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Abstract

Packaging a high power radio frequency integrated circuit (RFIC) in low temperature cofired ceramic (LTCC)
presents many challenges. Within the constraints of LTCC fabrication, the design must provide the usual
electrical isolation and interconnections required to package the IC, with additional consideration given to RF
isolation and the structural integrity issues. While iterative design and prototyping is an option for RFIC
packaging development, it is a tedious and expensive process that would most likely be unsuccessful due to the
complexity of the problem. To facilitate package design and optimization, thermo-mechanical assembly
simulations were used to identify and manage the critical process parameters to control solder failures in the
LTCC package assembly. The modeling results were confirmed through comparisons to prototype testing. This
paper summarizes an assembly-based modeling approach to RFIC package design and solder failure analysis,
and presents some results and key findings to date.
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Introduction

Along with the usual electrical
functionality, packages for high-reliability radio
frequency integrated circuit (RFIC) require
additional design considerations including superior
structural integrity, RF isolation, and hermeticity.
Although these requirements may seem unrelated,
successful integration and manufacturing with low
temperature cofired ceramic (LTCC) packages
must couple these design concerns in structural
components such as lids, seal frames, joining
materials, and backplates. A failure of any one of
these components can compromise the reliability of
the system, rendering it unusable for the desired
application. To design packages with enhanced
reliability, modeling and simulation can be utilized.
The goal of this work was to use a combination of
prototype testing information and thermo-
mechanical analysis to investigate the effects of
design and processing on the structural integrity of
a RFIC LTCC package.

RF Package Design

The LTCC package had to be designed
and engineered to integrate multiple RFICs, and to
operate in harsh environments. As shown in Figure
1, the primary structural components of the RFIC
package include a lid, seal frame, solder joints,
LTCC substrate, and a backplate.

® 1) Lid and Seal Frame (Kavar)
2} Frame Solder (Sn-Pb 63/37}
3) LTCC-951
L 4} Backplate Solder (Sn-Pb 83/37)
® 5) Backplate (AI-SIC)

Figure 1: The RFIC LTCC package design
layout with the associated structural materials.



A number of process steps are required to assemble
and test this structure, including soldering, epoxy
curing, wirebonding, welding, and electrical and
structural testing. The significance of these steps
within the scope of this paper is that they define the
materials properties and the thermal profiles that
must be considered in the thermo-mechanical
modeling. Figure 2 shows the temperature
excursions assiciated with each process and test.
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Figure 2: The assembly process for the RF package.

The assembly processes determine the boundary
conditions for manufacturing and testing the
prototype assemblies.

Prototype Testing

Prototype testing involves building a test
assembly, as shown in Figure 3, and performing the
electrical and structural (i.e., thermal cycling) tests
specified in Figure 2.

Figure 3: A representative picture of the prototype
hardware used in the electrical and structural (i.e.,
thermal cycling) tests.

The electrical test involves cooling the
prototype to -40°C, followed by heating the device
to 75°C. After the electrical characterization, the
prototype is subjected to thermal cycling from -
55°C to 125°C up to 1000 times depending on the
environmental requirements.

At specified intervals (i.e., a given number
of thermal cycles), the protoypes are Visually
inspected, and tested for hemerticity and electrical
functionality. In many instances, cracks have been
observed on the corners of solder joints between
the backplate and seal frame. Characteristic cracks
are displayed in Figure 4. These cracks are
typically failures that compromise hermiticity and
structural integrity. In defective prototypes, cracks

along the gold-tin intermetallic layers of the solder
usually form after 60 to 260 temperature cycles.

Cracks Visible

Figure 4: Solder crcks at the corners of the seal
frame.

To mitigate crack formation and extend
the life of the RFIC package, computer simulations
were employed to thermo-mechanically model the
manufacturing and testing processes.

Thermo-Structural Model Development

Using the components and materials
shown in Figure 1, a high fidelity, as-fabricated,
geometric model was created with the capability to
model phenomena such as solder pullback, as
illustrated in Figure 5.

Solder

Pullback

Figure 5: An illustration of solder pullback due to the
metallization of the LTCC.

By capturing the details of the package
geometry, an accurate representation of the stress
concentration can be achieved with an acceptable
mesh. For the analysis, it was assumed that the
components were perfectly bonded without contacting
surfaces. This assumption requires the use of a
contiguous mesh. For meshing, 8-node hexahedral
elements were used due to their superiority in
analyzing stresses in layered structures (Alves, 2003)
(Wunderle, 2004).

The CUBIT Geometry and Mesh
Generation Toolkit was used to generate the mesh to
represent the package geometry. Using the mesh
quality tools in CUBIT, the mesh was determined to
be suitable for analysis (Massad, 2009). The mesh



elements for the entire RFIC package range in size
from microns to millimeters. For the entire model,
up to 757,000 hexahedral elements were utilized,
which corresponded to a nodal count of 894,000.
All elements in the model maintain an aspect ratio
of <5:1. An example of the meshing fidelity is
shown in Figure 6. The multiscale nature of the
package bonding materials and components
coupled with the complex material models require
this fidelity.

The material models used in this model
range from linear elastic structural models with
temperature dependent coefficient of thermal
expansion (CTE) and elastic modulus, to
completely viscoplastic constiutive solder models.
Since a primary goal of the assembly models was
to assess the effect of temperature excursions
during processing, the temperature dependence of
parameters such as coefficient of thermal
expansion, elastic modulus, and yield strength was
taken into account. The LTCC and AISiC-9
materal models are linear elastic, (DuPont, 2001)
(CPS Technologies Corporation, 2008). In contrast,
the Kovar model is elastic-plastic, and capable of
producing permanent deformation (Kohl, 1995)
(Carpenter  Technology  Corporation, 2011)
(Chanchani, 1990). Finally, a viscoplastic solder
constituitive model was used that is capable of
tracking kinematic hardening and the creep
behavior typical of many solders (Neilsen, P.,
Kilgo, & Holm, 2009).

Figure 6: The mesh for the RFIC package showing
varying levels of mesh density to resolve the fine
geometry features while maintaining acceptable
computational efficiency.

Using these materials and the mesh, a
structural model was created with thermal
boundary conditions based on the temperature
profiles depicted in Figure 2—derived from
mechanical constraints employed during assembly.
The thermal boundary conditions were applied as
uniform temperatures to model the steady state
oven heating that the assembly repeatedly
experiences. Degree of freedom (DOF) constraints
were applied to the backplate mounting holes to
kinematically fix the model in such a way to
represent the package sitting freely on a flat

surface. After fully defining the model, the model
was solved to investigate the effect of temperature
cycling on the RFIC package structure.

To model the sequential processes in RFIC
package  manufacturing,  simulations  were
completed to approximate the effects of adding the
different material layers during the assembly. This
was accomplished by selectively activating
different areas/layers of the assembly mesh.

Process and Assembly Modeling Results

After simulating the complete assembly
process up to the lid welding process, the results
file was analyzed to investigate the evolution of the
von Mises stress and equivalent plastic strain
(EQPS) in the solder joints. Due to failure points
observed in the prototype, the frame solder process
was of particular interest.

With the large amount of data generated in
the process and assembly modeling, the stress in
the system can be analyzed from several different
perspectives. One objective was to determine the
final von Mises stress distribution in the package to
be able to conjecture about the failure criteria.

To better understand the problem, the
evolution of stress was analyzed as components
were added during assembly. Initially, the seal
frame is soldered to the LTCC along with passive
components and the IC’s. During this process, a
localized 50 MPa stress is generated, mainly along
one side of the seal frame wall top. The LTCC
underneath this region of seal frame has similar
stress values, which can be attributed to asymmetry
in the structure. This stress is of relatively little
concern due to the high strength of Kovar and
LTCC. After the backplate is soldered to the
assembly the stress becomes more distributed
throughout the assembly. The stress tends to
propagate through the features in the LTCC, and
around all of the seal frame walls. This behavior is
attributed to the high stiffness and relatively large
thickness of the backplate compared to the rest of
the assembly. This creates a very rigid mounting
substrate for the LTCC which causes the stress to
be transmitted from backplate to the LTCC and seal
frame.

After analyzing the stress evolution, the
final von Mises stress in the completed assembly
was determined. The von Mises stress distribution
is shown in Figure 7. Localized hot spots occur
around holes in the LTCC, and at the seal frame
walls. The hole in LTCC represents an obvious
stress concentration in which the von Mises stress
achieves a value of roughly 50 MPa. This behavior
is attributed to bending moments caused by the
deformation and high stiffness of the backplate. In
essence, the backplate solder is incapable of
absorbing the mechanical deformation of the
backplate; hence, the deformation and subsequent



stress is developed in the LTCC. Despite its
relatively high value compared to the rest of the
package, the stress concentration in the LTCC is of
no concern relative to the 320 MPa flexural
strength of LTCC [Barry Design Guide].

For the seal frame stress concentration, the
coefficient of thermal expansion (CTE) causes the
seal frame to expand. The lid welded to the top of
the seal frame constrains the top surface of the seal
frame from moving freely in response to changes in
temperature. Since the solder fixes the seal frame to
the LTCC, the solder resists the seal frame’s
deformation, and stress evolves in both the solder
and seal frame.

von Mises Stress (Pa)
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Figure 7: A simulation of the RF package assembly
showing the von Mises stress of roughly 25 to 40 MPa
at the solder joint.

Since the prototype failures occur at the
seal frame corners, the EQPS within the seal frame
solder joint was assessed relative to a failure
criteria of 150% EQPS. This failure criteria was
established on the basis of experimental
information and testing.

EQPS
0.00 0.13 0.27 0.40

)

0.07 0.20 0.33

BOTTOM OF SOLDER JOINT

_—//

TOP OF SOL DER JOINT

Figure 8: A simulation showing showing similar
EQPS (~30%) in the bottom and top of the solder
joint

The EQPS in both the bottom and top of the solder
joint was investigated. The bottom of the solder
joint undergoes roughly 30% EQPS; whereas, the

top of the solder joint shows 25% EQPS. The slight
gradient across the solder joint is due to the
dissimilar materials bonded to the solder, and the
inability of the solder to transmit the stress back
into the LTCC and seal frame. For reference, the
temperature dependent thermal strain for the LTCC
and Kovar is shown in Figure 9.
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Figure 9: A plot of the temperature dependent

thermal strain of LTCC and Kovar, which are very
similar except at low temperatures.

In the assembly process model, the
greatest increases in EQPS occurs during electrical
testing and thermal cycling. This testing involves
temperature excursions down to -53°C and -40°C
and up to 75°C and 125°C. At the lower testing
temperatures, the thermal strain difference between
the LTCC and Kovar is at the maximum. The
Kovar contracts more than the LTCC which causes
shear loading on the solder joint. Since the LTCC
and Kovar both have very high stiffness values
relative to the solder, the solder flows to relieve the
stress developed in the joint. In combination with
the intermetallic layers in the solder, the shear
loading, result in a weakened solder joint that will
fail in time.

The Coffin-Manson Failure Criterion (Eq.
1) was used to predict the number of temperature
cycles to solder joint failure (Solomon, 1986)
(Engelmaier, 1983)

1

No. Cycles ( 2 28 JOS]

till Failure /3 A EQPS 1)
Two temperature excursions were simulated, from
=55 to 125°C and from 98 to 125°C, to ascertain
the EQPS in the solder for failure

After running the assembly, electrical test,
and thermal cycle simulations, the EQPS in the seal
frame was calculated (Table 1). After the assembly
simulation, the seal frame solder has 0.352 EQPS.
After a single electrical test, the EQPS grows by
0.075 to a value of 0.427. The subsequent thermal
cycle results in an increase of 0.094 to 0.521.



Table 1: The predicted EQPS in the seal frame
solder after assembly and teating.

. | Frame
Peak EQPS After:

Assembly 0.352
Electrical Tests  0.427
Thermal Cycle 0.521

The assembly process is comprised of
roughly eight processing steps reliant on heating.
The amount of heating ranges from roughly room
temperature to either 160°C or 225°C. During
these eight steps, 0.352 of the EQPS in the solder
joint is developed. The electrical tests increase the
EQPS by 0.075 per test which is 21.3% of the
assembly EQPS. Similarly, the thermal cycles add
0.094 EQPS per cycle which is 26.7% of the
assembly EQPS. The large effect of the electrical
tests and thermal cycles on the EQPS are due to the
previously mentioned thermal strain differences at
the lower temperature bounds of the test and
thermal cycles.

The thermal cycles from -55 to 125°C
result accelerate solder failure, which, as predicted
by the Coffin-Manson Failure Criterion, occurs
after 174 cycles. The assembly process model
predictions of solder failure fall within the bounds
of the previously discussed experimental results, in
which failure was observed in prototypes after
anywhere from 60 to 260 cycles. On the average,
from physical testing, failure is observed after
roughly 154 thermal cycles. The assembly-based
model prediction is within 13% of the average test
value. Due to the complexity of the model and
materials involved, this solution is deemed
acceptable for predicting failure behavior.

Summary

Using assembly-based process modeling, a
structural model was developed to predict
premature solder failure in RFIC LTCC package
prototypes.  The solder EQPS was predicted by
modeling the assembly process, which, in turn,
captured the residual manufacturing stress in the
device. By modeling the subsequent testing and
thermal cycling, the increase in the seal frame
solder EQPS was determined. This allowed the
Coffin-Manson  Failure  Criterion to  be
implemented which predicted the solder life to be
within the experimental measurement bounds.
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