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Abstract—The ever-increasing demand for high-bandwidth in-
terconnects has given rise to the need for high IO-density package
redistribution layers (RDL). This necessitates scaling down RDL
critical dimensions as well as microvias. There are numerous
challenges pertaining to scaling down microvias below 5 μm
diameter. The main challenge is the thermomechanical reliability
of vias in polymer dielectrics. Modeling and design for reliability
in various polymer dielectrics is the key to achieve mechanical
reliability. This paper presents a model for the prediction of
micro-via failure. The effects of via geometry such as- via angle
and height as well as material properties such as- CTE and elastic
modulus on via failure are presented. Furthermore, modeling
results are correlated with experimental results to verify the
accuracy of the model. Using this model, it was determined that
the conventional via geometry reaches an engineering limit at 2
μm of via diameter. Below this size, it becomes difficult to achieve
reliable vias in polymers as they do not survive 1000 thermal
cycles. Based on the modeling studies, a novel method is proposed
for enhancement of reliability of vias below the engineering limit
of 2 μm.

I. INTRODUCTION

The number of electronic devices has been increasing day

by day. With the onset of the latest applications such as

artificial intelligence (AI) and internet-of-things (IoT), the

amount of data that is processed is expected to increase

exponentially over the next few years. Therefore, the demand

for faster computing is growing enormously. To keep up

with this demand, it is important to have high-bandwidth

interconnections between the logic and memory dies to achieve

faster computing. Interconnects with high input-output density

(IO-density) are thus the main focus of semiconductor and

packaging industry currently. In order to achieve high IO-

density (>500 IOs/mm/layer), it is not sufficient to scale down

RDL line-width without scaling down the microvia diameters.

Thus, there is a need for investigations on scaling down

microvias from the perspectives of fabrication as well as

reliability.

In the current generation of electronic packages, polymer

dielectrics have enabled us to achieve high bandwidth at a

low cost. The low dielectric constant of polymers enables us

to achieve good electrical performance even at high wiring

densities. However, polymer dielectrics have a high coefficient

of thermal expansion (CTE) which leads to via-reliability

challenges. The mismatch in the CTE between copper and

polymer leads to a large amount of strain developed in the

vias that ultimately leads to failure during thermal cycling. As

we move towards higher IO densities and finer RDL critical

dimensions, simultaneous scaling of via size is needed. This

creates a new challenge with respect to via reliability. Via

size and thermal cycling life of vias are inversely related.

Therefore, as we reduce the via diameter, the thermal cycling

life of vias reduces.

Microvia is the most critical and fragile part of RDL.

Failure of a microvia results in the formation of an electrical

discontinuity in the RDL structure. During thermal cycling,

cyclic nature of the strain results in fatigue failure of vias.

There are two main fatigue models widely used in literature

for determining the via reliability- Coffin-Manson Basquin

model [1, 2] and Engelmaier model [3]. Both these models

are applicable for high-strain and low-cycle fatigue which

is the characteristic failure mode for the vias. There are

numerous reports on finite element modeling of microvia

reliability. In these reports, the values of cyclic strains and

stresses are calculated from the finite element models and

fatigue models are then utilized to calculate the via failure life.

Studies of the effect of via geometry and dielectric material

on thermo-mechanical strain in microvias of diameter 25 μm

to 125 μm have been reported in literature [4, 5]. Models for

the reliability of plated-through-holes (PTH) have also been

developed [6]. Increase in the aspect ratio, PTH/via density

and number of layers have shown to decrease the fatigue life

of the PTHs/vias. A higher via wall angle is shown to be

favourable for reducing the strain in the via [5, 7]. Evaluation

of the effects of dielectric and substrate material properties on

the strain in microvias has been conducted [8]. CTE of the

dielectric has the most pronounced effect on development of

strain in microvias followed by dielectric modulus. Modeling

studies have shown that via plating quality is a significant

factor affecting the fatigue life. The shape and size of the voids

and defects significantly deteriorate via fatigue life [9]. All

models have limitations with respect to the accuracy over via-

size range. There are very few models reported for calculating

the microvia fatigue life for diameter smaller than 2 μm.

This paper reports a finite element model developed in

ANSYS workbench to simulate the strain developed in the

microvias of diameter 2 μm and lower. Using the value of

strain, the number of cycles to failure are calculated using

Coffin-Manson Basquin fatigue model. It is desired that the

vias sustain at least 1000 thermal cycles for thermomechanical

reliability as per JEDEC standard [10]. An epoxy-based dielec-

tric is considered for calculating the fatigue life. The effect of
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via geometry has been studied to maximize the fatigue life.

A novel via geometry with a groove in the copper pad is

proposed and studied for enhanced microvia reliability. Based

on these modeling studies, the most reliable via design has

been proposed for microvias with diameter less than or equal

to 2 μm.

II. THERMOMECHANICAL MODELING OF MICROVIAS

a) Geometry and material properties: A finite element

model was developed in ANSYS workbench to simulate the

thermo-mechanical strains developed in the microvias during

thermal cycling. The geometry was created using SolidWorks.

The test geometry consists of a quarter part of the actual

microvia because of the symmetry of the structure. There are

copper pads on top and bottom of the microvia surrounded by

polymer dielectric as shown in Figure 1.

Figure 1. Microvia geometry used in ANSYS model

The geometric parameters such as via angle, via height and

diameter are the variables used in this model. Periodic and

symmetric boundary conditions were applied on the sides of

the geometry. The bottom of the geometry was constrained

to account for the effect of the substrate. A multi-linear

kinematic hardening model was used to simulate the hardening

of electroplated copper [11]. The stress-free temperature was

assumed to be 25oC. Polymer dielectric was modeled as linear

elastic with glass transition temperature of 180oC. Because of

the unavailability of temperature-dependent CTE and elastic

modulus of polymer, they were assumed to be constant. The

via geometry was subject to thermal cycling from −55oC to

125oC. The effects of pre-conditioning and solder reflow were

not considered because of the unavailability of temperature-

dependent material data. Also, because of the shorter duration

and lower number of cycles, the effect of preconditioning is

supposed to be minimal. Thermal cycling is responsible for

the majority of strain developed in the vias. The strain in

the microvia stabilizes to <1% variation after 5 cycles. The

maximum strain is developed at the via bottom which is the

most common point of failure in microvias.

b) Failure life calculation: The total strain range is

obtained from the simulations and is used for calculating the

number of cycles to failure. The combined Coffin-Manson and

Basquin fatigue model is used for the calculation of number

of cycles to failure. Combined Coffin-Manson and Basquin

fatigue equation-

Δε =
σ′
f

E
(2Nf )

b + σ′
f (2Nf )

c (1)

Where, Δε is total strain range,
σ′
f

E = 0.00741, b=-0.11,

σ′
f = 0.709 and c=-0.6 and Nf is the number of cycles to

failure. These values have been widely used in literature for

electroplated copper [5, 7, 9].

III. VALIDATION WITH EXPERIMENTAL DATA

To verify the accuracy of the model, different via geometries

and polymer dielectrics were simulated based on the available

experimental data. The via angle was assumed as 80o in all

experiments. The values of total strain range were obtained

from the simulations and the number of cycles to failure were

calculated using Coffin-Manson Basquin fatigue model. The

results are listed in Table I.

Table I
EXPERIMENTAL VALIDATION OF MICROVIA RELIABILITY MODEL

Polymer
dielectric

Via geometry
(Diameter,

Height)

Total
strain
range

No. of
cycles

to
failure

(model)

No. of cycles
to failure
(experimental)

Dielectric 1 D=5μm, H=5μm 0.008916 1498 1700
Dielectric 2 D=5μm, H=5μm 0.011916 782 >1000
Dielectric 3 D=10μm, H=7μm 0.003345 >5000 >1000
Dielectric 3 D=8μm, H=7μm 0.004910 >5000 >1000

For Dielectric 1 and 2, experimental values and modeling

values agree very well. However, for Dielectric 3, experimental

and modeled values vary significantly. This is attributed to the

following reasons-

1) Actual via geometry might differ from the one used in

the model. Via angle was assumed as 80o whereas, in

actual microvias, via angle could be anywhere between

70o to 90o.

2) The height of the via is assumed to be the same as the

dielectric film thickness. In actual, the height of the via

is smaller than the dielectric thickness due to curing

shrinkage.

3) Plating quality of vias significantly affects the fatigue

life. Nonuniform plating, presence of defects, voids, and

impurities can lead to lowering of fatigue life [9].

Any of the above mentioned reasons could lead to a signif-

icant deviation in the experimental values from the theoretical

values.
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IV. EFFECT OF MICROVIA GEOMETRY ON STRAIN

Using the FEA model discussed above, an epoxy-based

polymer dielectric was simulated to determine the reliability of

2 μm microvias. Polymer dielectric properties are as follows-

CTE = 35 ppm/K, elastic modulus = 2.5 GPa. These properties

represent the best case properties for an epoxy-based dielectric

commonly used in package substrates. The via geometries used

are shown in Figure 2. Two via geometries with via angles of

80o and 90o were simulated to study the effect of via angle.

Via diameter was kept constant at 2 μm. All other assumptions

and conditions were same as discussed earlier. These design

and material parameters were used for simulating the total

strain range and the results are shown in Figure 3.

Figure 2. Microvia geometries with 80o and 90o via angle

Figure 3. Effect of via height and via angle on total strain range in microvias

Figure 3 shows total strain range values obtained from the

simulations for 80o and 90o vias. The values increase with

increase in the via height. Alternatively, it can be said that total

strain range increases with the aspect ratio as the diameter of

the via is constant at 2 μm. For 90o via geometry, strain values

are significantly lower than that of 80o. Clearly, perfectly

vertical vias are more reliable as has been reported earlier

[4, 5, 7]. In summary, the strain in the vias results from the

combined effect of via diameter and aspect ratio. The results

in Figure 3 show that low aspect ratio and vertical vias (90o)

are more reliable.

V. MICROVIA SCALING LIMITATIONS

For the vias to be considered reliable, it is necessary

that they survive thousand thermal cycles as per the JEDEC

standard [10]. As microvia diameter is reduced, the strain in

the via increases and thus fatigue life decreases. At a certain

point, total strain range is too high for the via to be reliable.

Using the FEA model, the critical via diameter was determined

below which microvias become unreliable.

Typically, laser-drilled microvias have a taper due to the

Gaussian distribution of laser power. Thus, the maximum

possible via angle with laser drilling is about 80o. For this

modeling study, a via geometry with 80o via angle and aspect

ratio = 1 was considered. This via geometry represents the best

case of a conventional laser-drilled via. The same epoxy-based

polymer dielectric mentioned earlier was used for this study as

well. These properties represent the best case properties for an

epoxy-based dielectric commonly used in package substrates.

These design and material parameters were used for simulating

the total strain range and the results are shown in Figure 4.

Figure 4. Effect of scaling microvia dimensions on (a) total strain range and
(b) number of cycles to failure

Total strain range and number of cycles to failure values in

Figure 4 represent the best case of microvia reliability. Total
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strain range increases as the via diameter is reduced. At 2

μm via diameter, the value is a bit higher than 0.01 which is

the maximum limit for sustaining 1000 thermal cycles. Figure

4(b) shows the number of cycles to failure corresponding to

the respective total strain range values. At 2 μm via diameter,

the number of cycles to failure is less than 1000 thus not

satisfying the JEDEC criteria. This represents the engineering

limit below which the strain in the via is too high to be reliable.

VI. MICROVIA RELIABILITY IMPROVEMENT

As the microvia dimensions are scaled down, it’s becoming

increasingly difficult to make reliable vias. Therefore, it is

important to devise techniques to improve microvia reliability.

A novel technique for microvia reliability improvement is

proposed based on the simulation results. It was found that

formation of a groove in the bottom copper pad increases

the microvia reliability significantly. The description of the

modeling study and the results are presented below.

A via geometry with 80o via angles was created. A vertical

groove was made in the bottom copper pad as shown in Figure

5(a). Plating from the bottom of the groove to the top of the

dielectric creates a via structure as shown in Figure 5(b). The

boundary conditions were same as discussed earlier. The same

dielectric properties discussed above were considered for this

study. The via geometry was subject to thermal cycling and

the strain was measured at the bottom edge of the groove.

Figure 5. (a) Formation of groove in copper pad before via plating (b) via
with groove after plating

Total strain range values in the via with groove are shown

in Figure 6 along with the results for via without a groove.

Total strain range for via with a groove is significantly lower.

The effect of the depth of the groove was also simulated as

shown in Figure 7. As the depth of the groove is increased,

total strain range decreases slightly. The failure in conventional

microvias mostly occurs at the via-copper contact pad interface

shown in Figure 8 at region-1. This is because of two major

reasons. First, the via-copper pad interface is discontinuous.

Figure 6. Total strain range values for vias with and without groove

Figure 7. Total strain range values for microvias with different groove depths

Figure 8. Strain regions in conventional and new microvia geometries

Second, region-1 experiences the highest strain due to the

tapered geometry. Formation of a groove in the copper pad

helps in the following ways-

1) It shifts the contact region inside the copper pad. Be-

cause of this, region-1 is not discontinuous anymore and

thus is less prone to failure.

2) Because the new contact region i.e region-2 lies inside

copper, there is no CTE mismatch. Hence, the strain in

region-2 is significantly lower than region-1.

3) The contact area of the via is increased with the for-

mation of groove. A large contact area means better

electrical contact and lower chances of failure due to

electrical open circuit.
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Figure 9. Proposed process flow for fabrication of novel microvia geometry
with a groove in the copper pad

Figure 9 shows the proposed process flow for the fabrication

of novel microvia geometry with a groove in the copper

contact pad. The overall process is conventional semi-additive

process (SAP) with an additional intermediate step for the

formation of a groove. The formation of the groove can be

done by one of the following techniques- (1) differential

chemical etching, (2) plasma etching or (3) laser punch. After

the formation of the groove, the same SAP process steps can

be continued to completion of the second metal layer.

VII. MICROVIA GEOMETRY FOR A RELIABLE

HIGH-DENSITY PACKAGE RDL

Based on this modeling study, it is apparent that a perfectly

vertical microvia is expected to be more reliable than the one

with a tapered geometry. For achieving via angle as close to

90o as possible, it is important to use ultrathin dielectric films.

Also, low aspect ratio vias are desired for reliability. Conven-

tional laser-drilled vias have a characteristic taper arising from

the Gaussian distribution of the laser power. Therefore, for

achieving perfectly vertical vias, advanced photo-dielectrics

with lower thickness are preferable. Formation of a groove in

the bottom copper pad results in further reliability improve-

ment and can be done by one of the three methods listed in

the previous section.

VIII. SUMMARY AND CONCLUSION

In summary, an FEA model was developed for determining

microvia reliability for via diameter less than 5 μm. Validation

with the experimental data shows that the model developed is

fairly accurate for a variety of dielectrics and via geometries.

Using this model, the engineering limit for microvia scaling

was determined. A novel microvia geometry has been pro-

posed to improve the thermomechanical reliability. This new

microvia geometry was simulated using the developed model

to quantify the reliability improvement. A significant reduction

in the strain in the via leads to an increase in fatigue life of the

microvias using this novel approach. A processing approach

has also been proposed for fabrication of the novel microvia

geometry. The future tasks involve experimental validation

of the reliability improvement method using the proposed

fabrication approach and thermal cycling testing.
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