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Abstract — A novel 3D-shaped polymer multi-jet impinge-
ment cooler based on low cost fabrication techniques is intro-
duced for high performance applications. This paper presents
the modeling study, design, fabrication, experimental charac-
terization and benchmarking of this cooling concept, showing
a very good thermal performance with low required pumping
power.

L. INTRODUCTION

To cope with the increasing cooling demands for future high
performance devices and 3D systems, conventional liquid cool-
ing solutions such as (microchannel) cold plates are no longer
sufficient. Drawbacks of these conventional cold plates are the
presence of the thermal interface material (TIM), which repre-
sents a major thermal bottleneck, and the temperature gradient
across the chip surface. Alternative advanced liquid cooling so-
lutions have been proposed such as inter-tier [1] and intra-tier
[2] cooling for 3D systems. These solutions are however not
compatible with the fine pitch requirements for high bandwidth
communication between different tiers of a 3D system as shown
in Fig. 1. This figure shows a schematic of high performance
3D system on chip (SOC), realized by functional partitioning of
the blocks in a core layer, a memory layer and a layer for 10
and communication. Liquid jet impingement cooling is an effi-
cient cooling technique where the liquid coolant is directly
ejected from nozzles on the chip backside resulting in a high
cooling efficiency due to the absence of the TIM and the lateral
temperature gradient. In literature, several Si-fabrication based
impingement coolers with nozzle diameters of a few tens of pm
have been presented for common returns [3,4], distributed re-
turns [5] or combination of micro-channels and impingement
nozzles [6,7]. The drawback of this Si processing of the cooler
is the high fabrication cost. Other fabrication methods for noz-
zle diameters of a few hundred um have been presented for ce-
ramic [8] and metal [9]. Low cost fabrication methods, includ-
ing injection molding [10,11] and 3D printing [12] have been
introduced for much larger nozzle diameters (mm range) with
larger cooler dimensions. These dimensions and processes are
however not compatible with the chip packaging process flow.

In this paper, we present a novel impingement based liquid
cooling solution, fabricated using low cost polymer fabrication
techniques, targeted to directly cool the backside of high per-
formance chips or chip stacks, as shown in Fig. 1. The internal
structure of the concept of the cooler is schematically shown in
Fig. 2 revealing the distributed inlet and outlet channels for the
delivery and removal of the coolant to the chip backside respec-
tively. The purpose of this work is to demonstrate the feasibility
of an integrated polymer impingement cooler and to benchmark

978-1-5386-3559-9/17/$31.00 ©2017 IEEE

32.5.1

its thermal performance with literature data for impingement
coolers with various materials. In order to evaluate the thermal
performance, the fabricated 3D-shaped polymer cooler is as-
sembled to our 8x8 mm? thermal test chip [13] with integrated
heaters and temperature sensors (Fig. 3). First, the modeling of
the thermal and fluidic behavior and the impact of the parame-
ters is discussed. Based on the modeling results, the cooler de-
sign is presented and finally the thermal performance and
benchmarking of the fabricated polymer cooler is discussed.

II. MODELING, DESIGN & FABRICATION

Conjugate heat transfer and fluid dynamics simulations
have been performed to assess the thermal and fluidic behavior
of an impingement cooler with a NX N array of inlet nozzles and
distributed outlets in between the inlets. A unit cell model (Fig.
4) has been used to assess the optimal number of nozzles, noz-
zle pitch and diameter. A model of the full cooler is used to
study the interaction of the different nozzles and the impact of
the thermal conductivity of the cooler material. The thermal
performance is expressed in terms of the thermal resistance Ry

Rth = (T;h,mfg 77—;11 )/P
where Tenav 1s the average chip temperature, 7j, is the coolant
inlet temperature and P is the chip power.

A. Unit cell modeling results

Fig. 5a shows that increasing the number of inlet nozzles
results in a more uniform chip temperature distribution. The
thermal resistance can be further reduced by increasing the flow
rate, however at the expense of the required pump power (Fig.
5b). The trade-off can be shown in a thermal resistance versus
pump power chart in which each cooler design is represented
by a curve for a range of flow rates; the closer the curve is to
the origin, the better the thermal performance and the less re-
quired pumping power of the cooler is. Fig. 6a shows the evo-
lution of the thermal performance for an increasing number of
unit cells under a fixed cavity height of 200 pm. By using a high
number of small diameter nozzles one can achieve better ther-
mal performance. However, it requires a very high pressure, re-
sulting in a saturation of the thermal performance increment be-
yond N=8 (1 mm? unit cell) in Fig. 6b. Moreover, N <8 is in the
range of the capability of polymer fabrication techniques while
higher nozzle numbers, and smaller diameters would require
more expensive Si fabrication techniques. Furthermore, the unit
cell model shows that the nozzle diameter in the chosen unit
cell size should be as large as possible to optimize the thermal
performance (as in Fig. 7). Table 1 shows the link between the
number of nozzles, the inlet diameter and the required fabrica-
tion method.
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B. Full cooler level modeling

Fig. 8 shows the complete model of the flow distribution
and heat conduction in the coolant, cooler material and chip
package for a 4x4 array cooler. From Fig. 9, it can be concluded
that the impact of the thermal conductivity of the cooler mate-
rial is negligible over a wide range of flow rates and chip power,
since the heat removal is dominated by the forced convection in
the coolant. This shows that a polymer cooler has the same per-
formance as a Si or Cu cooler and therefore offers opportunities
for the use of polymer based low cost fabrication techniques.
The full model is also used to optimize the plenum height as a
function of the inlet diameter to minimize flow maldistribution.

C. Test vehicle design and fabrication

Based on the modeling results for the number of unit cells,
inlet diameter and impact of material conductivity, a simplified
board level polymer demonstrator cooler with a 4x4 array of
450 pm inlets and 5x5 array of 600 um outlets has been de-
signed (Fig. 10a). The design parameters are listed in Table 2.
The cooler has been fabricated in Polyvinyl chloride (PVC) us-
ing mechanical machining with a tool diameter of 500 pm for
the plenum structure and drilling for the inlet and outlet holes.
Fig. 10b shows the assembly of the cooler and the mounting of
the cooler on the PTCQ chip and PCB.

III. CHARACTERIZATION AND BENCHMARKING

The fabricated cooler is characterized for the following con-
ditions: 50 W quasi-uniform chip power, inlet temperature
10°C, coolant flow rate range from 280 mL/min to 600 mL/min.

A. Experimental thermal characterization

The polymer cooler has been successfully mounted to the
chip package and no leakage is observed. Temperature meas-
urements are performed using the 3232 array of diodes in the
PTCQ test chip to visualize the chip temperature distribution
for the quasi uniform power dissipation pattern (yellow cells in
Fig.3). A very low thermal resistance of 0.25 K/W is obtained
for a flow rate of 600 mL/min with a required pump power of
0.4 W. Moreover, the temperature distribution over the chip is
very uniform (Fig. 11). The comparison between the complete
measured temperature map and the modeling results in Fig. 12
and comparison of the thermal resistance for the unit cell model,
full model and measurements with different flow rates in Fig.
13 both show excellent agreement. By increasing the flow rate
from 280 mL/min to 600 mL/min, the thermal resistance can be
reduced by a factor of 1.7. The measured temperature map cor-
responding to inlets and outlets nozzle pattern is checked in Fig.
14. Compared with a single jet cooler, shown in Fig. 15a and b,
on the same chip package, the multi-jet impingement cooler re-
sults in a lower thermal resistance and a better temperature uni-
formity under the same flow rate as can be seen in Fig. 15c.

B. Benchmarking with literature data

The cooling performance in terms of thermal resistance and
pumping power of the fabricated polymer cooler with a 4x4
array of inlets (0.25 K/W or 0.16 cm?.K/W for a pumping power
of 0.4 W) has been compared in Fig. 16 with published data in
literature for impingement coolers fabricated using various ma-

terials: Si [3-7], ceramic [8], metal [9] and plastic [10-12] pre-
sented in the introduction section. From the thermal resistance
versus pump power benchmarking chart in Fig. 16, it can be
observed that the presented 3D-shaped polymer cooler has a
very good thermal performance, that is achieved with a rela-
tively low pumping power. The thermal performance is only
exceeded by the Si based cooler [5] with very fine pitch 25 pm
nozzles, however that cooler requires a 5X larger pump power.
This benchmarking study clearly shows the potential of the pre-
sented polymer based cooler and proves that it is not necessary
to scale down the nozzle diameters to a few tens of micron but
that very good thermal performance can be obtained with noz-
zle diameters in the range of several hundred micrometers,
which is compatible with low cost polymer fabrication.

IV. CONCLUSIONS

In this paper, we present the concept, modeling, design, fab-
rication, experimental characterization and benchmarking with
literature data of a novel impingement based liquid cooling so-
lution, fabricated using low cost polymer fabrication tech-
niques, targeted to directly cool the backside of high perfor-
mance chips or chip stacks. It is demonstrated that polymer is a
valuable alternative material for the fabrication of the impinge-
ment cooler instead of expensive Si based fabrication methods.
The modeling results show that it is not necessary to scale up
the number of unit cells and to shrink the nozzle diameter ac-
cordingly to improve the thermal performance for a fixed cavity
height, making the required diameters compatible with polymer
fabrication methods. Moreover, the simulations indicate that
the thermal conductivity of the cooler material has no impact
on the thermal performance of the impingement cooler.

A 4X4 array jet impingement cooler with 450 um nozzles
has been fabricated using mechanical machining in PVC and
has been assembled to a test chip package. The experimental
characterization shows a very low thermal resistance of 0.25
K/W (0.16 cm? K/W) and good temperature uniformity across
the chip surface. The benchmarking study with literature data
for impingement coolers with a large range of inlet diameters
shows a very good thermal performance of the fabricated cooler
for a low required pumping power.
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Novel 3D-shaped polymer cooler
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Fig. 1. Example of high performance application
for the novel 3D-shaped polymer cooler. 3D
functional partitioning of HPC SOC in a core
layer, memory layer and I0/common layer.
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Table 2. Dimensions of the cooler demonstrator.
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Fig. 14. Measured temperature data with respect to achieved thermal resistance and required pump power.

map corresponds to inlets and The two measurement data (Red Square) shown in this figure are based on

outlets nozzle pattern. the fabricated imec 3D-shaped polymer cooler with flow rate of 280 mL/min
and 600 mL/min.
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