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Abstract

More and more board and chip package RF designs
require high-signal density while delivering frequges in
the tens of gigahertz. The challenges for organic
substrates, in meeting these electrical requiresient
include using high-speed, low-loss materials,
manufacturing precise structures, and making catdg
finished product. In addition, many RF systemsshav
mechanical and environmental requirements like
lightweight and low-moisture absorption. This pape
describes a procedure used to fabricate radio fesuy
circuits in a package composed of laminated sulbesraA
highly versatile laminated structure is enablectioy
presence of Z-interconnects that are included betvwhe
layers. In other words, the interconnects are rairta
the surfaces of the substrates which is considerée the
‘Z’ direction. These Z-interconnects hold promise f
increasing signal density at microwave frequenaies
given package. The manufacture of Z-interconnect
structures involves building mini-substrates ofr 30
layers each, then assembling several mini-substrate
together to make the finished product. Final |aaion
includes connecting metal layers vertically, using
conductive paste. Designing and manufacturingnia-
substrates separately makes it possible to reliably
manufacture substrates with no via stubs, verylussg-
materials, nearly arbitrary transmission line sttupes
and versatility in optimizing features to redudgnsi
loss.

Examples of circuits, that were fabricated using %
interconnect process, are given and test resultsvsh
These circuits are tested for electrical performanc
consisting of S-parameter measurements. Equivident
loss performance to typical ceramic substrates il
shown up to 25GHz. These results compare thefube o
technique with liquid crystal polymer (LCP) substra
material with the use of Teflon-based material.ldref
based circuits are compared to low temperature iagf
ceramic (LTCC) substrates. Due to its design fflidiky,
lighter weight and hermeticity, the organic-matétased
Z-interconnect is shown as an improvement overmgra
substrates.

I ntroduction

The needs of the RF semiconductor marketplace raosti
to drive performance and signal density into
semiconductor packages. High-end RF devices cantimu
need increasing signal density, frequency and poWes
combination of these needs is pushing complex
semiconductor packaging designs. Traditionallyghbr
frequency performance and greater wiring densities
achieved by reducing the dimensions of some viass)
and spaces, increasing the number of wiring layans,
utilizing backdrill and blind and buried vias. Hoves,
each of these approaches possess inherent limgatigor
example limitations include drilling and plating bfgh
aspect ratio vias, reduced conductance of narroguici
lines, and increased cost of fabrication related to
additional wiring layers. One method of extendiniging
density and performance beyond the limits imposgd b
these approaches is metal-to-metal z-axis intemction
of sub-composites during lamination to form a cosifgo
structure 1-4]. Conductive joints can be formed during
lamination using an electrically conductive adhesi&s a
result, one is able to fabricate structures withtivally-
terminated vias of arbitrary depth. That is, vias ctart
and stop on any layer. Replacement of conventional
plated through holes with arbitrary buried vias rmgpeip
additional wiring channels on layers above and etlte
terminated vias, improves high-frequency optimizatof
the design, and eliminates via stubs which caubective
signal loss %,6].
More and more substrate designs require signalhs plaat
can handle multi-gigahertz frequencies. The chghs
for organic substrates, in meeting these electrical
requirements, include using high-speed, low-loss
materials, manufacturing precise structures andingak
reliable finished product. In addition, many higeed
chip packages have mechanical and environmental
requirements like lightweight and low-moisture
absorption.

e via stubs must be eliminated

e lines must be wide enough to reduce signal loss,
while still controlling impedance

* interconnects must be tuned to reduce signal loss
e vias must be tuned to reduce signal loss

e substrate must be manufacturable

e substrate must be reliable
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One material that meets all of these requirememts i =

Liquid Crystal Polymer (LCP) dielectric which hasigue
combination of features and performané@]. Due to its
design flexibility, lighter weight and especially
hermeticity, LCP-based Z-interconnect has potemtidie

a favorable alternative to low temperature co-ficedamic
(LTCC) substrates. In addition, the lower dielectr
constant of LCP can reduce crosstalk and noiseliogup
compared to LTCCFigure1l shows some advantages of
LCP structures.

Drawing is to scale
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Typical 8-layer, 3x3cm
Stack-up Weight:

LTCC stack-up 60 grams
LCP stack-up 10 grams

Typical Material Densities: Ceramic

LTCC 3.2 g/lcm3 50-ohm vs.

LCP 1.4 g/cm3 Organic
50-ohm

Figure 1 Advantages of LCP: Lightweight, High
Signal Density

In the present paper, we design a liquid crystdymer
(LCP) test vehicle (TV) using the Z-interconnectlding
blocks,
involved to optimize dielectric and conducting asikie
materials for the structures. High and low meltjgjnt
LCP based sub-composites Overall,
integrated approach centering on three interrelftads:

(1) materials optimization, (2) fabrication, and) (3
electrical performance at the package level.
Experimental Procedure
Z-interconnect Construction
The name *“Z-interconnect” is short for Z-axis
interconnect.  Conductive, adhesive paste is used

connect thin substrates together, enabling veesatédck-
ups that eliminate via stubs. This constructidoves vias
to start and stop on any layer. In addition, desigan be
made with Z-interconnect, that
impedance transmission lines with a range of lindthg
from narrow to very wide.Figure 2 shows an example
stack-up with various line widths and signals types
with no via stubs§).

Red = RF signals

Purple=digital Dk Gray = Z-interconnect joints
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Figure2 LCP Z-interconnect Stack-up

The general methods and processes used to build a Z
interconnect substrate are described in previoysensa
[2,8]. A summary is shown below highlighting the LCP
material.

The main building blocks are a plane-plane (0S2i®§ c
and a signal-plane-plane-signal core (2S2P). ®ieng
core is the name of the 0S2P because it has a covelu
paste which allows it to attach to the 2S2P sigmais.
The joining core starts with an off-the-shelf coppkad
laminate. Then shapes and lines are etched irgo th
copper on both sides. A layer of dielectric anpp=r is
laminated to both sides of the etched plane-plane and
then holes are drilled through the structure. Iyashe

to make new RF structures. The work wadole is filled with conductive paste and the ow®pper is

etched away, yielding a 0S2P joining core. Thespss
are sketched iRigure 3A-C.

this effort is an

t

(B)
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Figure4: Z-interconnect composite stack-up

In combination with blind and buried vias-{gure 5), the
signal and joining core building blocks allow arhity via
connections starting at any layer and ending ataysyr.

(E)
Figure 3: Fabrication of joining and signal cores (A) Etch
2P core; (B) Drill laminated 2P core; (C) Pastediilled
2P core; (D) Etch laminated 2P core (E) Drill giidte
laminated 2P core

The 2S2P signal core process starts the same &S
core, up to attaching the dielectric and metal igye the
2P core. At the next step, instead of drillingg thuter
copper is etched to create all the signal featulesstly,
the holes are drilled and plated to make the 2S&@ c
(Figure 3D,E). The 0S2P and 2S2P building-blocks are Figure5: Buried and blind vias in core
combined to make a Z-interconnect stack-up (Keare

4). Discrete embedded capacitors and resistors camdeda

to most layers in the stack-up. Barium titanate—
fluoropolymer can be used for embedded capacitance
layers P]. Printable barium titanate nano-composites or

thick film resistors or resistor foil are typicallysed for
discrete embedded passivé8][ ( Figure6)
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Re=istor

discrete caps and resistors
Test Vehicle Design

Figure 6: Embedded capacitance layer and embedde

Test vehicles were designed using Z-interconneitdibg Figure8: LCP Dielectric Final Full Stack-up
blocks. The main features, of the design, werel&d-RF
structures in a range of line widths. Striplineustures Results and Discussion

were designed using both narrow and very wide Jines

~50um and ~300um respectively. Co-planar Strusturéa||-L.CP z-interconnect test vehicle has a few big
were also designed using approximately the sam@war chgllenges. The challenges include processing iC#
and wide line widths. Transmission line structuess sub-composite, forming a good conductive paste
shown inFigure 7. connection and filling clearances during laminatteps.
Sub-composites were successfully built after depialp
optimum process parameters. As a thermoplastienat
Su i LCP requires a narrow range of temperature andspres
200um 210um to laminate properly. Figure 9 shows a LCP sub-
composite panel.

Figure7: Test Vehicle Transmission Line Structures

In order to achieve these structures in this stacki6
metal layers were used, including 3 0S2P joiningesp2
2S2P signals cores, plated copper on top and baitain
embedded resistance on layer 7. Each dielecyrer laas
about 50um (2mils) thick. The stack-up used allPLC
dielectric materials, combining copper-clad lam@&saand
bond-films to achieve the final stack-up ( $&gure 8 ).
The total thickness of the stack-up was slightlssi¢han
1mm. LCP dielectric specifications are Dk = 2.9 &ard
=.0025 at 10GHz.

Figure9: LCP Sub-composite Panel

The second building block in this LCP study is d205
core. This core is constructed using a high tentpeza
melting LCP power core, sandwiched between layérs o
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low melting LCP material. Through holes in the care
filed with an electrically conductive adhesive. By
alternating 2S/2P and 0S/2P cores in the lay-upr gd
lamination, the conductive paste electrically camnse
copper pads on the 2S/2P cores that reside orr aithe
of the 0S/2P core. Two signal layers are addedhéo t
composite structure each time one adds an additio
2S/2P core and an additional 0S/2P core. A stractuth
four signal layers composed of five sub-compos(te®
2S/1P cores and three 0S/1P cores) is shown sdlattyat
in Figure 2. Although this particular construction
comprises alternating 2S/2P and 0S/2P corespitssible
to place multiple 0S/2P cores adjacent to eachr athihe
stack. The adhesive-filled joining cores were lzeted
with circuitized sub-composites to produce a coripos
structure. High temperature/pressure lamination wssesl
to cure the adhesive in the composite and provide -
interconnection among the circuitized sub-compssite
Photographs show an adhesive-filled 0S/2P joiniage ¢ Figure 11 L CP Conductive, Adhesive Paste Joint

prior to lamination Figure 10 shows optical photographs

of a joining core having paste-filled holes witldiameter The LCP building blocks of signal cores and joinaduyes

of 60 um. Paste joints were formed using conductivevere built successfully. Stack-ups containing 6taine
paste. Paste formed a bond with metal pads on sulayers and 10 metal layers have been laminated
composites above and below the joining cofégure 11  successfully.  These structures are showRigure 12
shows a completed Paste joint connecting groundegla Work is continuing in optimizing a process for fina
together. lamination of the sub-composites. Sometimes, durin
final lamination, excess flow of LCP material caue-
lamination and buckling in some layeFgure 13 shows

a cross section of the chip carrier taken fromedédht
area. It shows most of the area has laminatedexetpt a
couple of layers.

.....

Figure 10 Photographs of adhesive filled joining
core

Figure12 Six and ten-layer cross—sections-
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Figure 13 Cross-section of Final LCP Stack-up
(inset: top view)

The 4-layer signal cores were measured on a 57ual@ wi
stripline. Network analyzer measurements showltass
on a full 1.1" net even for a narrow 57 um lin€&igure
14) LCP shows lower loss than a Teflon-based saitastr
Loss per inch is measured as 1.3 dB/inch at 10GHz.
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Figure 14 Transmission lineloss LCP vs. Teflon

A similar test vehicle with Teflon-based material
containing wide transmission-line structures shuery
low-loss. From the previous narrow line LCP resiltis
expected that the wide-line LCP loss will be evettdr
than the Teflon loss shown belowigure 15 shows
insertion loss for a 1.1” stripline, line width 2.
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Figure 15 270um Width Transmission Line loss for
Teflon based TV (better results expected for LCP TVs)

Conductive adhesives are of little value unlesy tten
survive the same rigors of testing that modulebaards
would receive. Multilayer LCP laminate and adhesive
filled multilayer LCP laminate was used for reliiyi
testing. Reliability of the laminate was ascertdibg PCT
and solder shock. For PCT, samples were exposed to
100% humidity with a constant pressure of 19 PSl24t

°C. Samples were stable after reliability test trede was

no de-lamination after PCT and solder shock. Latema
were also exposed to PCT (2 hrs) followed by a 15
seconds solder dip at 26G. Sometimes PCT and solder
shock cause de-lamination. In general, solder kiguis
pick up the PCT defects and induce de-laminatiogreH
de-lamination propagates through the LCP, not ftjinou
the adhesive.

Conclusions

LCP sub-composites were built successfully. Cotidec
paste filled the appropriate drill hole and fornsdtrong
conductive, adhesive bond. Final lamination of L<LiP-
composites requires specific processes and tigittaloof
temperature and pressure. Optimization of LCPIfina
lamination is ongoing.

Z-interconnect substrate structures with low-losgaaic
materials such as Teflon, have electrical lossgoerdnce
that compares favorably to LTCQ@][ Figure 16 shows
loss of a 270um width transmission line in a Tefb@sed
dielectric material. Analysis and simulation of R®ased
substrates predict that LCP structures will be ewsver
loss than Teflon.4,6,7,8]
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Figure 16 Teflon Z-interconnect Comparison to
Ceramic

LCP based Z-interconnect substrate, with large
clearances in planes and embedded resistors, daunlbe
with sufficient flatness on subsequent metal laygsing
0S2P and 2S2P building blocks, a nearly arbitreagksup
of signals and planes can be built. High aspead,ramall
diameter (~6Qum) holes were successfully filled with
silver-filled adhesives. Conductive joints werebétzafter
pressure cooker test (PCT), and solder shock. The
adhesive-filled joining cores were laminated with
circuitized sub-composites to produce a composite
structure. High temperature lamination was usezite
the adhesive in the composite and provide stablabie
Z-interconnections among the circuitized sub-coripses
Future work involves optimizing a process for laating
multiple LCP sub-composites. Additional steps uid
electrical testing of a full LCP stack-up and megcbal
and reliability tests.
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