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Abstract

This paper presents innovations and advances in

demonstrating paper-thin organic packages with low warpage.

These advances include: 1) Reduction in over-all substrate
warpage, 2) Ultra-low stand off interconnection height, 3)
Ultra-thin (30 um core thickness) and ultra-low CTE (1-5
ppm/°C) organic substrates, 4) Assembly of large die onto the
ultra-thin substrate, and 5) Assembly to form advanced
package-on-package using conventional batch-type SMT
reflow processes. Design, fabrication, assembly and
characterization of test-vehicles demonstrating all these
innovations are described in this paper. Comprehensive
warpage modeling is performed by taking into account all
substrate fabrication and assembly steps. The measured
warpage data after package fabrication and assembly was
used to refine and validate the models. Optimized geometry
and material parameters are designed from the validated
models.

I. Introduction

Portable and smart mobile products continue to demand
miniaturized semiconductor packages at lower cost to enable
higher functionality at system level. Recent advances in
organic packages to achieve these demands have primarily
focused on embedding actives and passives into substrates
and stacking the independently tested packages. In spite of
these advances, there is no integrated package technology
reported to meet the emerging needs for packaging of ultra-
thin, large, and multiple dies with low-warpage and low-cost
using the existing package infrastructures. Current single and
PoP organic packages [1] are limited both in overall thickness
reduction and in electrical performance [2]. Chip-first
embedding [3] and fan-out wafer level packaging [4] can
attain thin and comparatively smaller package dimensions,
but face fundamental barriers in large-die packaging, Known-
Good Die (KGD), thermal dissipation and die commitment
issues. Figure 1 shows typical wafer level fan-out (WLFO)
package and its typical thickness is in the range from 300 to
600 microns. In the WLFO package structure, the conflict of
CTE mismatch between die, substrate, and epoxy molding
compound, makes warpage as a leading concern for further
thickness reduction.

Georgia Tech PRC (Package Research Center) proposed
and demonstrated paper-thin organic packages with low-
warpage and low-cost. It also addressed warpage issues in
spite of the cavity that is used resulting in an unbalanced

embedding in paper-thin organic package. Sections III shows
FEM simulations to address the warpage challenge resulting
in optimum material and package designs. Section IV
describes the fabrication details of ultra-thin organic
substrates. The overall results are analyzed in Section V. This
paper is summarized in section VI.

-

Thin film ROL Layer BGa Solder Epoxy Molding
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Figure 1. Structure of Wafer Level Fan out Package

II. Paper-Thin Organic Package Structure

A typical plastic laminate package with EMC (Epoxy
Molding Compound) has warpage challenges due to intrinsic
CTE mismatch between the EMC, substrate, die-attach
adhesive and chip. It may appear that the elimination of EMC
element in thin package structure helps in controlling the
overall package warpage performance. In reality, relative
contribution of the die, die-attach material and laminate
substrate in the thin package, must be considered. Ultra-low
CTE laminate material is designed to minimize the CTE
mismatch with the die. Other factors such as volume of the
die-attach material, BNUF (B-Stage Non-flow Underfill)
material, cavity structure must be considered. Low-
temperature exposure of substrates before die-attach is also
very critical in controlling the warpage. Low-temperature
(180°C) Cu interconnection and assembly, previously-
reported, is applied in this research for chip-level
interconnections to minimized the warpage [5]. The paper-
thin package structure, taking into account all these factors is
illustrated in Figure 2. The thickness of laminate substrate is
95 pym comprising of 30um ultra-low CTE LdaZ laminate core
(provided by Sumitomo Bakelite), 50 ym cavity, and 15um
solder mask layer.

mechanical  structure.  Section II  describes these
aforementioned challenges and the proposed chip-last
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solder mask area with different solder mask design
approaches were studied. The basic concept for this solder
mask design approach is depicted in Figure 6. In this figure,
the black-colored area represents the actual solder mask
coverage in the substrate. Minimum solder mask layer
contribution to warpage is expected by implementing a ‘Ring
cover’ concept as illustrated in Figure 6 (b). If there are any
traces on the bottom layer, ‘Ring cover’ concept cannot be
applied because this exposes the underneath Cu traces.
Therefore, 30% coverage was assumed for simulating the
‘Ring cover’ solder mask design.

As seen from the simulation results in Figure 7 (c), we could
notice that, unlike with the conventional symmetrical organic
package substrates, more solder mask area can help reduce
undesired warpage in asymmetrical cavity structures in ultra-
thin substrates.

(a) Solid Cover (b) Ring Cover

Figure 6. Two different solder mask design approaches
for paper-thin package application

(a) 193 pm without solder mask (b) 130 pm with 70% solder mask coverage
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(c) Overall summary for the solder mask coverage

Figure 7. Bare substrate warpage with 30 pm LaZ Core
and 50 pm prepreg cavity stack-up

Cu Trace Area Effectiveness Simulations

With the asymmetric substrate layouts, different factors
should be considered to alleviate the warpage in the

‘unbalanced’ structures. The original test vehicle design in
this study only had daisy chain connections on the top layer,
with around 30% top-side covered with Cu traces, while the
bottom side of the traces and solder ball metal pads have 80%
coverage. By applying balanced-Cu trace coverage area, that
can be easily implemented in a functional package design, the
overall substrate warpage was reduced down to 70 Pym. This
simulation result is shown in Figure 8.

Figure 8. The FEM simulation result with balanced Cu
trace area 70 pm for bare substrate

(a) 28um before die assembly

(b) 132pm after die assembly

Figure 9. Warpage Behavior for 30 pm LaZ Core and 50
pm 2ppm/K CTE cavity stack-up with 70% solder mask
coverage

Simulation Summary

By combining all the predictions in the aforementioned
simulations, the optimum design and material factors for the
package are obtained: 1) 50 ym cavity thickness with 2ppm/K
CTE stack-up, 2) 70% solder mask coverage area, 3)
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(c) EOL Package warpage measurement with and without solder mask

Figure 12. LaZ laminate plus RXP-4 Combination Cavity
Type Package Warpage Measurement
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Figure 13. Fabricated low warpage paper-thin package
with chip-last embedding

The ultra-low CTE laminate which serves as the second layer
of the cavity, also functions to compensate the unbalanced
caused by CTE mismatch between ultra-low CTE laminate
core and high CTE RXP-4. Also a large percentage of Cu
coverage at the bottom side compared with the
interconnection side, also contributed to the substrate
warpage towards the cavity side. After the die attachment, the
warpage of the package was released, as demonstrated in
Figure 12 (c), since large area of low CTE silicon die
dominates the warpage behavior for the entire package. It was
also noticed that the package with solder mask showed more

warpage. So we can tell that ring type solder mask design
which is proposed in this study will greatly beneficial to
minimize the overall warpage. Actual super flat 95 ym paper-
thin package is shown in Figure 13.

VI. Conclusions

This paper reported the design and demonstration of ultra-
thin organic package with low warpage. To achieve paper-
thin (less than 100 pm thickness including die) package,
there are five major key innovations and their technical
detailes were described: 1) Reduction of over-all substrate
and EOL package warpage and its validation by test vehicle
verifications as well as FEM modeling, 2) Low-temperature
Cu interconnections and assembly with ultra-low off-chip
interconnection height, 3) Fabrication of ultra-thin (40 pm
thickness) with, ultra-low CTE (1-5 ppm/°C) organic
substrates, 4) Assembly of 49 mm® die onto the ultra-thin
substrate, and 5) Assembly process to form advanced
package-on-package using conventional batch-type SMT
reflow processes. Characterization of 30 pm ultra-low CTE
LaZ laminate plus 25 pm LaZ prepreg cavity type EOL
package will be updated in future study.
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