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A Conduction-Cooled Module for High-Perf’ormance
LSl Devices

The advent of LSI chip technology makes possible significantly increased performance and circuit densities by means of
large-scale packaging of multiple devices on a single multi-layer ceramic (MLC) substrate. Integration at the chip and module
levels has resulted in circuit densities as high as 2.5 x 1 0 circuits per cubic meter, with the necessity of removing heat fluxes
on the order of 100 kW/m’. This paper describes the development and implementation of a novel packaging concept which
meets the stringent and highly interactive demands on cooling, reliability, and reworkability of LSI technology. These
requirements resulted in an innovative packaging approach, referred to as the thermal conduction module (TCM). The TCM
uses individually spring-loaded “‘pistons” that contact each chip with helium gas, the conducting medium for removing heat
efficiently. A dismountable hermetic seal makes multiple access possible for device and substrate rework, while ensuring
mechanical and environmental protection of critical components. A wide range of thermal, mechanical, and environmental
experiments are described with analytical and computer models. The one-dimensional approach used in the previous paper by
Chu et al. is extended to three-dimensional computer modeling. Simulations of expected chip temperature distributions in the
IBM 3081 Processor Unit are discussed. Enhanced thermal performance of the advanced packaging concept for future
applications is also indicated.

Introduction
techniques to meet the projected requirements. Although

several techniques were considered, the most promising was
based on a patent filed by R. C. Chu et al. [1(b)]. This paper
traces the development and implementation of this novel
packaging scheme, which meets the stringent and highly
interactive demands of LSI technology without adversely
affecting critical reliability and reworkability requirements.
These unique cooling and encapsulation concepts rely on the
use of individually spring-loaded “pistons™ in contact with
each chip; these are thermally enhanced with helium gas in
the interface gaps and are sealed into the module with a
dismountable metal C-ring. The resulting package achieves
a high level of circuit integration and performance while
possessing the many other product attributes required of LSI

The rapid advances in device technology toward large-scale
integration (LSI) have often been restricted by the ability to
package and cool the devices, which in turn limits the full
utilization of the technology. The performance and reliabil-
ity achieved through circuit speed, circuit density, and
reduced interconnections are offset by the necessity to
reduce circuit densities in order to permit cooling and
interconnection of the highly integrated circuit devices.
Cooling of high-performance multi-chip packages during the
early 1970s was generally by means of an external chilled-
water system in combination with immersion of the chip in a
low-boiling-point fluid. The closed-loop concept of pool
boiling by means of a low-dielectric, stable, inert fluid
required repeatable nucleate boiling from the chip surface,

along with a cooled exterior for fluid recycling. The concept technology.

of immersion, as described by Chu et al. [1(a)] in a compan-

ion paper in this issue, resulted in a number of cooling In the following sections, the basic TCM package is
concerns which dictated the need for an alternative cooling described in terms of the product requirements and resulting
concept. Therefore, a development effort was initiated to engineering design description. The thermal characteristics
establish a packaging concept using conduction-cooling of the TCM are defined and analyzed with the aid of
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Figure 1 (a) Details of the thermal conduction module (TCM), (b) the thermal resistances used in the text, and (c) the tilting of a flat vs. a

crown piston.

computer models at the chip and module levels. These
models are verified by novel single-chip and multi-chip
experiments. The importance of statistical computer simula-
tions under field conditions, especially for multi-chip
modules, is illustrated in the discussions involving a set of
TCMs for the IBM 3081 system. The encapsulation develop-
ment is discussed, as well as the extendability of the
advanced packaging concept for future applications.

Product requirements

The application requirements imposed on the TCM by use of
large-system processors reflect a wide range of operating
and environmental machine conditions. These include
temperature, humidity, power on/off, machine lifetime, fail-
ure rate, and various mechanical requirements. Cooling
water is supplied between about 22 and 31°C to provide a
heat sink for power dissipation.

The module package, in addition to providing the cooling
path, encloses the active circuit devices as mounted to the
substrate carrier, and thus must ensure adequate mechanical
and environmental protection of the critical elements. To
ensure proper circuit performance and maintain high reli-
ability, the logic and memory LSI devices require junction
temperatures to be controlled between 40 and 85°C. The
specific chip and module power dissipations are nominal
maxima of 2.6 and 218 W and design maxima of 4 and 300
W, respectively. The thermal design requirement, as
expressed in terms of the maximum thermal resistance
between the device layer in the chip and the system cooling
water, is 13°C/W.

Because of the complexity of the designs and processes
associated with the functional module, key requirements are
the capabilities of repairing and updating chips and
substrates. Therefore, the module design must permit multi-
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ple openings and closures of the hermetic seal for replace-
ment of chips and addition or deletion of overflow wires on
the surface of the substrate using the standard manufactur-
ing process. Several general needs involving the module
interaction in higher-level assemblies also exist, including
the capabilities to affix a detachable cold plate to the upper
surface of the module with minimal thermal resistance
within the interface, to insert and actuate the module in the
system which connects to the I/O pins, and to meet reason-
able handling, shipping, environmental, and safety require-
ments and conditions.

Product description

The TCM (shown in Fig. 1) weighs 1.65 kg and has
approximate dimensions of 150 x 150 x 50 mm. The
module assembly is a basic field-replaceable unit (FRU)
mounted to a board/connector (second-level package)
assembly structure. The assembly is composed of the follow-
ing parts.

Cold plate The heat sink, which provides for total heat
dissipation from the circuit chips, is cast or machined from
high-thermal-conductivity BeCu and is rigidly attached to
the hat by screws. Water flows through the cold plate at
approximately 24°C and 4 x 107’ m’/s, resulting in a total
thermal resistance from the water to the hat surface of
0.02°C/W.

Interposer A ®Lexan [2] thermal insulator [3] is inserted
between the cold plate and the hat to provide upward
adjustment of chip temperatures. Various thicknesses are
utilized depending on the power dissipation of the module.

Hat assembly The key element in the thermal path from
the LSI device to the cold plate is the hat assembly, which
includes hat pistons, springs, and assembly hardware. The
basic hat is fabricated from a high-thermal-conductivity,
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machinable, lightweight aluminum alloy and provides
primary cooling and mechanical protection for devices
mounted on the substrate. The hat is designed to have a He
volume of 9 x 10~° m’ and contains a fill port/plug to allow
pressurization of the He. The pistons are also machined from
the aluminum alloy and anodized to provide electrical isola-
tion. The face of the piston that directly contacts the chip is
machined to a 150-mm spherical radius (crown radius of
curvature p = 150 mm) [4] to minimize off-center contact
due to chip tilt. This provides for more uniform chip temper-
atures and reduced mechanical stress on the chip.

C-ring A lead-plated ®Inconel C-ring coated with wax is
compressed between the hat and substrate frame to form the
reworkable hermetic seal.

Substrate assembly  This assembly contains all electrical
functions and is composed of the multi-layer ceramic
(MLC) substrate, semiconductor devices (chips), and
discrete wires. The 90 x 90-mm ceramic is brazed to a
gold-plated ®Kovar frame, contains up to 33 layers, and has
1800 1/0O pins brazed to the bottom surface. The top surface
provides mounting sites for the joined chips (with a maxi-
mum of either 100 or 118 chips) and each chip site has
surface pads for repair and error-correction capabilities. A
temperature-sensing thermistor is also mounted on the top
surface to monitor and control internal temperature excur-
sions.

Base plate A stainless steel retaining plate is used to
provide sufficient clamping load and rigidity for proper
C-ring compression and retention. The plate has tapped
holes around the periphery to accept screws inserted through
clearance holes in the hat; this maintains clamping load on
the ring. The base plate also contains prccisioh guide pins
and guidance holes for accurate location, insertion, and
activation of the module to the next level of assembly.

Cooling development

® Thermal characteristics of the TCM

The TCM combines the advantages of conduction cooling
used at the chip and module levels with that of the forced
convection liquid cooling at the system level. It differs from
liquid-encapsulated modules in that the electronic compo-
nents are not brought into direct contact with the liquid. The
components inside the TCM (Fig. 1) are immersed in He
gas, which serves as the heat-conducting medium in gaps
formed between the contacting surfaces. Helium is used
because it has a thermal conductivity approximately six
times that of air.

The TCM, the aluminum piston and spring, and the
cavity in which the piston rests are shown in Fig. 1(b). For
convenience in analyzing the thermal performance of the
TCM, the thermal resistance of the heat path from the chip
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to the cold plate is divided into various segments, as shown;
other heat paths are indicated by broken arrows. The asso-
ciated thermal resistances [S] are now discussed.

® Internal thermal resistance R,

The internal thermal resistance of the TCM is defined as
R, = AT /P, where AT_, is the temperature difference
between the chip and the top of the hat and P, is the chip
power. R, is divided into three segments: R_, the total
resistance from the chip surface to the piston, which is made
up of the actual chip resistance R_and the resistance of the
interfacial gap R; R_,, the resistance from the piston to the
cavity wall, and R_,, the resistance from the cavity wall to
the hat. Note that R, is equivalent to R, as used in the Chu
paper; likewise, R is similar to Chu’s R, + R, ;.

int

R, is governed by the metal-to-metal contact between the
silicon chip and the aluminum piston and by the gap formed
between them due to tilting of one with respect to the other.
The literature abounds with studies related to the prediction
of contact area and resistance between contacting bodies as
a function of pressure {6]. However, experiments conducted
with deadweight loads of more than 1 kg on the Al piston
against the Si chip (5 x 10° kg/m’ on a chip-area basis)
showed no appreciable change in the contact thermal resist-
ance from a no-load condition.

However, the contribution to thermal resistance of the tilt
between the chip and the piston was found to be significant.
This tilt results from the tilting of the piston itself in its
cavity as it is being pushed by the spring behind it, as well as
from tilting of the chip when it is soldered to the substrate.
The maximum tilt on any given chip on a module is limited
to 0.076 mm with respect to the substrate surface. Thus, it is
evident that a piston with a flat end larger than the chip
dimensions is expected to catch the edge of the chip and to
tilt as shown in Fig. 1(c).

To reduce the gap between the piston and chip, and hence
the thermal resistance, the ends of the pistons in the TCM
are ground into spherical “crown” shapes. The crown forces
the piston to roll away from the edges and towards the center
of the chip, thereby resulting in an effectively smaller gap
between the chip and piston. Furthermore, by making the
piston contact the chip more centrally, the temperature
gradients inside the chip are minimized. In fact, the varia-
tions of temperatures inside the chip as the piston is made to
roll on the back of the chip are easily discernable (as will be
shown in a later section).

Figure 2 shows the variation of R, as a function of tilt for
both the fiat and crown pistons. For tilts <0.051 mm, R_, for
the flat piston is less than that from the crown piston because
the net effect of the crown is to reduce the effective gap
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Figure 2 Measured “apparent” R_, values of flat (- - -) vs. curved
(p = 150 mm) crown pistons ( ). The maximum interface
distances are 0.0 mm for flat pistons and 0.017 mm for crown
pistons with p = 150 mm. The chip power is the same with or
without tilt; therefore, heat losses through the C-4 pads differ with
different amounts of tilt; hence the “apparent” values.
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Figure 3 The internal resistance R, as a function of the recipro-
cal of the thermal conductivity 1/k for various He/air mixtures
using crown pistons. The numbered data points refer to the percent-
age of air in the He/air mixture. The intercept is the total thermal
resistance of the solid parts R, (see text); it includes the chip vertical
resistance from the device layer to the back surface of the chip.

between the chip and piston at relatively large tilts. The
piston tilt also affects R . Because of the large surface area
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available in the “annulus,” the sensitivity of R_, to tilt or
“eccentricity” is not very significant (see later section on
single-chip analysis).

As stated earlier, one of the important features of the
TCM is the He gas sealed inside the module. To see this,
consider R, of the TCM to be comprised of two parts: R,
the thermal resistance offered by the solid parts (i.e., the
chip, the tip and walls of the hollow piston, the cavity wall,
and the top portion of the hat) and R,, the thermal resistance
offered by the gas inside the gaps between the chip and
piston and between the piston and cavity wall. (The pistons
are made hollow to minimize the impact forces on the chips
during shock and vibration.) For the dimensions shown in
Fig. 1(c), R, ~ 4.4°C/W. With a nominal tilt in air, where
R, ~ 17.5°C/W, R, of the TCM in air is >22°C/W, which
is unacceptable. By replacing the air with He, where R, is
now =~3.5°C/W, R, = 7.9°C/W. To this, we add a chip
spreading resistance of ~0.75°C/W for a total R, of
~8.7°C/W; this should be compared with the measured
value of 8.4°C/W.

Because of the strong dependence of R, and R, on the
thermal conductivity of the encapsulated gas, tests were
performed with different air/He mixtures in a TCM. The
results yielded measured R, values as shown in Fig. 3. With
an expected maximum ingress of 13% air into the module,
the thermal resistance degrades by ~0.7°C/W from an
initial value of 8.4°C/W, obtained at the time of initial fill
with pure He, to an end-of-life (EOL) value of 9.1°C/W.
For convenience, the reciprocal of the thermal conductivity
of the various air/He mixtures is plotted along the abscissa.

It is apparent that accurate thermal analysis of a compli-
cated structure, such as that shown in Fig. 1(c) for one
piston, and in particular of structures containing many
pistons, each with their own heat sources, vias, and chips,
becomes at best very difficult and occasionally erroneous if
simple one-dimensional models are used. In addition, closed-
form solutions for predicting temperatures at multiple heat
sources (chips) placed on a finite body (substrate) and with
nonuniform boundary conditions (cold plate on one side and
computer board on the other) are not available. Since the
heat flow patterns (flux lines) in the TCM are indeed very
complex, a one-dimensional analysis can easily lead to errors
in excess of 2°C/W in the overall thermal resistance from
the chip to the heat sink. Thus, for a 4-W chip, a 2°C/W
error would produce an 8°C error in the chip temperature.
The acceptable value for meeting the IBM System 3081
product objectives was +2°C. To meet this objective, a
detailed three-dimensional computer model was required.
Furthermore, the computer program had to perform statisti-
cal analysis for various dimensional tolerances and paramet-
ric distributions. Before presenting the detailed computer
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Table 1 Nominal thermal parameters for the' TCM. In most
cases, a normal distribution is assumed.

Parameters Nominal values

Chip powers (W) 0.4-2.7¢
Thermal resistances (°C/W)

R, -TCM100 all X sites, 8.4

R, -TCM118 X sites, 8.4

Y sites, 9.3

R, -EOL 0.7

R, -no interposer 0.02

R_,-0.13-mm interposer 0.07

R_-0.25-mm interposer 0.11

R_ -1.0-mm interposer 0.39

R_-EOL 0.005

R:sub 6.5

sub-b 1.0
o 1.0

R%.. 15.0

R} 1.0
Average temperatures (°C)

T* 24-27%

T* 41-47¢

T* 33-38%

*Subscripts c-sub, sub-b, h-s, subs, and hs stand for chip-to-substrate, substrate-to-board,
hat-to-stiffener, substrate spreading, and hat spreading. Subscripts iw, b, and s stand for
inlet water, board, and stiffener.

tSee Fig. 4.

and thermal analyses of the TCM and the thermal simula-
tions under various conditions, we discuss the external ther-
mal resistance of the TCM.

® External thermal resistance R,

The external thermal resistance is defined relative to the
module; it is obtained by dividing AT, , the temperature
difference between the hat and the inlet water, by the
module power P,. R_, is divided into two parts: the interfa-
cial resistance between the hat and mating cold-plate
surfaces and the resistance between the cold-plate surface
and the circulating water inside the cold plate. The latteris a
combination of three resistances through the cold-plate wall,
through the convective boundary layer, and between the
water inlet and outlet of the cold plate. These, together with
a metal-to-metal interfacial resistance of 0.007°C/W and an
EOL fouling factor of 0.005°C/W, yield a total R, of
0.025°C/W.

ext

The chip temperatures are established by the external and
internal thermal resistances to heat flow from the chip to the
hat, to the cold plate, and to the board on which the modules
are held by special connectors. For simplicity, we assume
that the rear of the computer board is insulated and that the
board temperature is approximately the same as the average
temperature of all the chips in all the modules. (In the
computer model, we can assign different water and board
temperatures for each module position in the machine.)
With the above assumptions, one can calculate the expected
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Figure 4 Computer-simulated thermal performance specifica-
tions for the IBM 3081 system. The solid bars show the temperature
range due to the range of nominal chip powers (W) and other
thermal parameters in each module. The dotted extensions bound
the 3o statistical distribution of junction temperatures. Hollow
pistons are used; the heavy lines refer to time-zero temperature
ranges, while all other lines refer to EOL values. Note that the
minimum and maximum junction temperatures 7; do not neces-
sarily correspond to chips with minimum and maximum power,
respectively.

gross chip temperatures by using the EOL R, and R,
values of 9.1 and 0.025°C/W, respectively. Thus, noting that
R, operates on the chip power, and R, on the module
power, the temperature rise AT of the chip over the water-
sink is given by R, P, + R, P_. Thus, the chip temperature
T,is simply AT + T,,, where T, is the inlet water tempera-

ture.

It is of interest to calculate the minimum and maximum
chip temperatures for minimum and maximum chip-power
and sink conditions. For TCM technology, the minimum and
maximum chip/module powers are 0.4/40 and 4/300 W,
respectively; the minimum and maximum water inlet
temperatures are about 22 and 31°C. Using the simplified
one-dimensional expression just described, the expected
minimum and maximum chip temperatures (77", T™) are
~26 and 77°C. It can be shown that the temperature drop
from the power-dissipating junctions to the surrounding bulk
silicon is ~3°C. Thus, the minimum and maximum junction
temperatures (iji“, T7™) are ~29 and 80°C. It should be
noted that in actual modules the chip powers are not
uniform. Furthermore, the actual chip temperatures are
dependent on the level of thermal interaction among chips,
chip sites, stiffeners on the board, etc.

It is clear from these calculations that for the set of 14
modules in the 3081 system (see Fig. 4), each with a
different number of chips, chip powers, and module powers,
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Piston tilt No Ye
Chip tilt No No 0.025 mm 0.051 mm
Chip temp.

PEEVA | He | Air He | Air He | Air He | Air
(°C/W):

Genterof | 66 | 17.9 64 | 169 | | 77 | 186 ] | 95 | 250

Minimum | 6.6 | 17.9 62 | 162 63 | 152 6.5 | 17.5

Maximum | 8.1 | 213 85 | 205 99 | 220 11.7 | 284

Figure 6 NASTRAN simulations of the internal thermal resist-
ances for the 3081 system as a function of tilt using He/air mixtures
for a 150-mm crown piston.

the chip temperatures will vary considerably, notwithstand-
ing the fact that some of them may be lower than the
minimum allowable temperature of 40°C. An important
criterion for circuit performance is that chip temperatures
lie between 40 and 85°C. Consequently, interposers were
added as thermal insulators between the hat and cold plate
on judiciously chosen groups of modules so that the average
temperature in all modules was approximately the same
(55°C), while the individual chip temperatures were within
the minimum and maximum specifications.

For brevity, the particulars for the choice of material
properties of the interposers are not given here. The needed
thermal properties are determined by extensive computer
simulations described in the next section. The interposers
have the same areas as that of the module hat. The total R

ext

values for each thickness of interposer are shown in Table 1.
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Computerized thermal analysis of TCMs

Although a simplified one-dimensional approach may be
used as a guide in the initial stages of module design, it is
necessary to develop correct models to accurately predict
chip temperatures for various conditions in the field. In the
computerized thermal analysis of a TCM, two approaches
are used. For parametric study of the heat-transfer charac-
teristics of a particular aspect of the design (such as the
change in R, with the radius of curvature p of the piston),
finite-element techniques are applied with the aid of the
NASTRAN program [7]. Once the basic thermal resist-
ances have been determined, an electrical network-analysis
program called ASTAP [8] is used in simulating the total
module, including all the chips and pistons. Unlike
NASTRAN, this program has the ability to perform statisti-
cal analysis of chip temperature distributions as a function
of various tolerance distributions.

In what follows, we first analyze the thermal characteris-
tics of a single chip and piston in its cavity with the aid of
NASTRAN, and then simulate chip temperature distribu-
tions in field TCMs with ASTAP. The experimental verifi-
cation of the computer results is discussed later.

o Single-chip analysis

In Fig. 5, detail of the NASTRAN model is shown for the
case where the He gap between the flat surface of the chip
and the spherical surface of the piston is readily bridged with
the application of versatile finite elements. Since both the
piston and cavity have circular cross sections, the chip is also
circular, which does not introduce any appreciable error into
the calculations. The outer surfaces of the cavity (not
shown) are prescribed to be adiabatic.

In constructing the three-dimensional model, ~1000
nodes were used. A special preprocessor program that was
developed to enter data into NASTRAN is not described
here. The 17.5-level NASTRAN program was run on an
IBM System/370; each simulation run took ~2 min of CPU
time. The simulations were performed by arbitrarily setting
the temperature at the top of the hat to 0°C and defining this
to be the sink temperature, and by assigning appropriate
power levels to the elements representing the chip. With
NASTRAN, cither transient or steady-state temperatures
can be computed readily.

It is interesting to simulate temperatures at a given chip
power as the piston is allowed to roll on the chip. The
temperatures given in Fig. 6 correspond to the various
positions of the piston relative to the chip; the chip may also
be tilted relative to the piston. The temperatures in the chip
change as the rolling contact point moves. As expected, the
lowest chip temperature always occurs at the point of
contact. As the relative tilt is increased, the overall chip
temperatures, the AT, and hence the R_, increase.

int>
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Figure 7 (a) NASTRAN simulation of the change in “intrinsic”
R, values as a function of the chip tilt as p is increased from 150
mm (- - -) to 200 mm ( ). The simulation equation used for
calculating R, is {{(T;™ + T;")/2] — T}/P,, where the tempera-
tures are obtained from simulations and where T is the temperature
at the tip of the piston. (b) NASTRAN simulation of R, as a
function of the tilt of the piston in the cavity for a 150-mm crown
piston.

R, also varies as a function of p; in the limit as p — o,
R, , approaches the value for contacting flat surfaces. With
no tilt, as p is increased from 150 to 200 mm, the R _,
decrease until a chip tilt of =~0.05 mm is reached, at which
point the R_ increase as p is increased. The choice to use a
particular p is primarily dependent on the chip tilt specifica-
tions. With a specified maximum of 0.076 mm for the 3081
TCM, p should be 150 mm. For the dimensions shown in
Fig. 1(c), R, = 3.3°C/W for an average tilt of 0.025 mm;
see Fig. 7(a). Likewise, analysis by NASTRAN of the
resistances R, [Fig. 7(b)] and R, gives expected values of
3.5 and 1.5°C/W, respectively.

When the piston-to-chip tilt is compounded by having the
piston tilt in the opposite direction to that of the chip [see
Fig. 6(c)}, R,, is decreased to 8.1°C/W. These resistance
values, which include the chip spreading resistance commen-
surate with the nature of the tilt, should also be compared
with the measured value of 8.4°C/W. Recalling the EOL
degradation of 0.7°C/W, the total R, becomes 9.1°C/W.
These results are for an 8.5 x 8.5-mm chip site, which
corresponds to the chip partition scheme on the 100-chip
TCM (TCM100). However, in the 3081 system, there are
both 100-chip and 118-chip (TCM118) modules on 90-mm
substrates. Figure 8 shows the layout of the two modules.
The 118-chip module has additional smaller chip sites at the
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Figure 8 System 3081 chip layouts for the (a) 100-chip
(TCM100) and (b) 118-chip (TCM118) modules indicating the X
and Y chip sites.

two edges. These two types of chip sites are referred to as X
and Y sites, as indicated in the figure. NASTRAN simula-
tions (not given here) show that a change in the chip site
does not affect R_,; however, because of changes in the
cavity wall thickness, R, and R, are affected. The total
EOL R,, for X and Y sites are calculated to be 9.1 and
10.0°C/W, respectively.

These total thermal resistances, which for convenience are
called internal thermal resistances, were computed assum-
ing that all heat generated by the chip leaves the module via
the piston. These would be “true” internal thermal resist-
ances if it were not for other heat paths from the chip to the
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Figure 9 The ASTAP three-dimensional TCM thermal network.
Dots (@) represent nodal points; currents into the chips represent
chip powers, and convective heat losses from module surfaces to the
environment are assumed to be zero.

substrate, to the hat through edges of the substrate, and to
the board through the module pins. The various heat paths
are shown in detail in the next section. For example, heat
flow from the chip through the C-4 (Controlled Chip
Collapse Connection) solder pads to the ceramic substrate
can be appreciable, depending on the outer boundary condi-
tions on the module (though not as much as it would be with
back-bonded chips). A parametric study of temperature
profiles in chips joined by C-4 pads was given in [9].

& Multi-chip analysis

A schematic multi-chip ASTAP model of a TCM module is
shown in Fig. 9. The values of the various resistances are
indicated in Table 1. Tolerance limits and their assumed
distributions, used to simulate the statistical distribution of
chip temperatures in the field, are not given here for brevity.

The water temperatures shown are the average of inlet
and outlet temperatures. Since the modules (maximum of
three) are connected serially, the cold plates on downstream
modules receive heated water (0.006°C/W at 6 x 107°
m’ /s) from wupstream modules. Therefore, water inlet
temperatures are a function of module position on the board.
Also, board and stiffener temperatures are simulated sepa-
rately at the system level with given module powers and are
then used as input to the ASTAP program.
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Simulation of chip temperature distributions in a TCM is
shown in Fig. 10. This module has 33 chips, but there can be
as many as 118. In each square where there is a chip, the
given nominal chip power dissipation P, for that chip is
indicated. The simulated nominal chip and substrate
temperatures, T, and 7, ,, are given in Fig. 10(a). The lowest
chip power is 0.8 W (location D6); the highest is 2 W (C3
and D7). Although the lowest chip temperature in this
module (underlined) happens to correspond to the lowest
chip power, this need not necessarily be so; this is also true
with the highest chip temperature (also underlined) and
power. This is because T, is dependent on its own power as
well as the power dissipation of its neighboring chips (i.e.,
the heat flow is not one-dimensional up through the piston).
In fact, the substrate temperature directly below the chip,
T, can be hotter than the chip itself (T), for example, for
low-power chips being heated by adjacent regions (D6).

The simulation of field junction temperature 7; distribu-
tions is done statistically by varying the parameters listed in
Table 1. As seen in Fig. 10(a), without an interposer, the
minimum junction temperature in this module is <40°.
Since the 3081 minimum junction temperature specification
is 40°C, an interposer of appropriate thickness was placed
between the module hat and the cold plate to act as a
thermal insulator. With the aid of simulations such as those
shown in Fig. 10(b), an interposer of 1.00 mm was designed
for this module. The ensuing minimum, average (nominal),
and maximum junction temperatures T ;"i", T;*", and T;™
are also shown. Thus, a minimum temperature of =47°C is
found at J5 for the 1.1-W chip. (Again, this is not neces-
sarily the chip with the lowest power dissipation.) By
contrast, the minimum junction temperature for the 0.8-W
chip (D6) is ~48°C.

The junction temperature ranges for this module were
plotted in Fig. 4, as were the temperature ranges of all other
modules fitted with appropriate interposers. All junction
temperatures are above the specified minimum of 40°C, and
the average temperature of all the modules is approximately
the same, i.e., 55°C.

Experimental thermal analysis of TCMs

Direct verification of the simulation results with an actual
product is not possible because there is no one isolated
device, such as a diode, on the product chip with which
actual temperatures can be measured. Early in the program,
however, two special thermal chips were designed in which
product chip power levels could be dissipated at the same
time that the temperatures were measured on those chips.
The thermal chips have a resistor plane which can be
powered through the C-4 pads. (The temperature sensing is
accomplished by calibrating the forward bias voltage of the
twelve diodes in the chips by conventional methods.)
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Figure 10 (a) Nominal time-zero chip and substrate temperature distributions in a TCM without interposer, and (b) statistical chip
temperature distributions in the same module with a 1.00-mm interposer.

® Single-chip experiments I
Dial indicator to
The single-chip tester (SCT), shown in Fig. 11, was designed (>) measure chip-to-piston
primarily for the study of the gap thermal resistance gp widh
between two contacting bodies, and specifically for the study 7
of R_, as a function of p and the tilt. The SCT chamber can
be vacuum sealed so that different cooling media (air, He,
and vacuum) can be used. The latter condition is especially Shatt - L \P
useful for studying the nature of heat flow through asperities by motor \ N — Qf’fg’;ﬂ:msm
between contacting bodies as a function of surface charac- I—— ‘“I
teristics and loading conditions. Most importantly, the direc- \ l TCM
tion of the heat flow can be controlled so that heat losses can N L~ piston
be eliminated or taken into account for accurate calculation Chip\ g / Seal
of thermal resistances. The piston block over the chip (see Shoe to guide
the figure) may be lifted and/or tilted accurately in incre- > leg
ments of 2.5 um by means of a precision motor.
Substrate — =

Figure 12 shows a temperature trace of diodes 7 and 2,
located at the center and edge of the thermal chip, as the <——Water jacket
piston is rolled on the chip. The origin of the axes is the
center of the chip where the piston rests. With cooling water l vy table ]
set at 17°C and chip power dissipation at 2.1 W, center diode . .
7 reaches 64°C and edge diode 2 reaches 66°C. The environ- Figure 11 Single-chip tester (SCT).
ment is He and the maximum vertical gap width at the edge
of the chip from the spherical surface of the piston is 0.17
mm (p = 150 mm). The module temperature is adjusted to As the piston rolls away from the center of the chip and
the mean chip temperature (~65°C) with an auxiliary towards the edge (defined as the positive direction), the
heater so that the heat flow is up through the piston. center diode temperature increases while the edge diode 63
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Figure 12 Actual measured chip temperatures as a function of
piston tilt. The inset shows the position of the 12 diodes. Curves are
for diode 2 (: ) and diode 7 (- - -).

temperature decreases, as expected. At point A, the temper-
atures of both diodes are the same. The temperature at diode
2 continues to decrease until point B, the point of contact
over the diode, is reached. Subsequently, both diode temper-
atures increase, as shown. Note that for diode 2 the piston
contact point is closer to the edge of the chip than to the
center of the chip (hence, the gap is smaller over diode 2);
thus, the smaller temperature values for diode 2 compared to
diode 7. With further tilt at the edge, the piston cocks and
both diodes register high temperatures as a result of the
large tilt.

Changes in T, are reflected in changes in R . The
measured R_ for the flat and 150-mm crown pistons as a
function of tilt are given in Fig. 2(a). A comparison of R,
for the 150-mm crown piston with the NASTRAN simula-
tions in Fig. 7 shows close agreement between the simulated
and measured R__ as a function of tilt for small tilts.

The chip spreading resistance included in R_, depends on
the chip-to-piston tilt and on the cooling medium; it is higher
in air than in He for the same conditions. The measured AT
across the chip (within 12 diodes) without tilt is 1°C/W in
He and 1.9°C/W in air (150-mm crown piston). (Note that
in the multi-chip experiments discussed in the next section,
an average chip spreading resistance of 0.75°C/W is used.)
The other thermal resistances, R, and R, ;, may also be
measured in the SCT by simply replacing the heat exchang-
ing “block” in Fig. 11 with a single-chip section of an Al hat
having dimensions appropriate for X or Y sites.

As mentioned earlier, the SCT was designed to measure
the various intrinsic thermal resistances and, for this
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purpose, the heat flow is made unidirectional up through the
piston. To measure thermal resistances actually experienced
in the module, multi-chip experiments were conducted in
product test vehicles.

® Multi-chip experiments

The multi-chip experiments were performed with 100- and
118-chip TCM test vehicles. Thus, a large engineering data
base exists, ranging from strictly thermal characterizations
to the study of the thermal behavior of TCMs as a function
of various stress tests (e.g., vibration, shock, thermal shock,
and power cycle) to field simulations corresponding to the
power map in each module of the 3081.

None of the stress tests adversely affected the failure rate
objectives of the 3081 program. We discuss only those
experiments directly related to the thermal characteristics of
the TCM and the chip temperature distributions in the field.
The modules are first calibrated thermally and then
subjected to a series of tests. Each test consists of uniformly
powering all the chips at 1, 2, 3, and 4 W. For each power
level, the chip, hat, and substrate temperatures are
measured and entered into a computer. Based on other
calibration data already in the computer, average internal
thermal resistances for each power level are calculated by
plotting the differences between the average chip tempera-
ture and the temperature at the center of the hat against the
chip power (in this case, a linear plot with slope = 7.16°C/W
and an intercept of 0.050°C). An average R, is also calcu-
lated by dividing the difference between the - average
hat temperature and the inlet water temperature at the
6 x 107°-m’/s flow rate by the total module power. The
slope of the curve gives R, . (Note that the intercept must be
within certain limits, here +0.05°C.) The value for R, must
be corrected for heat losses to the thermal test system to
which the module connector is mounted. With extensive
tests, it has been shown that 6% of the power generated by
the chips is dissipated through the computer board; 94%
finds its way to the cold plate via the piston and substrate
and to the hat. With this correction, and including chip
spreading resistance of 0.75°C/W, R, = 8.4°C/W, in
agreement with the NASTRAN simulation value. With the
EOL degradation of 0.70°C/W (discussed earlier), the EOL
R, is 9.1°C/W. The overall R, is computed by noting AT
and dividing by 94% of the power; this yields 0.020°C/W
without the interposer (not including EOL).

Similarly, TCM test vehicles may be powered in different
configurations depending on the particular power map used.
The modules indicated in Fig. 4 were simulated with chip
layouts closely representing actual field conditions. Once
these nominal results were verified against the ASTAP runs,
all the statistical field temperature distributions were estab-
lished.
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Development of encapsulation

As stated previously, a critical requirement of the thermal
design of the TCM is the use of He gas in the interface
between the chip and piston, and in the annulus between the
piston and wall. Sufficient He levels must be maintained
over the expected life of the product to achieve the required
thermal resistance values, and the module must be capable
of multiple openings and closures.

Although He possesses excellent thermal properties for a
gas and is inert, nontoxic, and nonflammable, it is extremely
difficult to contain in a sealed enclosure. In fact, it is often
used to measure extremely low leak rates in hermetic testing
applications. In addition, under molecular flow conditions,
air will enter the enclosure at the same time that He is
leaking out. Encapsulation ensures a stable thermal per-
formance through control of the internal volume and leak
rate of the module, the initial gas fill pressure, the initial
He/air mixture, and the required product lifetime. Using a
lifetime degradation of 0.7°C/W as the thermal objective,
an internal volume of 8.9 x 107> m’, a fill pressure of 1.6 x
10° Pa, an initial 1% air contamination, and a lifetime of 10°
power-on hours (POH), an initial leak rate of 5 x 107°
Pa-m’/s of air is required. This assumes that the average
leak rate over the module lifetime does not degrade below
the time-zero specification. Based on qualification data
(discussed later), this is a valid assumption. Thus, the
specific seal design must exhibit an extremely low leak rate
over ~400 mm and must withstand the required mechanical
and thermal stresses and the chemical environment.

From a number of potential seal designs, a rectangular
®Inconel C-ring, with a 2.36-mm outside cross-sectional
diameter, a 0.38-mm wall thickness, and 103 x 113-mm side
lengths, was selected based on its sealability, reworkability,
reliability, and availability. A 0.1-mm surface coating of
electroplated lead was determined to provide the best overall
sealability.

An extensive evaluation program was conducted to assess
the initial and time-dependent sealing characteristics under
various environmental conditions, including thermal cycling,
impact shock, thermal shock, the presences of hostile gases,
sliding wear, temperature, and humidity. The key reliability
test involved thermal cycling since it appeared to be the most
effective for detecting time-dependent sealing problems. The
nature of these problems does not permit rigorous analytical
testing; thus solutions are often dependent on empirical data.
Typically, test periods required 100 days to complete 3600
cycles of a 10°C-t0-60°C test. In a standard test chamber,
the number of parts that could be cycled was limited to two
or three because of the significant thermal mass of the
module. Therefore, a water-bath cycling system [10] was
designed and built to utilize the higher heat transfer rate of
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water as compared to air. Using a test cycle of ~4 min for a
25°C-10-75°C test, the 3600 cycles could be completed in 10
days. In addition, up to 30 modules could be tested simulta-
neously, thereby further enhancing the evaluation program.
In total, over 200 parts were subjected to this test environ-
ment. The test was used to establish the seal design and
process and to demonstrate repeatability over a range of
variables and time spans. This development program
resulted in repeatable, reliable hermetic seals which satisfied
the encapsulation objectives.

Conclusions

Independent assessment of the module was made in a prod-
uct qualification step and the product performance was
verified against the defined objectives and guantized module
functional and reliability characteristics. The final TCM
product contains on the average 25 000 logic circuits and
65 000 array bits packaged in 0.001 m’. The TCM, as
mounted to the cold plate, can dissipate up to 300 W and
maintain all chip junction temperatures between 40 and
85°C. The TCM development program resulted in a product
which met all key performance and reliability objectives,
and represented a major breakthrough in the full utilization
of advanced LST devices.

The TCM possesses considerable extendability for future
applications, particularly in terms of its cooling capability.
Through reduction in internal and external thermal resist-
ances, the allowable power dissipation can be increased. By
further dimensional optimization and enhancement of the
interface gaps with higher-thermal-conductivity media [11,
12], the internal resistance can be lowered. Similarly, reduc-
tion or elimination of external interface resistances [13] can
increase thermal capability. Thus, with reasonable design
changes at the module and system levels, power dissipation
limits can be extended by over 50%.
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