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Abstract 

Recent advances in microelectronic packaging 
promise unprecedented levels of performance for 
embedded computing.  High performance machines that 
have been traditionally confined to a computer room 
environment can now be packaged for airborne, 
shipborne, or mobile applications.  Multichip module 
(MCM) packaging has emerged as the first step in 
achieving this level of integration.  However, new 
technologies are also required to provide the systems 
infrastructure needed to support high power density 
assemblies in an embedded environment.  This paper 
outlines an approach that leverages recent advances in 
system packaging to meet modern challenges in high 
density interconnect, thermal management, and power 
distribution. 

Introduction 

Figure 1 illustrates the repackaging of a Cray 
Research J90 vector processor from a traditional 
computer room enclosure to an “integration platform” 
suitable for an embedded environment.  The J90 
architecture scales in four processor increments from a 
minimum four node configuration (800 MFLOPS) to a 

maximum of thirty-two nodes (6.4 GFLOPS).  The 
repackaged unit shown in figure 1 consists of four 
“system elements,” each comprising a four node building 
block, for a total performance of 3.2 GFLOPS.  This 
level of miniaturization is achieved through the 
application of multichip module and 3-D memory 
stacking technology.  The integration platform also 
provides the necessary high density interconnect, cooling, 
and power distribution.  The complete unit is sized to fit 
in a standard 19 inch rack. 

The infrastructure components of the integration 
platform can be applied to a broad class of systems.  
Each system element is a self-contained unit that exhibits 
the following characteristics: 

 Board Area: 125 in2 (double sided) 
 Power Dissipation: 500 Watts (3.3 Vdc) 
 Signal Interconnects: 4000 

This model applies to a wide variety of commercial 
architectures including signal processors, general purpose 
multiprocessors, and scalable computers.  Although not 
every architecture will exhibit all of these characteristics, 
the system packaging concept will accommodate all 
dimensions simultaneously. 
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Figure 1. New packaging technologies provide the vehicle to rehost existing commercial architectures in a form factor 
suitable for embedded processor applications (19 inch rack). 



High Density Interconnect 

At the core of the system element is a double-sided 
printed circuit board fully populated with multichip 
modules.  Figure 2 illustrates the processor side of the 
Cray J90 system element.  An array of pads is provided 
on the left side of the card for external signal I/O.  Large 
contact pads are also provided for power supply at the 
top and bottom edges.  The required routing density is 
achieved through advanced printed circuit board 
technology capable of employing up to 52 layers. 
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Figure 2. The Cray J90 system element is populated 
with diamond-based modules on one side (shown) and 
memory cubes on the other (not shown). 

The communication bandwidth of the system element 
requires a departure from the traditional "edge 
connector" for signal interconnect.  Instead, a flex 
connector is soldered directly to a high density array of 
interconnect pads on the surface of the card.  A 
dematable attach mechanism between the flex connect 
and integration platform backplane allows removal of a 
single system element.  As shown in figure 3, diamond 
particle interconnect technology provides this capability 
with a reliable contact mechanism. 

 

System Elements

Fastener for Particle�
Interconnect

Pad Array

Elastomeric �
Interface

Soldered�
Connections

Diamond�
Particle�

Interconnect

Backplane

Flex�
Connector

Figure 3. Diamond particle interconnect technology 
provides a dematable high density flex connector. 

Thermal Management 

The thermal management problem produced by the 
density of the system element is addressed on two fronts.  
First, synthetic diamond material is employed as the 
MCM substrate to provide an isothermal surface for 
efficient thermal conduction from the individual 
die[1][2].  Then with the modules mounted in a "flip-
chip" style attach, the back of the diamond substrate is 
available for heat removal using a novel spray cooling 
technique [3].  A mist of Flourinert® created by spray 
nozzles located at the edge of the board produces a phase 
change from liquid to gas as the fluid comes in contact 
with the hot diamond surface. 

Synthetic Diamond MCM Substrates 

Table 1 compares the thermal conductivity of 
synthetic diamond with other common packaging 
materials.  There are three characteristics of diamond that 
make it an ideal choice for an MCM substrate;  high 
thermal conductivity (1500 W/mK), coefficient of 
thermal expansion (1.5) close to silicon, and properties of 
an electrical insulator [4][5]. 

 
Table 1. Synthetic diamond offers superior thermal 
conductivity over common substrate materials. 

Material 
Conductor (C) 

Semiconductor (S) 
Insulator (I) 

Thermal 
Expansion 
(ppm/oC) 

Thermal 
Conductivity 

(W/moC) 

CVD Diamond (I) 1.5 1500 
BeO (I) 6.4 223 
AlN (I) 3.3 170 
Alumina (I) 6.3 29.3 
Polyimide (I) 50 0.2 
Silicon (S) 2.6 149 
Kovar (C) 5.9 17 
Copper (C) 16.8 395 
Silver (C) 19.6 428 
Aluminum (C) 23.8 237 

Diamond substrates provide an effective mechanism 
for distributing heat load from a point source produced 
by high power chips in an MCM application.  Figure 4 
illustrates the contrast between the thermal performance 
of a diamond and aluminum oxide (alumina) substrate 
under an equivalent heat load.  The two substrates are 
compared in three different environments;  air-free 
convection, air-forced convection, and edge conduction.  
As shown in the figure, the diamond substrate maintains a 
lower temperature under all three conditions.  The edge 
conduction example provides the most dramatic example 
of heat transfer with a single ice cube applied to the edge 



of both substrates. 
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Figure 4. Infrared images illustrate the sharp contrast 
in thermal conductivity between diamond and alumina 
substrates under a 90 Watt heat load. 

As shown in figure 5, a conventional “chips first” 
process is used to fabricate the diamond substrate MCM.  
The comparable coefficient of thermal expansion 
between diamond and silicon allows direct attachment of 
the die to the substrate for maximum heat transfer.  The 
multilayer interconnect is constructed over the surface of 
the devices, providing electrical contact without 
wirebonds.  The final assembly is mounted face down on 
the printed circuit board using an area array attach 
mechanism to provide the required number of contacts. 
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Figure 5. The MCM is mounted face down with the 
back of the chips in direct contact with the diamond. 

Spray Cooling 

Spray cooling is used to remove the heat from the 
exposed surface of the diamond substrate.  The graph in 
figure 6 compares the heat transfer efficiency of several 
common cooling techniques.  Spray cooling can achieve 
a heat transfer coefficient two orders of magnitude 
greater than the air-forced convection used in most office 
computer equipment.  It is even an order of magnitude 
better than the liquid-forced convection popular in more 
sophisticated electronics.  This improved efficiency 
results in smaller coolers, lower flow rates, less pumping 

power, and ambient temperature heat exchangers. 
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Figure 6. Spray cooling offers superior performance 
over more traditional approaches. 

A phase change process is sustained by continuously 
coating the diamond surface with a uniform thin film of 
Flourinert®, the preferred heat transfer fluid.  This is 
accomplished by replenishing the fluid with a fine spray 
as it evaporates.  A clamshell enclosure is used to house 
the system element electronics in a sealed chamber with 
spray nozzles directed laterally across the substrates.  
The vapor is returned to an external condenser to 
complete the closed-loop system.  The heat exchanger 
used to condense the Flourinert® exploits existing 
components to reduce cost and minimize impact to the 
system.  Figure 7 illustrates a 500 Watt heat exchanger 
integrated with a standard 5 inch muffin fan.  The fluid 
pump is located in the hub of the condenser coils. 

 

Figure 7. A condenser attached to a standard 5 inch 
muffin fan will manage a 500 Watt heat load. 



Power Distribution 

Low voltage, high current power distribution to each 
system element will create parasitic reactances that 
degrade power quality.  This condition could be greatly 
improved through a new approach that distributes power 
at high voltage and provides conversion close to the point 
of load.  Existing power converter technology is 
thermally limited and cannot be miniaturized due to the 
method of power semiconductor packaging and cooling.  
Spray cooling can be applied in this application to 
improve power converter efficiency from a typical 
50 W/in3 to over 1000 W/in3. 

A conventional 800 Watt dc/dc power converter will 
occupy approximately 16 in3.  Addition of a heat sink 
will at least double the size.  Bulky power converters are 
difficult to locate near the point of load as required.  In 
contrast, a spray cooled 800 Watt dc/dc converter will 
occupy only 0.3 in3.  A component this small can be 
mounted directly on the printed circuit board.  Figure 8 
illustrates the integration of spray cooled dc/dc power 
converters within the system element clamshell.  
Connecting the clamshell to the heat exchanger in 
figure 7 results in a completely self-contained assembly. 
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Figure 8.  The system element is enclosed in an injection molded clam shell with integrated spray nozzles and power 
converters to produce a self-contained assembly. 
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