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Fig. 9. Fabrication and assembly process temperature sequence used in birth
and death modeling.

Material elements were “birthed” sequentially with their actual
properties at their stress-free temperature (Table II).

Fig. 9 illustrates the solution steps for a four-metal-layer
package. As seen, starting from room temperature: 1) the glass
core was simulated to be heated to 160 °C, the temperature
at which the dielectric polymer was cured; 2) the glass core
and polymer were then simulated to be cooled to room
temperature; 3) subsequently simulated to be heated to 40 °C;
and 4) the temperature at which copper was electroplated.
The process steps were repeated for the next two metal
layers (5–9). These simulation steps completed the fabrication
of the glass substrate with RDLs.

The next step was to simulate the flip-chip assembly
process. The substrate with build-up layers was then sim-
ulated to be heated to 220 °C, the melting temperature of
tin–silver solder, to mimic the reflow assembly process,
where the chip, solder, and chip pads were “birthed” (10).
The assembly was then uniformly cooled to the underfill
cure temperature of 160 °C (11) and then further cooled
down to room temperature (12). This simulation mimics the
B-staged underfill cure process. On the other hand, for a
capillary underfill, the assembly is first cooled to room temper-
ature from the reflow temperature, underfill is then dispensed
at 90 °C on a hot plate, and then the underfill is cured at
a temperature of about 160 °C. The current model does not
include such cooling and reheating steps, as the results from
both modeling approaches are nearly the same [26]. Also, the
current single-step cooling model from reflow temperature to
room temperature through underfill cure temperature is less
computationally expensive. Thus, the warpage of the assembly
through the entire fabrication and assembly process simulation
is captured.

D. Warpage Prediction and Validation

The warpage predicted by the finite element models was
validated against warpage measured using shadow moiré.
An example of this validation is depicted in Fig. 10, which
shows the two experimental samples and simulated warpage
data as a function of temperature for the low-CTE glass
sample. Both experimental and simulated results show the

Fig. 10. Predictive model validation for low-CTE glass sample.

maximum warpage at room temperature, and the magnitude
predicted by the simulations agrees with the experimental data.
The model captures the decrease in warpage as the temperature
is increased.

Through vias were not included in the experimental samples
and the corresponding modeling because they were expected
to have relatively little effect. Models with fully filled through
vias were constructed to investigate the validity of this claim.
Except for the presence of the vias, the models were otherwise
identical to low-CTE glass samples in Table I. Assuming
100-µm-diameter vias in an 18.4 × 18.4-mm2 substrate with
400-µm board-level pitch on, the maximum necessary total
copper volume is less than 5%. With this number of vias, the
warpage increases by 8.8% compared to the case without vias.
However, the typical number of vias is often much lower, at
1% or less. With this number of vias, the warpage increases
by 0.3% compared to the case without vias.

E. Effect of Die and Substrate Thickness

The warpage depends on both the die and substrate thick-
ness as seen in Fig. 11, in which the predicted die warpage
for 100-, 200-, 400-, and 630-µm dies is plotted for 50-, 100-,
200-, 300-, 400-, 500-, and 600-µm-thick glass substrates
at 25 °C. The structures are otherwise assumed to be identical
to the low-CTE glass samples in Table I. From this plot,
decreasing the die thickness increases the warpage. Also,
decreasing the glass thickness increases the warpage. However,
as long as the overall package is at 400-µm thick, the die
warpage is not predicted to exceed 10 µm. JEDEC requires
warpage to be less than 100 µm [3]. A package that is 400 µm
thick, includes 70 µm of dielectric polymer, 40 µm of copper,
and a 10 × 10-mm2 die, and exhibits less than 10 µm warpage
(Fig. 11) shows glass is a strong candidate for low warpage.

V. UNDERFILL FILLET

Package-level warpage is important for board-level assem-
bly, and thus, substrate warpage is modeled and experimentally
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Fig. 11. Predicted die warpage (µm) as a function of glass thickness (µm)
at 25 °C.

Fig. 12. Substrate region shadow moiré measurement from board side of
low-CTE glass sample at room temperature.

characterized. Fig. 12 shows an example shadow moiré mea-
surement of the substrate at room temperature for a low-CTE
glass sample. Substrate warpage measurements are taken from
the non-die side due to the step height limitation of the shadow
moiré technique.

It was observed that the die and substrate warp in different
directions below the stress-free temperature, as seen in Figs. 5
and 12. This was because of the underfill fillet. As the underfill
used in our study has a large CTE, it shrinks more than the
surrounding material, exerting a force that causes the substrate
to bend. Thus, substrate warpage is influenced by the underfill
fillet. Fig. 13 shows a cross-sectional schematic of this effect
at room temperature. Near the stress-free temperature, the
package is flat because the underfill fillet exerts no force on
the package.

With no underfill fillet or a very small fillet, the substrate
continues the dome shape of the die region below the stress-
free temperature, as shown in Fig. 13(b). At the stress-free
temperature, the substrate is near flat. Varying the fillet size
between large [such as in Fig. 13(a)] and very small [such as
in Fig. 13(b)] varies the amount of substrate warpage, and an
intermediate size fillet is shown in Fig. 13(c).

Fig. 13. Warpage trend observed in thin glass substrate packages at room
temperature for (a) large fillet, (b) no fillet, and (c) intermediate size fillet.

Fig. 14. Predictive model validation substrate warpage for the low-CTE glass
sample.

A. Experimental Substrate Warpage

Shadow moiré measurements for substrate warpage, such
as in Fig. 12, were taken over a range of temperatures, and
the results are shown in Fig. 14 for low-CTE glass samples.
Fig. 14 also includes the finite element model prediction.
The finite element model used a fillet size of 240 µm to
track the experimental data. At 25 °C, the model predicts
a shape that is dome-like where the die is and bowl-like
beyond the die region, similar to the W-shape in Fig. 13(a).
As seen, the simulations show decreasing warpage with
increasing temperature. The warpage is minimum near the
underfill cure temperature. This is to be expected because
the large structures in the assembly, namely, the die and
the substrate, are tightly bonded together by the underfill
at the underfill cure glass transition temperature, and thus the
underfill cure temperature is near the stress-free temperature
for the assembly.

B. Effect of Underfill Fillet on Substrate Warpage

The warpage is influenced significantly by underfill fillet,
and along a die edge, there was a continuous fillet that
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Fig. 15. Warpage (µm) contour plot of low-CTE glass samples (Table I)
with (a) full fillet, (b) half fillet, and (c) no fillet, at 25 °C.

influences the substrate warpage. This fillet can be adequately
captured through plane-strain approximation. On the other
hand, the corner warpage is influenced by the fillets on
both edges of the corner as well as the corner fillet itself,
and therefore, it is difficult to capture through one cross-
section model. The simulation result shown in Fig. 14 assumes
a 240-µm fillet to match the experimental data. For a fillet that
is 630 µm tall (touches the top edge of the die) and 630 µm
long, the deformed assembly images are shown at 25 °C in
Fig. 15(a). This result is similar to the shape seen in Fig. 13(a).

To understand the role of the underfill fillet size, different
sizes of fillets were simulated. In all of the simulations, the
stress-free temperatures, the geometry, and the mesh were kept
identical to be able to compare different cases. The warped
geometry, as simulated, with a fillet that is 315 µm tall and
315 µm long is shown in Fig. 15(b) at 25 °C. As seen,
the substrate was less warped than the full fillet [Fig. 15(a)].
The third case, which has no fillet, was also simulated, and
the results are shown in Fig. 15(c). The no fillet case is nearly
flat. In all cases, the die warpage is nearly identical, and this is
because the fillet has minimal effect on the warpage of the die.

The substrate warpage is relevant in package to board
assembly, and the planarity of the package determines whether
assembly is feasible. As the substrate warpage is a function
of the fillet size, it is possible to optimize the fillet size for a
minimum substrate warpage. For the low-CTE glass samples
(Table I), the model predicted a minimum substrate warpage
with an 81-µm fillet. It should be noted that the optimal
fillet size will change as a function of sample geometry,
material CTE, and material modulus.

The degree to which the influence of the underfill fillet
is observed is enhanced by how thin the glass substrate is
and how thick the silicon die is. The impact of underfill fillet
size observed in glass should be true for other similarly thin
substrates as well.

C. Capillary and B-Staged Underfill Comparison

Low-CTE glass samples with capillary underfill were fab-
ricated in addition to low-CTE glass samples with B-staged
underfill to compare underfill materials. Fig. 16 shows the
comparison of die warpage measured using shadow moiré.
The die warpage results are similar between the two underfills,
indicating that the two underfills couple the die and substrate

Fig. 16. Die warpage as a function of temperature for capillary and B-staged
underfill.

together to a very similar degree. This is because the modulus
of the two underfills is very close, at 2.9 GPa for the B-staged
underfill and 3.0 GPa for the capillary underfill. Based on these
data, the underfill type has little impact on the warpage and
the choice for underfill will be based on other considerations,
such as desired bump pitch and assembly process conditions.

VI. CONCLUSION

The objective of this paper is to develop a flip-chip package
with low warpage and understand the role of various parame-
ters on warpage.

This paper has experimentally used thin glass panels as
the core material for microelectronic packaging and found
to have low warpage due to the high rigidity and silicon
matched CTE of glass. The fabrication process to deposit
build-up materials creates residual stresses due to the CTE
mismatch between the core and build-up materials. This paper
employed similar structures on both sides of the glass panel,
resulting in minimal warpage prior to assembly. The die is
thermo-compression bonded and warpage is measured from
the die and substrate sides. Low-CTE glass was demonstrated
to have lower die warpage than low-CTE organic because it
has a higher modulus, providing greater structural rigidity.
Low-CTE glass also had lower warpage than high-CTE glass
because it has less CTE mismatch with the silicon die. These
warpage values are all lower than what is required by the
JEDEC standard.

In conjunction with the experimental work, physics-based
finite element models have been developed to mimic fabrica-
tion and assembly processes. The model predictions agree well
with the warpage values and trends seen from experiments.
The underfill fillet greatly influences the shape of the substrate
warpage after assembly at room temperature. Larger fillets
warp the substrate upward around the die, while smaller fillets
have less impact on the substrate warpage. It is possible to
minimize substrate warpage through fillet size control, and an
optimal fillet size for minimum warpage was identified.
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