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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 u m in the near future. In contrast,
standard PCB technology commonly provides a coarse contact pitch of 400-1000 n 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 oL
=———+ j(0C ———=). (1.1)
R+ o'l R +0’L
The series resistance R used to model the dissipative loss is given by
R= Rdc + Rac f + Rdf (1'2)

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

effect in the conductive trace, and R, 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

QO =[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

- 1.4
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,
w,L
COOC - ﬁ =0. (1.5)
R +w,L
Using the self-resonance condition, equation (1.5), the self-resonant frequency f, is then

given by the following equation.

1 /1 r
fo ==l — (1.6)
2r NVLC L
Usually the R is small, so self-resonant frequency fo can be estimated by
1 1
s =TT (1.7)
2r VLC

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.

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
where fo =—.,——= is the self-resonant frequency of the capacitor and f is the
2 VLC

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

0.1 00
ch + de 0.9,

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

(1.9)

electrode resistor R, and O, =1/tand 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 Sok/ I,. 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 (k€/square to MQ/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 nF) | ¥15%
Differential circuit Capacitor (10 pF-10 n F) +5%
Oscillation circuit Capacitor (10 pF-10 n F) +5%
Bias circuit Resistor(1 k-10 M Q) +1%
IC controlling Resistor(=10 kQ) 1%
Filter Capacitor(=1 u 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

LSl

Build-in inductor J

(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 | 10-1k 10-1M 10-1M
(Q/square)
Tolerance +5-10% +10-20% +15-20%
TCR (ppm/°C) | +50-100 +150-250 1350
Formation Etching Screen Printing Screen Printing
or Plating Firing Heat hardening
(500-900°C) (=2007C)

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 x 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
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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
130 u m, whereas etching a PCB feature allows dimensional control in the order of about 10
um.

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(500~9007C).
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 x m, resulting in a
capacitance density of 0.7 pF/mm?, 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?2, 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
(p 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 BaTiOs; 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 x 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 x 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 BaTiO3 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

www.intechopen.com



Integrated Passives for High-Frequency Applications 261

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 (RuOy)-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.
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WVia-hole punching |- - - - -« - - o _ » O
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Conductor or resistor pattern print

________________ »
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——————————————————— S

Fig. 2.2 LTCC process flow
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HTCC uses standard ceramic materials such as alumina (Al,O3) 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

e ——

) I e

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