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Abstract

Recent technology advancement has enabled enhanmice
in PWB electrical performance and wiring densitf.hese
innovations have taken the form of improved matgriaovel
PWB interconnect structures, and manufacturing relciyy.
One such advancement is Z-axis conductive intercmnnT he
Z-interconnect technology involves building minkstrates of
2 or 3 layers each, then assembling several mistsates
together using conductive paste. Designing
manufacturing the mini-substrates separately, gssembling
them together, makes it possible to reliably mactufa
substrates with no via stubs, very low-loss malgrand high
wiring density. The conductive paste is not qidtentical to
copper, the conductivity is a bit lower and strualy it's
different than a plated copper barrel. This pagiérexamine
some thermal and mechanical performance metricertgpare
vias with and without conductive paste joints.

In most high performance systems (with the exceptb
board cooled applications such as in the aviomidastry), the
bulk of the power is dissipated in the chip packagth the
PWB playing a minor role. However, power delivasya
primary function of the PWB. Increased power regmient
translates to increased electrical current flowthie board
which leads to ohmic (joule) heating of the condugt Thus,
the current carrying capacity of conducting laygmning
layers, planes, and vias becomes important fronh ket
performance and reliability standpoint. [1]

Traditional industry standard guidelines have tende
focus on generic conditions and conservative aigalyé/hile
adherence to these guidelines is sure to meet rp@afce
requirements, there are many situations where wytienized
designs are needed. Consequently, an applicatiemted
approach is better suited.

This paper deals with the current carrying capaofty-
interconnect vias and joining layers under specd@nmonly
encountered conditions. Both laboratory experisesd
simulations are used to perform the study. An arpental
test vehicle has been used to characterize tenuperase of
PWB vias under different conditions. A numericabdal is
developed and validated with the experiment datéhe
numerical model is then exercised to determinermatevia
temperature rise under a variety of conditions. suRe
obtained so far indicate that these joints are loi@pearrying
currents in range of 3A to 5A.

Introduction

As complex circuit board assemblies get denserhégiter
in signal frequency, they require more and moreexir For
a multi-module large digital board, it is not unaoon to have
10 or 20 modules, each of which needs 200A at scone
voltage near 1.0 volts. Each module also has #rassof 1/0

a

which drive designs toward massive multi-layer lbisa¢>50
rrIf'zleyers) and very thick boards. (>250 mils) Neveuwitr board
technology, such as Z-interconnect, is a good #t
manufacture reliable, thick, high density circugabds. An
area that needs further investigation is the higent
capacity of the conductive paste. It is a differgaometry
and material than copper plated vias since condrigiaste is
a solid cylinder of material, rather than a plabadrel, and the
Gaste is a nano-material with conductive partifi@sting in a
polymer matrix. It is expected that it will perforsimilarly to
copper since the DC resistance of the paste jsinmeiarly
identical to a copper barrel. The slightly lowenductivity of
the paste is offset by the extra cross-sectiore af the solid
cylinder. The thermal expansion of the pasterislar to the
copper, so no extra stress is expected on thesjoint
The work in this paper involved building and measyr
test vehicles to generate temperature vs. curretd. d It

included simple thermal models as well as 3D thérma
lab measurements.

simulations to correlate with the
Construction of Z-interconnect and test vehicleigresvill be
described. Test results will be shown. Thermatlehoesults
will be compared to test results. Finally, a fetlvas common
configurations will be modeled to emphasize théed#nce in
results between the lab setup and a typical feikably.

Z-inter connect construction

The methods used to build a Z-interconnect stredbagin
with a series of building blocks called sub-compessi These
mini-circuit boards are attached together with canide
columns in a joining layer, only where needed. [je result
is sketched belowF{gure 1)
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Figure 1 Z-interconnect cross-section

Sub-composites are built like any typical circuitabd and
can be anywhere from 2 to 40 layers. The joinioecstarts
with an off-the-shelf laminate with 2 layers of pa&p attached
to a dielectric sheet. Then shapes and linestehee into the



copper on both sides. A layer of dielectric angdpzy is stuck
to both sides of the etched plane-plane core. dHaie then
drilled all the way through the structure. Lastlye hole is
filled with conductive paste and the outer copperiched
away, yielding a 0S1P joining core. These stepssketched
below. (Figure 2)
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Figure 2 Fabrication of joining and signal cores (A)
Drill laminated 2P core; (B) Pastefill drilled 2P core; (C)
Signal sub-composite

A signal layer sub-composite process starts thee sssthe
0S1P core, up to attaching the dielectric and nlegadrs to
the 1P structure. As the next step, instead dirdyj the outer
copper is etched to create all the signal featulesstly, the
holes are drilled and plated to make the 2S1P cdviast

boards can be made as a signal sub-composite. $h& 0

cores and signal sub-composites are combined te raak-
interconnect stack-ugrigure 2 and Figure 3 show simplified
diagrams of Z-interconnects which include joiningres,
signal sub-composites and their combined strucfdies

| [ |
Figure 3 Z-interconnect composite stack-up

Test Vehicle Design

Test vehicles were designed to investigate vias in
configurations where they carry multiple amps pet. The
board stack-up had 55 metal layers divided into ub-s
composites with 3 Z-interconnect joining structured/ia
arrays were configured in daisy chain arrangemants in
parallel via structures. Each via, in the testiclehwas an 8-
mil drill, plated to 6-mil finished diameter. Thdavarrays
were 7x7, 10x10 and 16x16. Each via array hadf8rdnt Z-
interconnect arrangements: sub-composite 1 only, Zro
interconnect joints, sub-composite 4 & 3, 1 Z-intemect
joint, and via stack through the board, all subst)13 z-
interconnect joints. In addition, internal and exral traces
were designed to exercise vias in the same Z-imewect
configurations as via arrays: 0, 1 and 3 Z-intensmts. Large
through holes are used to connect power suppliete$ting.
Figure 4 is a snapshot of the TV design.
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256-via daisy chain, passing through 4 sub-compssit

Figure4 Top view of test vehicle design

Lab M easurement Results

The measurement setup used 6032A HP power supplies
connected to the daisy-chain pads, trace padsge through
holes for parallel via structures. Current washgdsthrough



cables soldered to the pads on the board. In ¢odereasure
different structures, the cables were de-soldemsalked and
soldered to the next structure. The board was paito
allow ambient air access to both sides of the hoaodfans
were used. A thermo-couple was attached to th&dmutayer
of the board roughly at the middle of the structur@ower
was applied to the structure and the temperatusemeasured
after 30 minutes. Resistance was also measurexebahd
right after the temperature measurement. Resudtskoown in

FiguresFigure 5, Figure 6 and Figure 7.
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Figure5 Measurementsof 7x7 daisy-chain via array
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Figure6 Measurementsof 10x10 daisy-chain via array
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Figure7 Measurementsof 16x16 daisy-chain via array

Results showed that larger via arrays got hottem th
smaller arrays. Results showed that vias halfaguigh the
board were worse than short vias and worse thas that
went all the way through the board. The vias b tvay
through had a more direct path to ambient air aacewloser
to additional voltage/ground planes that assist hieat
spreading. Vias with Z-interconnect joints easihgt the
MIL-275D spec.

Parallel Vias: Inaccurate Lab Temperature vs. Amps/Via
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Figure8 Measurementsof parallel viaarrays

Lab results from measuring parallel vias did nottaha
what was expectedFigure 8) It was discovered that it's very
difficult to measure small temperature changes audigh
currents and low resistances. Unwanted heat frenfittures
obscures the heat from the test structure. Irl&el6 array,
vias carrying a few tenths of an amp heated upIynedr
degrees. The same vias in a daisy chain configarateated
up less than 3 degrees with the same low currdhtwas
discovered that the heat that generated the 1G:degge did
not come from the via structure. The 1 meter, 8@WAbles
from the power supply to the via array were cagyip to 51
Amps and they got a little warm. The wires werewthlm in
each direction, 2m roundtrip, that calculates tondilli-ohms
of resistance. In addition, to make a controlletim path,
the test vehicle had one ground plane connectédtediottom
of each parallel via array, which was an inch away from
the power supply ground return wire. That groutahe path
added another 2 or 3 milli-ohms to the resistarnthe arrays
were only 10 to 200 micro-ohms total due to all gaallel
vias. Therefore 51 Amps through 40 milli-ohm cabled 3
milli-ohm ground plane completely overshadowed G0
micro-ohm parallel via structure.

Results from measuring wires showed that interraadets
were a lower temperature than external traces, hwisc
different from the MIL-275D spec. This may be doethe
many layers of copper planes in the test vehidig] The
copper quickly conducts heat to the edge of therdyoa
spreading the heat from an internal trace so itradiate from
the entire surface of the board. The externaletiacfurther
away all those copper planesigure 9 and Figure 10 and
Figure 11 show lab results from measuring temperature on
various board traces.



Temperature vs. Amps
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Figure9 M easurementsof narrow traces
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Figure 10 M easurements of medium traces
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Figure 11 Measurementsof very videtraces

Modeling and Simulation

In order to predict and understand the measuredgltses
models were built and simulations were performedhentest
vehicle structures. The simple model was built using
thermal resistances and a single heat source esyineg the
via or trace structureF{gure 12)

Figure 12 Schematic showing heat flow paths in the
test vehicle design

Intuitively, one might expect that path 1F{gure 12 )
directly above the via structure is the most effecpath for
heat dissipation. However, due to the relativeghhithermal
conductivity of copper (385 W/mK) and dielectricZpvs. air
(0.03), it turns out that cooling paths 2+3 and 4®&duct the
majority of the heat. Also, the copper paths ofapd 4’
dominate the heat spreading effect, 2” and 4" amech
higher thermal resistance. Using simple thermalstance
models:

Rectangle:

R = length/ArealTong (Tcong = thermal conductivity)
3D Trapezoidal or Conical shape:
R; = length/A«/ T cone Where Ag = sqrt(Areal*Area2),

Thermal resistances 2, 4 and 6 are calculated.rnTdie
resistances 1,3,5 and 7 involve the fluid dynanoicair and
are difficult to calculate. A curve fit based omgrical data
was used [4]. The total model has significant tumacies due
to the imperfections of estimating thermal resistarof a
board surface to air, and due to the simplified et®d The
model is probably accurate to a factor of 2 andesigned to
be conservative bound. It is meant to develop
understanding of the heat flow of a system and &kema
quick estimate of the temperature a structure e=cit a
given current.

an

An example of the simple thermal resistance model i

shown inTable 1.

Table 1 Thermal resistancesfor via array model

Rt = Thermal Resistance
Rt
Via  Array | Total
Description | C/W Lab C/W | Rtl | Rt2' | Rt2"
256 daisy no
Z-int model 7 6 84 |83 1459




Via Array | Rt3 | Rt4' | Rt4" | Rt5 | Rt6 | Rt7
Description

256 daisy | 10 56 581 (12 |48 |68
no Z-int

model

Table2 Thermal model resultsfor via arrays

Model Raw Measured

total C/W | C/W
Via Array Description
49 daisy no Z-int model | 11.8 7.4
100 daisy no Z-int model | 9.5 8.1
256 daisy no Z-int model | 7.2 6.2
49 daisy 1 Z-int model 9.5 7.6
100 daisy 1 Z-int model | 8.0 6.6
256 daisy 1 Z-int model | 6.5 5.6
49 daisy 3 Z-int model 5.6 5.7
100 daisy 3 Z-int model | 5.2 4.2
256 daisy 3 Z-int model | 4.6 3.8

In the thermal models, changes with temperature are
ignored. It is well known that resistivity of compincreases
with temperature. However, the thermal resistgraté to air
decreases due to convection and radiation. Thas®ré
offset somewhat, but it is clear from calculatiams lab data
that the increased copper resistance is strongam the
increased air convection. This is shown by tempeeavs.
current curves bending upward, above a straight (figure
7). The temperature effect adds a small error ¢otliermal
model, with the error increasing as temperatureease. The
simple thermal model can be improved to be accuabtere
100 degrees C, by including a temperature coefficiaf
copper resistance and a temperature coefficieair @ooling.

A 3-D model of the test configuration was created t
validate the results and to study the effect ofywar the
boundary conditions on the current carrying capacit the
vias. The 16x16 daisy chain array passing thrahghentire
board was picked for model validation (see locatiofig.5).
A finite volume computational fluid dynamics (CFD)odel
was created in ICEPAK ™. This model included tiffects
of heat generation in the via structure, conductigthin the
PWB, and convection/radiation on the surface ofRleB.

The vial/trace field was modeled as a single heatcgso
and the effect of including each individual via wast

The via array model correlated fairly well with rawmggdeled. Although it is possible to include eacha vi

conservative, predicting a higher temperature ti@nactual

study. This can be illustrated by a simple 1-Dcualkation.

measurement in lab. The total thermal resistadegyees The effective thermal resistance of vias and jajnimyers is

C/W from trace models correlated well with raw meas
data, but the correlation degraded at very large Widths.

calculated to be about 1750 C/W.
For the current values used in this study, the heat

(Table 3) This was due to the measurement, not the modglenerated in the electrical path is <0.08W. Of,théss than

Line widths of 250 and 400 mils required lots ofreat to
heat them up, and similar problems occurred as pattallel

vias; the power cable heated up instead of thetrac

Table 3 Thermal model resultsfor board traces

Via
Description
Internal Traces

Array

Model

Raw Measured

total C’W C/W

internal 3-mil LW, 1" | 3.3 2.3
internal 3-mil LW, 3" | 3.2 2.3
internal 40-mil LW, 1" | 3.2 3.7
internal 40-mil LW, 3" | 3.0 2.6
int 400-mil LW, 1" 3.1 4.1
int. 400-mil LW, 3" 2.9 3.5
External Traces

external 4-mil LW, 1" | 6.2 6.3
ext 4-mil LW, 3" 6.1 5.4
ext 30-mil LW, 1” 6.1 N/A*
ext 30-mil LW, 3” 5.8 6.7
ext 250-mil LW, 1” 5.7 N/A*
ext 250-mil LW, 3” 5.3 55
* Lab measurement

failed

2% of the heat is dissipated (as determined in3themodel
simulations) vertically in the via barrel. Thetresconducted
away through the board. This yields a temperatisee of <
3C. However, depending on the PWB and other eatern
conditions, it might be useful to include finer aiét of the via
structures in the model.

Testvehicle simulation, 2.9ANia Temperature
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Figure 13 Flow vectorsand temperatur e contours. 256
daisy chain array, 2.9 amps per via

Figure 13 shows representative temperature contours and
velocity vectors for one of the cases studied. @dmining
table summarizes the results for all the casese maximum
error between the modeled and measured temperature
difference is about 15%. The geometry considessd Is one
of combined natural convection and radiation ane@ th
agreement is reasonable. In most practical sitoati



involving high current, heat transfer is governed b
conduction to a surface of fixed temperature. predictive
capability of the model is expected to be more eateu

(Table 4)

Table 4 3D Thermal simulation results of test vehicle
16x16 daisy-chain structure

In a high current application, rarely is there tuation

Amps | Power Ambient %
per via | (Watts) | (C) Temperature (C) | diff
measured model
1.1 2.4 22 31.2 30.1 120 Figure 15 Unit cell configuration showing two 1-
2.0 75 22 49.0 44.9| 15J2 quarter LGA modulesand one power bus bar
2.9 18.4 22 80.6 73 130 The PWB is a 63 layer 4 subcomposite/3 joining laye
construction. There are 8 voltage planes (VDDk)High

current delivery. The power delivery vias weren2ié drilled

where there is no active thermal management schentéameter and 24 mils plated. A total of 81 viagevased for
Typically, a high performance heat-sink with for@adlow is  voltage connections. As shown in Figure 15, theeni flow
present.Table 5 below gives the temperature rise of the via is from the power bus bar through vias into eightafiel
the form of thermal resistance as the airflow rmteoss the voltage planes and into the module. Figure 16 shaw
board is varied. The base value for zero airflehie same as schematic of current flow in the via as it splitsoi the eight

the value obtained ifable 4 for 2.9A/via.

Table 5 Change in thermal resistance as a function of
airflow rate. Same PWB conditions as TV (2.9A per via

voltage planes. One feature of this design is jiale heat
generation progressively decreases along the leafjtthe
barrel as current is diverted into the voltage etan The
module is a high power component with active thérma

in Table 4) management. The PWB surface temperature at thefsthe
Airflow Ambient (C) | Temperature| Thermal module is 70C.
(m/s) (C) Resistance Using the boundary conditions described above,
(CIW) simulations were run to obtain the maximum tempeeatise
0 22 73 277 of the via field under the bus bar. The only pfaththermal
05 22 60 207 manag_ement is through the modul_e sites: _Esswt@b
1 > 56 185 board is cooled by the module heatsink. Thisdersservative
: estimate since high power systems have heatsinigwa
2.5 22 52 1.63 coldplates and board stiffeners that offer add#loavenues

The 3-D model was used in a recent application t@r heat dissipation. Also, since only heat conigucin the
determine the current carrying capacity of the wvia®\ poard is considered, the problem setup is linead an

schematic of the configuration studied is showligure 14.  extrapolation can be done for varying currents tasepower
The 63 layer PWB consists of several uniformly ritsited  dissipation in the vias.

LGA modules. Such a configuration lends itself to
characterizing a symmetric unit cell. One sucht-aell
consists of two “one quarter module” sites and power bus
bar site. Figure 14 and Figure 15 show schematics of the
configuration.

Current flow schematic

LGA module 2.9”

Power bus bar
(pad area 400mm~2)

63-layer, 0.31” PWB 272

Via (z not shown)

Figure 16 Schematic of current flow (2.72A) from via
to multiple voltage planes

Figure 14 Cross-sectional view of PWB with LGA
modules and power busbars. Current flow path is shown
by yellow arrow



Table 6 below summarizes the board heating estimates far Rowlands, M., Das, R., Lauffer, J. and Markoyith

varying current flows in the board. The first fownws give
results for the configuration iRigure 15. The last row is for

a case where the module site 70C restriction iovech and 3.
instead natural convection and radiation conditicer®
imposed. Clearly, via current capacity can beiggnt fora 4.
temperature rise of about 10C above the module sitiso
note that when the module site temperature of 80€moved, 5
the via temperature increases by more than 35%us,Tihan
optimized system is desired, it is beneficial tgtose the
actual boundary conditions in the application.

Table6 Power buspad viatemperaturerise

Current per via (A) Temperature rise  abgve
module site (70C)

2.7 1.7

3 21

5 5.7

7 11.3

7 without module site cooling 15.3

Conclusions

Z-interconnect paste easily meets MIL-275D speas fo
current carrying capacity. Via arrays, or traceany heat
source, quickly spread much of their heat throtghtioard by
way of the copper planes. The high thermal condityctof
the copper conducts heat from the source, to enetyof the
available board. The shortest cooling path is lhsséraight
out of the board to the air, but it doesn’t necesaonduct
the most heat. Other cooling paths can be vemifgignt.
For instance, there’s a very good cooling path eherat goes
out the sides of the heat source, through the ar&eand
copper planes of the board. In addition, any attivooled
components such as high power modules can prowadkng
paths for heat dissipation. In general, thesetiaddl paths
improve the path from the heat source to the backyt
temperature so that cooling is much better thah gukeat
source sitting in ambient air. Due the heat sprepdarger
via arrays with constant Amps per via, get hotteces all
arrays have nearly the same cooling path, butdte heat
increases.  Therefore, to specify accurately viarect
capacity, the cooling environment must be detaiketd
understood. Standard via current charts, such l&s2vbD,
assume a via by itself on a board, which is notcglpof real
design. Therefore a simple model can be used fiirsa
analysis. Then 3D thermal analysis simulations lmamun to
get an accurate prediction of temperature vs. otirre
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