSi are favorable. NiCr, Ta and TaN provide good stability. Cr
is poor in terms of stability. Resistor values ranging from 0.1Q to several tens of MQ can be
acheived with 10% tolerance (Doyle L., 2005). It is also easy to conduct laser trimming to
further tighter the tolerance because the resistor films are formed on the surface. To shorten
the resistor length by introducing films having a larger sheet resistivity is helpful for
suppressing the parasitic L and C, and to guarantee a resistor length less than 0.1\ so that
distribution effects can be ignored, which is important for high- frequency applications.

Resistive Material | Resistivity (Q /square)
NiCr 40-400

Cr 10-1000

Ti 5-2000

Ta 5-100

TaN 4-200

CrSi Up to 600

Table 2.5 Thin-film resistive materials for IPDs

IPD Capacitors

IPD’s capacitors are typically MIM or interdigitated capacitors with dielectric materials
between the electrodes. The size of an integrated capacitor depends the dielectric constant
and thickness of the dielectric material used in the capacitor. Since the capacitors are formed
on the substrate’s surface, an ultra-thin insulator film can be used for capacitors so that a
relatively high capacitance density can be achieved. Since the capacitor area is defined by a
standard photolithographic etching or lift-off process, very high accuracy can be obtained. A
capacitance density of 200 pF/mm?2 has been realized with a tolerance less than £3% (Mi X.
et al, 2008). The dielectric materials usually used in IPD capacitors are listed in Table 2.5. A
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good dielectric material should have a high dielectric constant, a high band gap to limit
leakage currents, and a high dielctric strength to meet reliability reqirements.

Dielectric | Dielctric Loss | Breakdown Field | Demonstrated C-dencity
Constant (104 (MV/cm) (nF/mm?2)

SiO, 4.2 10 10 1

SizNy 7.6 11 7 2

ALOs | 7.9 30 8 3.5

HfO; 17-21 500 6 5,13

Ta,Os | 22-25 100 5 5

710y 45 - 4 -

SrTiO; | 150 200 1 10

BaTiO3 | 800 <60 80

PZT 900

Table 2.6. Dielectric materials for used in IPD capacitors

Although SiO», Si3Ny, and Al;O3 have small dielctric constant, thay are typically used in IPD
capacitors due to their low dielectric loss, high dielctric strength (breakdown field) and good
film qualty (Huylenbroeck S. V. et al., 2002; Zurcher P. et al., 2000; Jeannot S. et al., 2007;
Allers K. -H. et al., 2003). A thin insulation film is favorable for achieving a large capacitance
density, but presents a risk in terms of breakdown voltage. Achieving a high-quality thin-
film formation and high dielctric strength are the key points to realizing a high-capacitance
density. When the dielectric film thickness is reduced to below a few tens of nm, SizNj is
more suitable to use. The reason is that unacceptable leakage currents due to tunneling
conduction and a low breakdown voltage will arise in such a thin SiO, film. Highly C(V)
nonlinear properties observed in thin Al,O3 need to be taken into account for lineaity-critical
applications (Jeannot S. et al., 2007). Ta2Os has excellent C(V) linearity compared with Al,O3
and a high breakdown field, but it also has an extremely high leakage current (Giraudin J.-C.
et al., 2007; Thomas M. et al., 2007). HfO; has a relatively low breakdown voltage and worse
C(V) linearity compared to Al,Os, but presents low leakage currents due to its high band
gap (Yu X. et al.,, 2003). To further improve electrical performances, a combination of
different dielectric materials such as a HfO,/Ta,Os/HfO,(HTH) multi-layer has led to good
results (Jeannot S. et al., 2007). ZrO, has been demonstrated to be promising, exhibting a
lower dielectric leakage than Al,O; and HfO; and simmilar braekdown field with Al;O3
(Berthelot A. et al., 2007). These high-k materials have been facing the limitation that a
capacitance above 5 nF/mm?2 can hardly be reached with a planar MIM architecture. Besides
the evolution of high-k dielectrics, new developemnts in capacitor architectures have also
been put forward to further increase capacitance density. High density trench capacitor
(HiDTC) architecture has been demonstrated to be feasible for extremely high capacitance
density (Giraudin JC. et al., 2007; Giraudin JC. et al., 2006). Based on such architecture, a 35
nF/mm?2 MIM capacitor has been developed with an AlOsdielectric of 20 nm, whereas the
capacitance density is only 3.5 nF/mm? in planar MIM architecture.

MIM capacitors using ferroelctric materials such as STO, BTO and PZT have also been
studied intensively, and they have a very high dielectric constant favourable for achieving a
very high capacitance dencity (Ouajji H. et al., 2005; Defay E. et al., 2006; Wang S. et al., 2006,
Banieki J. D. et al., 1998). These materials usually need high-temperature processing and
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noble metals for the electrodes. Recently, STMicroelectronics has reported the dry etching of
high-k dielectric PZT stacks for integrated passive devices. (Beique G. et al., 2006)

IPD Inductors and Interconnects

IPD inductors are usually formed in conductive interconnection layers on the substrate or
insulation layer as shown in Fig. 2.4. A fine trace width and space less than 10 x m can be
realized by lithography and electroplating technologies with extremely high accuracy and
low manufacturing costs. In addition, an inductance tolerance of less than 2% can be
expected(Mi X. et al., 2007; Mi X., 2008).

The conductive materials for IPD inductors and interconnects should have high
conductivity, a low temperature coefficient of resistance, low RF resistance, good adhesion
to the substrate or insulation materials, and be easy to deposit or electroplate. The RF
resistance is determined by the surface resistivity and shin depth. The conductor thickness
should be at least three to four times the skin depth, to increase the section area of the
conductor where the RF current will flow.

Table 2.6 shows the properties of some normally used conductor materials for IPDs. In
general, these conductors, such as Au, Cu, Al, and Ag, have good electrical conductivity but
also have poor substrate adhesion. Conversely, some conductors having poor electrical
conductivity such as Cr, Pt, Ti and Ta possess good substrate adhesion. To obtain a good
adhesion to the substrate and high conductivity at same time, a very thin adhesion layer of a
poor conductor has to be deposited between the substrate and the good conductor. This thin
adhesion layer does not contribute to any RF loss due to its extremely thin thickness. Since
the electroplating is widely used to form a thick conductive layer, the compatibility with the
plating process should be taken into account when choosing the conductor materials.
Considerable research is focused on developing high-Q on-chip inductors. Various MEMS
technologies have been used to construct a 3D-inductor. Out-of-plane coil structures have
been realized by surface micromachining and sacrificial layer techniques (Dahlmann G. W.
et al., 2001; Zou J. et al., 2001). These out-of-plane coils vertical to the substrate help reduce
the substrate loss and parasitics, but the reported Q-factors do not exceed 20. Moreover the
vertical coil is too high (several hundred u m) to use in practical applications, though they
do not occupy footprints. Palo Alto Research Center has reported a 3D solenoid inductor in
the air constructed using stressed metal technology (Chua C. L. et al., 2002; Chua C. L. et al.,
2003). A release metal layer was placed under the stress-engineered metal layer and a
release photo-resist layer above the stress-engineered metal layer. When the release metal
layer and photo-resist layer were removed, the traces curled up and interlocked with each
other to form a coil. Similar structures and fabrication techniques have also been reported by
Purdue University (Kim J. et al., 2005). These solenoid inductors in the air show a high Q-
factor and self-resonant frequency and are attractive for high-frequency applications. The
large size appears to be a drawback for this solenoid type inductor from the viewpoint of
miniaturization. Some other reported solenoid type inductors did not show a sufficiently
high Q-factor due to the small inductor core area (Yoon Y. K. et al., 2001; Yoon Y. K. & Allen
M. G., 2005). Integration of magnetic materials into inductors can significantly increase
inductance while keeping similar Q-factor at the frequencies of up to several hundred of
MHz (Gardner D. S. et al., 2007). It is difficult nowadays to enable magnetic materials to
have both a high permeability and resistivity at high frequencies of above 1GHz. Spiral coil
architecture is widely used for IPD inductors due to its high inductance density, compact
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size (Wu J. C. & Zaghloul M. E., 2008; Tilmans H. A C et al., 2003; Yoon J. B. et al., 2002).
Optimized 2-layered spiral coils in the air have been demonstrated for IPDs to offer high
quality factor and self-resonant-frequency (Mi X. et al., 2007; Mi X. et al., 2008), which will
be explained in section 3 and 4 in detail.

Surface Skin depth | CTE Adherence Deposition
Resistivity @2 GHz | (ppm/K) | to dielectrics | technique
(Q/squrex 10'7\/?) (um)

Ag | 2.5 1.4 21 Poor Evaporation,
Cu | 2.6 1.5 18 Poor sputtering
Au | 3 1.7 15 Poor or plating
Al ]33 1.9 26 Poor Evaporation,
Cr | 4.7 27 9 Good sputtering,
Ta | 7.2 4 6.6 Good EB-evaporation,
Ti | 139 7.9 8.4 Good EB-sputtering
Mo | 4.7 2.7 6 Fair
W 147 2.6 4.6 Fair

Table 2.7 Properties of some conductor materials used in IPDs.

Dielectric Materials for Insulation and Passivation layers

Photosensitive polymer dielectric materials are usually used to form insulative interlayers
and passivation layers in IPDs. These dielectric materials insulate or protect the integrated
passive elements and conductive interconnects so that they are critial for IPD performance,
especially for high-frequency performance and reliability (Pieters P. et al., 2000; Li H. Y. et
al., 2006). Since these materials cover all the elements, magnetic fields occuring in the
passive circuits will penetrate the polymer dielectric material causing losses and reducing
the Q-factor and self-resonant-frequency of the passive circuit. The dielctric materials have
to be selected with low dielctric constant, low dielectric loss and good electrical performance.
Some good polymer dielctric materials suitable for IPD and their propertis are listed in
Table 2.8. BCB has good dielectric properties and mechanical chericteristics and verified
realiability, and so it has been the most widely used insulation material for IPD or other
passivation applications (Tilmans H. A C et al., 2003; Carchon G. J. et al., 2005).

Based on the above-stated device achitecture, materials and fabrication technologies, many
IPD devices have been developed and practically used due to their good RF performances,
compact size and high manufacture tolerance at serval companies like IMEC (Carchon G. J.
et al., 2005; Carchon G. et al., 2001; Tilmans H. A C et al., 2003), Sychip (Davis P. et al., 1998),
Telephus (Jeong I-H. et al., 2002; Kim D. et al.,, 2003), Philips (Graauw A. et al., 2000;
Pulsford N., 2002), TDK (CHEN R. et al., 2005), Fujitsu (Mi X. et al., 2007; Mi X. et al., 2008).
IMEC IPD used borosilicate glass, TaN resistors, Ta;Os capacitors and electropalated Cu for
coils and interconnects. Telephus IPD based on a 25 p m thick oxide grown on low-cost
silicon wafers, NiCr resistors, SiNx capasitors, BCB dielectric and electroplated Cu
conductors. IPDs have been used for constructing compact passive circuits such as couplers
(Carchon G. J. et al., 2001), and filters (Paulsen R. & Spencer M., 2008; Frye R. C. et al., 2008),
diplexers (CHEN R. et al., 2005) and impedance matching circuits (Nishihara T. et al., 2008;
Tilmans H. A C et al., 2003), for different wireless communication systems such as mobile

www.intechopen.com



Integrated Passives for High-Frequency Applications 269

phones, Bluetooth, and wireless LAN equipped terminals. The IPD technologies are also
powerful for realizing highly integrated RF Front-End-Modules (FEM) where IPD can be
combined with active devices to make complete functional modules, like those
encompassing a Tx/Rx switch, SAW filters, and/or power amplifier (CHEN R. et al., 2005;

Jones R. E. et al., 2005).

BCB AL-Polymer | Polymide | Epoxy
Dielectric constant 2.7 2.6-2.7 3.2-3.5 4.2
Dielectric loss 0.0008 0.003 0.002 0.02
Water absorption (%) 0.24 0.1-0.3 Upto3 >0.3
Elongation at break (%) | 8 20 10-40 6
Young’s modulus (Gpa) | 2.9 1.3 2-4 4
Tensil strength (Mpa) 87 90 100-150 100
CTE (ppm/k) 52 60 40 69
Photodefinition Negative/ | Negative/ Various Negative/
Solvent Solvent Aqueous
Positive/
Aqueous
Cure temperature (C) 225-250 180-250 350-400 190-200

Table 2.8 Some good polymer dielctric materials suitable for IPDs and their properties

2.4 Comparison Among Laminate, LTCC and Thin Film Based Approaches

Capacitance values and the corresponding capacitor areas are compared in Fig. 2.5 between
various dielectric materials typically used for integrated film capacitors in laminate, LTCC
and thin-film based passive integration approaches respectively. Unloaded epoxy resin
normally used in PCB having a relatively low dielectric constant (about 4) and minimum
thickness of approximate 50um, offers a small capacitance density of 0.7 pF/mm?2. Normal
LTCC tape with a dielectric constant around 7~9 and a minimum thickness of 12.5 u m can
offers a capacitance density of about 6pF/mm?2. If high-k LTCC tape with a dielectric
constant of 80 and thickness of 12.5 © m is used, a capacitance density of 57 pF/mm? can be
expected, which is still low from the viewpoint of module miniaturization. By introducing
ferroelectric ceramic-filled-polymer materials such as CFP (ceramic-filled photo-dielectric),
laminate-based embedded film capacitors can increase the capacitance density to several
tens of pF/mm?2. Furthermore, an embedded film capacitor with a capacitance density of 15
nF/mm? using ferroelectric BaSrTiOs foil has been reported as a bypass capacitor (Tanaka H.
et al, 2008). Although laminate-based film capacitors can provide similar or bigger
capacitance densities compared to LTCC by introducing ferroelectric materials, they exhibit
a large temperature coefficient of capacitance (TCC). The reason is that the ferroelectric
ceramics used in film capacitors, such as BaTiOs;, SrTiO; show large changes in their
dielectric constant around the phase transition temperatures (Kawasaki M. et al., 2004;
Popielarz R. et al., 2001; Kuo D. H. et al., 2001; Lee S. et al., 2006). Moreover, polymer
materials such as epoxy usually have a large change in dielectric constant around the glass
transition temperature (Tg). LTCC-based film capacitors have little temperature dependence
and superior reliability because the LTCC materials having dielectric constants up to 100 are
usually paraelectric material.
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Fig. 2.5 Comparison of capacitance values and corresponding capacitor areas between
various dielectric materials used for integrated film capacitors

Since with thin-film-based passive integration technology the capacitors are formed on the
substrate surface, ultra-thin high-k dielectric film with good film quality can also be
deposited for capacitors so that a relatively high capacitance density can be achieved. A 0.1
p m SiNx film can offer a capacitance density over 600 pF/mm?2. Higher capacitance
densities are also possible at the expense of the breakdown voltage reduction by using an
ultrathin film (less than 50 nm). Based on HiDTC (high-density-trench capacitor)
architecture, a 35 nF/mm?2 MIM capacitor has been developed with an Al;O3 dielectric of 20
nm.

Embedded inductors in an organic subatrate offering an inductance of up to 30 nH have
been reported (Govind V. et al., 2006). LTCC are usefule for integating inductors less than
10nH. For IPD (thin-film-based solution), inductance up to 30nH at a size of less than ¢0.6
mm has been reported (Mi X. et al., 2008). Mike Gaynor provided a good case study, in
which performances of integrated inductors constructed by laminate, LTCC and Si-IPD
respectively are compared in detail (Gaynor M., 2007). For the same inductance, laminate
inductors need an area of 5 times that required by IPD. LTCC inductors, which have
increasing thickness because more layers are used, have a steep area vs. inductance slope
and a slightly increased area compared to IPD inductors.

Since the laminate or LTCC-based methods build the passives into the substrate, the quality
factor of the built-in inductor will be low and the inductor size will be large due to a
relatively large dielectric constant and loss tangent of the substrate materials. The typical
inductor diameters are in the order of 1mm. To obtain a large Q-factor and a high self-
resonance frequency (SRF) for RF applications, the traces of the coils have to be separated a
lot and more layers have to be used. That is to say, low-k materials are preferable for
inductor performance. Elsewhere, the typical capacitance density of built-in capacitors is a
few pF/mm? at present, which is still low from the viewpoint of module miniaturization. It
is usually difficult to introduce a very thin insulation layer into these two technologies, so
high-k insulators are favorable for obtaining a large capacitance. However introducing low-
k and high-k insulators into the same substrate will drastically increase the fabrication
complexity and cost.

IPDs are fabricated using photolithography and thin-film technology, enabling a fine
structure and high integration density. The inductors and capacitors are formed on the
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substrate’s surface. Some low-k materials can be used easily for inductors so that a small
inductor can provide a large inductance and high SRF compared to laminate- or LTCC-
based technology (Mi X. et al., 2008). In general, IPD inductors can also provide the best Q-
factor for a given size, if low-loss substrates are used.

The most important advantage of IPD is the high production precision. The inductor’s
tolerance is less than 2% and the capacitor’s tolerance is less than +3% (Mi X. et al., 2008).
This degree of production precision is not available in laminate- or LTCC-based
technologies. The embedded inductors in organic or LTCC substrate usually have
manufacture tolerance around =+ 10%. The embedded film capacitors usually shows
manufacture tolerance around =20%. Since resistors can be formed on the substrate surface
and thus laser trimming can be introduced, IPD and LTCC solutions provide excellent
resistor precision of =1%. Embedded resistors in organic substrates usually show a high
manufacture tolerance between =5% and *20%.

The LTCC has a good thermal dissipation and is preferable for power modules when
compared to laminate-based technology. IPD can also have good thermal dissipation
capabilities, if their substrates are made of Si or ceramics providing high thermal
conductivity.

Element | . | Inner ¥
Method ndueior Capacitor | Wiring Gostnan
Laminate * Low Q-factor i .

(PWB) |.LowSRF  |+Lowdensity| ( | Low-moderate
LTCC ':D‘f‘? to h"&l"_' £) | (<50pFimm’) | | (Low density)

- Big and thick .

+ High Q (>40) g i

Depending on

IPD on * High SRF * High density | Through m?afer sige
SilGlass (>8GHz) S00pFimm | _wafer | (High density)

« Small and thin viais

| possible

Table 2.9 Performance comparison among laminate, LTCC and thin-film based technologies

Laminate-based capacitors are now at the early development stage with many materials and
processes in development. The yields and reliability of laminate-based capacitors also need
to be evaluated. The high tolerance of embedded passive elements will limit them to coarse
applications or digital applications. Thin-film-based passive integration technology provides
the highest integration density with the best dimensional accuracy and smallest feature size,
which makes it the best alternative for passive circuits in SIP solution at high frequencies.
The drawback remains the higher cost compared to the laminate- and LTCC-based
technologies. It is now generally accepted that laminate-based passive integration shows the
lowest cost per unit area, but occupies the largest area; LTCC-based passive integration has
a medium cost per unit area and can integrate more functionality in a smaller size than
laminate-based; and thin-film based passive integration has the highest cost per unit area
but the smallest size, thus offsetting the cost for the same functionality. Moreover, since
thin-film-based passive integration is based on a wafer process, the cost per unit area
strongly depends on the wafer size. If 8-inch wafers are used, the thin-film-based solution
will cheaper than the LTCC-based one. A performance comparison of these three
technologies is summarized in Table 2.9. The disadvantages of conventional thin-film-based
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technology such as glass/Si IPD compared to laminate- or LTCC-based technologies are that
the inner wiring is not available and, while a through-wafer via is possible for a Si or glass
substrate, it is expensive (Bhatt D. et al., 2007; Beyne E., 2008). Fujitsu demonstrated IPD-on-
LTCC technology. IPD-on-LTCC technology combines the advantages of IPD and LTCC and
provides a technical platform for future RF-modules, having all the technical elements
necessary for module construction, including integrated passives, dense interconnection,
and package substrate. Section 3 and 4 will explain the details of this technology.

3. Design Consideration for High Q, High SRF (Self-Resonant Frequency)

Inductors are one of the most important passive components in RF circuits. The quality
factor and self-resonance frequency (SRF) of an integrated inductor are the most important
characteristics for high-frequency applications, which decide the working frequency band
and the insertion loss of the integrated passive circuits. For a conventional spiral coil
inductor structure, the Q-factor is usually below 30, which is not enough for the RF front
end and radio transceiver sections. How to construct an inductor having a high Q and high
SRF and small size is the key point for integrated passive circuits.

CYARyIARVAZ T Y2sy224y2

Fig. 3.1 Two-port lumped physical model for an on-chip inductor

To understand the inductor well, an equivalent circuit model and a method of extracting the
Q-factor, inductance and parasitic components have to be clarified first. A two-port lumped
physical model for an on-chip inductor is shown in Fig. 3.1 (Niknejad A. M. &, Meyer R. G,,
1998). The physical model is a two-port = network of series and shunt components of
inductors and capacitors, where Ls, Rs, Cs, represent the inductance, series resistance, and
parasitic capacitance of the inductor, and Rp, Cp represent the substrate resistivity and
parasitic capacitance in the substrate, respectively.

The Y parameters can be obtained from the measured two-port S parameter. The Q-factor of
the inductor can be extracted from two-port Y parameter as shown in equation (3.1).

0= ‘Im(Yn )/Re(Yn)( : 3.1)

According to the two-port lumped physical model, Ls, Rs, Cp, Rp can be extracted from the
two-port Y parameter as shown in the following equations (3.2 to 3.5) respectively.
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L = le(ij (3.2)
22/

1

R = Re(——j (3.3)

¥,

1
C,=—Im(Y, +Y,) (3.4)
27
1
R, =Re : (3.5)
Y+,
The quality of an inductor is evaluated by its Q factor, which is generally defined as
0=27 energy stored ' (3.6)
energy loss in ome oscillation cycle

It is inevitable that some parasitic capacitances will occur in a real inductor. For an inductor,
only the energy stored in the magnetic field is of interest. Any energy stored in the electric
field due to the parasitic capacitances is counterproductive. Thus the Q-factor of an inductor
should be given by equation (3.7) (Yue C. P. & WongS. S., 1998)

. . 2
0=2r- peak magnetic energy — peak electric energy _ R - S (3.7)
energy loss in ome oscillation cycle 2nfL Jo

A

C Rs

\\|_D

Fig 3.2 One-port physical model of an inductor including parasitic effects

For simplicity, an one-port physical model including parasitic effect as shown in Fig. 3.2, is
used to derive the expression of the Q value. According to one-port physical model
including parasitic effects, the energies stored in the magnetic and electric fields and lost can
be expresses in eqation (3.8 to 3.10) respectively.
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2
VL (3.8)

2 J(wL) + R?]

peak magnetic —

viC
E peak electric = (39)
2
20/ R S (3.10)
loss in one oscillation cycle W 2 RS (C!)L)z +R2

Where R represents the series resistance of the inductor; C represents the total parasitic
capacitance including that of the inductor and substrate; Rs represents the substrate
resistivity and V, denotes the peak voltage at the inductor port. The inductor Q-factor can be
obtained as shown in equation 3.11 by substituting equations 3.8 to 3.10 into 3.7.

ol R R*C
= . c s + 1= —w’LC |- (3.11)
Q R R +|(@L/R) +1[R { L ¢ }

The Q-factor in the equation 3.11 is expressed as a product of three factors, where the first
factor is called the ideal Q factor, the second factor is called the substrate loss factor, and the
third factor is called the self-resonance factor.

The inductance L is defined as L=¢/I, here ¢ is the magnetic flux crossing the inductor coil
and [ is the current flowing through the coil. The multi-layered coil inductor produces a
large inductance, L, as an entire inductor because the multi-layered coil shows mutual
inductance due to mutual electromagnetic induction between the multiple coils connected in
series and thus increase the magnetic flux crossing the inductor coil. For this reason,
according to the multi-layered coil inductor, the total length of conductive wire necessary
for achieving a given inductance L tends to be short. The shorter the total length of the
conductive wire for constituting the multi-layered coil inductor, the smaller the resistance R
in the multi-layered coil inductor tends to be. As can be seen in the above-mentioned first
factor, achieving a predetermined inductance L at a small resistance R contributes to an
increase in the Q-factor. The inductor coils have to be constructed with good conductivity.
The width and height of the coil traces have to be designed carefully to ensure low RF
resistance at operating frequencies.

The second factor in equation 3.11 suggests that a substrate having high resistivity Rs
should be used to lower the loss from the substrate and to increase the second factor so that
it is 1. For this reason, ceramic, glass, or fused quartz are suitable for the substrate.

The third factor of equation 3.11 suggests that the parasitic capacitance C should be lowered.
As can be seen from the above-mentioned third factor, making the parasitic capacitance C
zero brings this factor close to 1 and contributes to an increase in the Q-factor. Further,
lowering of the parasitic capacitance is also favourable for achieving a good high-frequency
performance. The self-resonant frequency (SRF) f, of an inductor can be determined when
the third factor of equation 3.11 becomes zero. Using this self-resonance condition, the same
result as equation 1.6 is then obtained.
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1 |1 R?

fo=3NTe I

(3.12)

Generally, the smaller the parasitic capacitance of the inductor, the greater is the inductor’s
SRF shift toward the high frequency side, making it easier to achieve a good high-frequency
characteristic. For these reasons, we recommend using the two-layered coil in the air, as no
material has a dielectric constant that is lower than air.

As discussed above, the optimized structure of the IPD is illustrated in Fig. 3.3 (Mi X. et al.,
2007). The lower spiral coil is directly formed on the substrate and the upper coil is
freestanding in the air. Air is used as the insulation layer between the two coils to minimize
the parasitic capacitance in the coil inductor. The two spiral coils are connected in series by a
metal via and the direction of the electric current flowing through the two coils is the same.
The direction of the magnetic flux occurring in the two coils agrees, and the total magnetic
flux crossing the two-layered coil increases. The two coils are arranged to overlap with each
other to further maximize the mutual induction. There are no support poles under the upper
coil, nor are there intersections between the wiring and the coils in the two-layered coil
structure. It also helps to prevent an extra eddy current loss from occurring in these sections
and maximizing the Q-factor of the coil inductor. The capacitor is of a metal-insulator-metal
structure, as shown in Fig. 3.3 (c). A thick metal is used for the lower and upper electrodes
of the capacitor to suppress the loss and parasitic inductance arising in the electrodes and
thus to enlarge the Q-factor of the capacitor and its self-resonant-frequency. A 3D
interconnection in the air is introduced for the upper electrode to help eliminate the parasitic
capacitance that results from the wiring to the MIM capacitor.

(a) Fujitsu’s IPD
__T—

Capacitor part

x480  75.@pm
(b) Coil part (c) Capacitor part
Fig. 3.3 High-Q IPD configuration
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4. 1PD on LTCC technology

4.1 Concept

We propose a new technology to combine the advantages of LTCC and IPD technology.
High-Q passive circuits using a two-layered aerial spiral coil structure and 3D
interconnection in the air are constructed directly on an LTCC wiring wafer. This technology
is a promising means of miniaturizing the next generation of RF-modules

A conceptual schematic diagram of the proposed IPD on the LTCC for the RF module
applications is illustrated in Fig. 4.1. The above-mentioned high-Q IPD is directly formed on
the LTCC wiring wafer. Functional devices such as the ICs are mounted above the IPD,
while the LTCC wiring wafer has metal vias on the surface for electrical interconnection
between the wiring wafer and the integrated passive circuit or the mounted function device
chips. Pads are formed on the reverse side of the LTCC wafer to provide input and output
paths to the motherboard. The inner wiring of the LTCC wafer can provide very dense
interconnects between the passive circuit and the functional devices. Because the function
device chips are installed above the integrated passives, the chip-mounting efficiency can
approach 100%, which means a chip-sized module can be realized.

Functional device chips{

Integrated passives- : Py il mon

L
LTCC wiring wafer{ %

T T \ — T
\ VN )}
2-layered coil in the air Capacitor Pad Inner wiring

Fig.4.1. Conceptual schematic diagram of the proposed IPD on LTCC for RF module
applications

4.2 Development

The fabrication technology of the high-Q IPD on LTCC is shown in Fig. 4.2. The basic
concept is to form a large-size LTCC wiring wafer, and then to form the IPD directly on the
wafer surface.

First, an LTCC wiring wafer is fabricated, and the surface of the wafer is subject to a
smoothing process. The surface roughness needs to be reduced to ensure that the wafers can
go through the following photolithography and thin-film formation processes. The
capacitors, lower coils and interconnects are then formed by thin-film technology and
electrical plating technology. Next, a sacrificial layer is formed, which has the same height as
that of the lower metal structure. At the via positions, windows are opened in the sacrificial
layer to facilitate an electrical connection between the upper and lower metal structure. On
the sacrifice layer, a metal seed layer is formed for the following electrical plating process.
After that, the upper coils and interconnects as well as the bumps for interconnection
between the function device chips and IPD wafer are formed by electrical plating technology.
The metal seed layer and the sacrificial layer are then removed to release the integrated
passives. The upper and lower metal structures are made of copper and the bumps are gold-
plated. Function device chips such as the IC can be mounted onto the bumps by flip-chip
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bonding technology. If necessary, a sealing or under-filling process can be conducted.
Finally, the module units are created by cutting the wafer. All of the fabrication processes
are carried out at wafer level, which leads to high productivity. The fabricated high-Q IPD
on LTCC wiring substrate is shown in Fig. 4.3.

1.Formation of an LTCC wiring wafer 4. Formation of bumps for interconnection

and surface smoothing processing between function devices and IPD
I T 1 I | —
[  — - 1 |
R ISS———————
2. Formation of capacitor,

lower coil and interconnect

I - — 1
[ —1

,—!']J—l;lrlg!—‘ 5. Removal of seed layer and sacrifice layer;
! — L —! I { Mounting function devices onto IPD wafer;

3. Formation of sacrificial layer, Dicing module units from the wafer

upper coil and interconnect

xiﬂt pads .;'—

Fig. 4.3. Fabricated high-Q IPD on LTCC wiring substrate

We inspected the performance of the fabricated high-Q IPD on LTCC wiring wafer. Figure
4.4. shows a performance comparison between a two-layer coil in the air and a one-layer coil
in resin. The two coils have the same inductance of 12 nH, but differ in coil size. The two-
layer coil is 350um in diameter, and the one-layer coil in resin is 400um in diameter. The
two-layer coil can represent a 30% saving in area while providing the same inductance. The
developed two-layered coils can achieve an inductance of up to 30nH at a size of less than
¢@0.6 mm. For a given size, the two-layer coil in the air improves the Q-factor by 1.7 to 2
times that of the conventional one-layer coil in the resin. Moreover, the SRF also increases
from 7.5 GHz to 8.5 GHz. It indicates that the two-layered coil in the air is more suitable for
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high-frequency applications exceeding 3GHz where hardly any surface-mounting devices
(SMD) usually work well due to the low SRF.

Q-factor [A.U.] & L [nH]

Fig. 4.4. Performance
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Fig. 4.5. Q-factor comparison between Fujitsu’s 2-layered IPD and those made by other

companies and SMD inductors on a similar size basis

Q-factor comparison between Fujitsu’s 2-layered aerial spiral coil and those made by other
companies and SMD inductors are compared at 2 GHz in Fig. 4.5. In general, the Q-factor of
an inductor strongly depends on inductor size. Fujitsu IPD inductors have an outer diameter
smaller than 0.6 mm. Those points for the integrated inductors reported by other research
organizations have a similar size to Fujitsu’s IPD inductor. The SMD inductors compared in
Fig. 4.5. have the a size of 0.6 mm 0.3 mm. The conventional 1-layer integrated spiral coils
in resin with a size less than 0.6 mm square can only offer a Q-factor of less than 30. These
off-chip inductors (SMD) with the similar a size of 0.6 mmXx0.3 mm can offer a Q-factor
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higher than 40 only when the inductance is less than 5 nH. When the inductance increases,
the Q-factor rapidly declines to less than 30. As a result, Fujitsu’s 2-layered aerial spiral coil
can provide a performance that is superior to its rivals of a similar size.
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Fig. 4.6. Performance comparison between a capacitor using a 3D interconnect in the air and
a capacitor embedded in resin
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Fig. 4.7. Capacitor performances of Fujitsu’s IPD (a) Dependence of capacitance on
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The Q-factor comparison between the newly developed capacitor using 3D interconnection
in the air and the conventional capacitor embedded in resin is shown in Fig. 4.6. The Q-
factor is improved from 110 to 180 at 2 GHz. The other performances of Fujitsu’'s IPD
capacitors are shown in Fig. 4.7. and Fig. 4.8. Figure 4.7. (a) shows the dependence of the
capacitance on frequency and Fig. 4.7. (b) shows the relationship between the capacitance
and the capacitor area. As shown in Fig.4.7. (a), the capacitance stays flat up to several GHz,
indicating that the developed capacitor has small parasitic inductance and high self-
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resonance frequency. The capacitance density of the developed integrated capacitors reaches
200 pF/mm2, which makes it possible to reduce the size while covering almost all RF
applications. Ultra-thin insulation film is favorable for achieving a large capacitance density,
but has a risk in terms of breakdown voltage. The breakdown voltage characteristic depends
strongly on the substrate roughness and quality of the dielectric film used for the capacitor.
High-quality thin-film formation technology is the key to realizing high capacitance density.
We also checked the breakdown voltage of the integrated capacitors and the result is shown
in Fig. 4.7. The average breakdown voltage exceeds 200 V, which is enough for RF module
applications.
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Fig. 4.8. Break-down voltage of Fujitsu’s IPD capacitors
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Fig. 4.9. Production tolerance for two-layered coil in the air
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Fig. 4.10. Production tolerance for capacitor using 3D interconnect in the air

We inspected the production tolerance of the developed integrated passives. The inductance
and Q-factor of 7.1 nH coils fabricated in different production batches were measured. The
results are shown in Fig. 4.9. The deviation in inductance is less than =2%. The deviation in
the Q-factor is about =5%. The capacitance deviation of 2 pF capacitors fabricated in
different production batches was evaluated and the result is shown in Fig. 4.10. The
deviation in capacitance is less than *=3%. The above-mentioned production tolerance
includes the wafer deviation and batch deviation, which is not available in the case for its
rivals, namely laminate-based and LTCC-based technologies.

High-Q IPD on LTCC technology has been demonstrated for RF-module applications using
the newly developed multistage plating technology based on a sacrifice layer. A two-layered
aerial spiral coil structure and 3D interconnection in the air are used to increase the quality
factor and to reduce the parasitic capacitance. This configuration enables us to achieve a Q-
factor of 40 to 60 at 2 GHz for the integrated spiral inductors of a size smaller than ¢0.6 mm,
while providing a high self-resonance frequency of over 8 GHz. The Q-factor of the
capacitors has been improved from 110 to 180 at 2 GHz. Very high production precision has
been achieved: less than +2% for inductors and less than +3% for capacitors. This technology
combines the advantages of LTCC and IPD. The function device chips can be mounted
above the IPD. The inner wiring built in the LTCC wafer provides dense interconnection.
And the pads on the reverse side allow easy access to the motherboard. This technology
combines the advantages of IPD and LTCC and provides a technical platform for future RF-
modules, which has all the technical elements necessary for module construction, including
integrated passives, dense interconnection, package substrate. These advantages are
promising for the miniaturization of RF-modules and the realization of a chip-sized-module.

5. Summary and Discussions

In this chapter, we have concisely reviewed the recent developments in passive integration
technologies and design considerations for system miniaturization and high-frequency
applications. Over the past 10 years, passive integration technologies, laminate-, LTCC- and
thin-film based technologies have gone through a significant evolution to meet the
requirements of lower cost solutions, system miniaturization, and high levels of
functionality integration, improved reliability, and high-volume applications. Some of them
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have enabled miniaturized or modularized wireless telecommunication products to be
manufactured.

Developments in new materials and technologies for laminate-based technology have been
significantly advanced. This makes possible the lowest cost integration of embedded
resistors, capacitors, and inductors. Embedded discrete passives technology has been used
for mass production. The materials and processes of laminate-based film capacitors are now
immature and the yields and reliability also need to be evaluated. The large production
tolerance due to instabilities in the materials and the fabrication processes remains the
drawback. LTCC-based passive integration has high material reliability, good thermal
dissipation and relatively high integration density compared to laminate-based technologies,
but has the common drawback of a large production tolerance due to the screen-printed
conductors and the shrinkage during the firing process. The high tolerance of embedded
passive elements in organic or LTCC substrate limits their use to coarse applications or
digital applications. The thin film based passive integration, usually is called as integrated
passive device (IPD) provides the highest integration density with the best dimensional
accuracy and smallest feature size, which makes it the most powerful technology for
passives integration in SIP solution at high frequencies. When a large wafer size is used for
IPD, the cost per unit area will be drastically reduced and can compete with laminate- and
LTCC-based technologies at the same functionality.

A small size, high Q-factor, high SRF, and large inductance are required for integrated
inductors to meet the demands for high-frequency performances and low cost. Conventional
spiral coils cannot meet these requirements at the same time. We have established process
technology to produce IPD using 2-layered coil in the air and confirmed its good
performance.

* 2-layered coil in air : Q=40@2 GHz; Q=30@0.85 GHz with a coil size less than 0.6 mm

» Capacitor: 200 pF/mm2 density and break-down voltage over 200 v.

For integrated capacitors, the capacitance density should be increased by introducing a
high-k thin film with good film quality. This will help increase the capabilities of integrating
large capacitance or scaling-down the capacitor size.

Current IPD technologies such as IPD on glass/Si, have disadvantages compared to
laminate- or LTCC-based technologies, namely the inner wiring is not available and, while a
through-wafer via is possible for a Si or glass substrate, it is expensive. This will result in
limitations for future system level integration including size, complexity and cost. We
demonstrated IPD-on-LTCC technology, which combines the advantages of IPD and LTCC
and provides a technical platform for future RF-modules, and which has all the technical
elements necessary for module construction, including integrated passives, dense
interconnection, and package substrate. These advantages are promising for the
miniaturization of RF-modules and the realization of a chip-sized-module to meet the future
market demand for higher levels of integration and miniaturization.

In the future, system integration will become more complicated and involve more and more
functions of the package, such as sensors, actuators, MEMS, or power supply components.
For example, decoupling, filtering and switching are all electrical functions which cannot be
effectively integrated on active silicon nowadays, but which are required for the generic
circuit blocks of high-frequency radio front ends. Moreover, tunable capabilities are strongly
expected to offer more flexible radio front-ends for future software-defined-radio or
cognitive radio systems. MEMS devices have shown promise for realizing tuning functions.
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Incorporating RE-MEMS components such as switches, variable capacitors and tunable
filters, in RF-module platforms will drastically increase the functionality and will be the next
challenging development. When constructing such complicated 3D built-up systems, system
electro-magnetic field modeling will become more difficult and challenging. In addition,
thermal and current as well as mechanical stress management will have to be taken into
account from the beginning of the system concept. Setting up a well-established design
methodology with capabilities to design and optimize extensive components including
active, passive and MEMS devices is also important and is a future task.
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