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Abstract

Electrolytic copper microvia filling is an enabling technology, prominently used in today’s manufacture of advanced
HDI and packaging substrate product. In the high volume mass production of copper filled microvias, a wide variety
of electroplating equipment designs are available to the fabricator. In this article, various aspects of electroplating
equipment design used in the mass production of copper filled microvias are discussed, including a comparison of
continuous and batch systems, anode materials, solution delivery (convection), and copper replenishment. The
impacts of these variables on microvia filling performance, plated through hole throwing power, surface distribution,
trace profile and bath life are described.

Introduction

Driven by the need for increased speed, portability and wiring density, the interconnect pitch on semiconductor
packages and the corresponding High Density Interconnect (HDI) substrates continue to shrink. The combination of
filled blind microvias and build-up technology provides a means to achieve the required wiring densities. With the
rapid growth of this technology segment, the use of electrodeposited copper for filling blind microvias has become a
widely adopted process for manufacture of both HDI printed circuit boards and also semiconductor package
substrates.

In order to produce the increasingly narrow line widths and spacing (L/S), required to route state of the art packages,
build-up technology is undergoing a shift from subtractive techniques towards Semi-Additive Process (SAP). This
shift is being driven by the inherent limitations of subtractive processes etch resolution.

In Semi-Additive processing of build-up dielectrics, a photoresist pattern is formed after initial electroless
metallization of the dielectric material. Following electroplating and resist stripping, the use of a “differential etching”
process allows feature formation without the use of a metal etch resist.

A modified SAP process, also referred to as Advanced-Pattern Process, is often used in HDI fabrication. In this case,
a laminate coated with a thin copper foil is used for the starting material, rather than a bare dielectric.

Both the Semi-Additive and the Adavcned Pattern Process are preferred over subtractive approaches due to their
improved etch capability at feature dimensions below 40 microns.

Copper Via Fill Development

A development program for an improved pattern plate copper via fill process was initiated in the Dow Electronic
Materials research labs in Marlborough, MA. Product development objectives focused on maximizing via fill and
through hole throwing power while minimizing thickness variation across the substrate surface. Commercially
desirable via filling processes must demonstrate a combination of high filling performance, low dimple and feature
profile, with uniform surface distribution and high through hole throwing power.

While the exact target values for these metrics will depend upon specific application and end-user requirements, for
purposes of benchmarking development progress, the following performance initial targets were used:

HDI: 75—-125 mdiax50-100 m deep
0 <10 mdimple @ 20 m plated surface Cu
Package Substrate: 50 — 75 m diax 30 —40 m deep
0 <5.0 mdimple @ 15.0 m plated surface Cu
Operating current density range: 10 — 20 ASF for panel and pattern plate
Compatible with insoluble anodes
Through hole: 0.15 - 0.3 mm dia x 0.8 — 1.0 mm
o 3 80% throwing power
Uniform knee thickness
Trace and pad profile exhibiting convexity of lessthan 5 m
Panel surface distribution Coefficient of Variance (CV x 100%) 10%
Cyclic Voltammetric Stripping (CVS) analysis methods for all components




UagQéOaaé@@QUaaBaUUﬂae333g¢OUéU o"

i, W

Subsequent development work has led to a copper via fill process that is compatlble with copper (soluble) anodes
and will be described later.

Next generation HDI via filling systems should be capable of plating as wide as possible range of products using a
single process chemistry, irrespective of microvia dimension or aspect ratio. Performance for different classes of
product can be optimized by using specific combinations of current density and/or solution flow, and the impacts of
these parameters will be described later.

During the development program extensive screening was conducted of various classes and combinations of
additives, carriers and levelers for via filling, trace profile and through hole throwing power performance. Candidate
materials were further optimized over a range of inorganic chemistry component concentration. Test vehicles
included panel and patterned substrates featuring both CO, and UV laser ablated blind micro vias ranging from 75

m to 150 m diameter and mechanically drilled through holes ranging from 0.15 mm to 0.30 mm dia in 60 m and
100 m thick panels.

Electroplating Equipment Design

A wide variety of system design features that further enhance via filling performance may be incorporated in both
batch and continuous conveyorized plating equipment. These include anode materials and engineered fluid delivery
devices such as eductors or nozzles designed to create impinging flow on panel surfaces. Considering all the
different factors that influence process selection for copper via filling, careful design and selection of plating
equipment with new process chemistry can provide the end user high process capability with attractive equipment
cost.

The following factors should be considered, when comparing the advantages and disadvantages of different types of
copper electroplating processes for via filling:

Plating uniformity

Thin core material handling

Throughput

Equipment cost, complexity and footprint

Copper electroplating process equipment can be generally placed in two broad categories: vertical batch or
continuous conveyorized processes. In conventional vertical batch electroplating systems, a number of panels are
mounted on a single flight bar and processed in a single vertical plating cell for the full duration of the plating cycle.
In conveyorized electroplating systems, the panels are dynamically transported through a series of plating cells.

Continuous conveyorized processes can be further divided into horizontal and vertical systems. While both individual
panels and continuous web flex circuits may be processed in such types of conveyorized equipment, this article will
focus on the processing of individual HDI substrates, rather than the use of specialized reel to reel equipment for
flexible circuit manufacture.

Vertical Batch versus Conveyorized Equipment

Within conventional vertical batch electroplating systems, increased production throughput may be realized by
increasing the number and/or the size of the plating cells. When the size of a plating cell is increased, the number of
panels within the cell increases proportionally. Depending on the specific design and dimensions of the plating cell,
panels may be placed in either single or multiple rows on a flight bar. Unfortunately, increased panel loading tends to
lead to decreased plating uniformity, particularly when comparing panels from the center of the flight bar with those
from the ends.

In contrast, the use of either horizontal or vertical conveyorized equipment promotes increased consistency, as each
panel “sees” the same overall flow and current distribution as it passes through the equipment. The improvements in
consistency can be seen in both better surface thickness distribution and enhanced uniformity of throwing power and
via filling, both within a panel and from panel to panel. Vertical Inline Plating systems have been shown to give
plating uniformity £ 5.0% CV across 18" x 24" panels.
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However, when side to side variation within a panel is considered, vertical continuous systems hold a significant
advantage, in that only vertical systems allow the 2 sides of the panel to be processed in equivalent physical
environments. Vertical Inline Plating (VIL) equipment designs are particularly suitable for via filling applications, as
the vertical panel orientation minimizes air entrapment, and associated skipped or partially filled vias. In contrast,
these defects can be problematic on the bottom side of panels processed in horizontal equipment.

Conveyorized systems have an overwhelming advantage over conventional vertical batch systems when it comes to
handling thin core material. For ultra thin material, horizontal systems may hold a slight handling advantage over VIL
plating systems.

When system cost and footprint are considered, VIL equipment affords considerable advantages versus horizontal
designs of similar capacity. Additionally, more advanced multiple track VIL equipment designs are now available,
which provide the capability for both conventional conformal plating and via filling capability within a single process
line.

A wide variety of system design features that further enhance via filling performance may be incorporated in VIL
plating equipment. These include the use of insoluble anodes and engineered fluid delivery devices such as
eductors or nozzles designed to create impinging flow on panel surfaces. Insoluble anodes improve plating
uniformity by presenting a more stable anode profile over time than copper anodes. Coupled with increased solution
flow, insoluble anodes also allow the use of higher operating current densities.

Impact of Mass Transport and Current Density

Both mass transport and current density have a significant impact on via filling capability. As previously mentioned,
correct selection of these parameters will widen the range of microvia dimension and aspect ratio that can be
produced by a single process chemistry. To understand how to best exploit these parameters, extensive testing to
characterize the effects of solution agitation and current density on viafilling was conducted.

In general, lower levels of solution flow were found to improve via filling performance, particularly in large diameter
vias (100 m or above). However, this improvement comes at the price of increased risk of improperly filled smaller
diameter vias (75 m or less). Improper fill may lead to defects ranging from “seams” within the plated deposit, to
completely voided vias. The consequence of this behavior is that solution flow must be carefully chosen to achieve
the best balance between levels of fill and plating quality for the specific applications being run.

Via Specifications
Flow Rate 75 mx 100 m 125 m x 100 m |

Low flow

High flow

Variable flow|

Figure 1. Via fill as a function of solution flow rate (at 18 ASF and 20 m copper thickness)




Current Solution |

Density Flow L/S (50/75 um) | L/S (50/75 um) | L/S (50/75 um)

15 ASF Low Flow

18 ASF Low Flow

DC Ramp Low Flow

18 ASF High Flow

Figure 2. Effect of flow and current density on profile (at 18 ASF and 20 m copper thickness)

The effects of current density are somewhat less complex. Lower current density will both enhance via filling
performance and also produce product with lower levels of improperly filled vias. However, the impact of current
density is strongest at the very early stages of via filling. Once vias have been partially filled, the current density may
be raised without adverse effects.

0.5 ASD

1.0 ASD

15ASD

2.0 ASD

25 ASD

Figure 3. Via fill as a function of current density and deposition thickness (for 100 m diameter x 60 m deep via)

The use of a current density ramp from low to high, to provide the best balance between filling performance and
process productivity, takes advantage of this effect.

Use of even more complex operating schemes, incorporating both variable flow and current density at different times
in the plating cycle, can further improve via filling quality and raise overall production throughput.

Considering all the different factors that influence process selection for copper via filling, vertical in-line plating
equipment offers a very attractive combination of excellent process capability with attractive equipment cost.

Chemistry of Plating Additives

Proprietary additives are used to refine deposit characteristics and facilitate the bottom-up filling behavior. An acid
copper sulfate system operated without additives typically yields deposits of poor physical properties. Organic
additives are employed to improve grain refinement, throwing power, leveling and brightening of the deposit.
Generally there are three basic types of additives used in acid copper plating: Carriers, Brighteners, and Levelers.

Carriers, also referred to as suppressors, are typically large molecular weight polyoxy-alkyl type compounds.
Carriers are adsorbed at the surface of the cathode and in concert with chloride ion act to suppress the plating rate.
Brighteners, also referred to as accelerators, are typically organo-sulfur compounds that increase the plating
reaction by displacing adsorbed carrier. Brightener compounds may exist in several forms in electrolytic working
baths.




Levelers are typically nitrogen bearing heterocyclic or non-heterocyclic aromatic compounds that act by displacing
brightener species in high current density sites (protrusions). Adsorption of these additives at protrusions reduces
the plating rate in those regions. The mechanism for accelerated bottom-up via filling (i.e., superfilling) is largely
attributed to the role of the organic additives. The brightener concentration effectively increases in the via as the
surface area becomes smaller. This localized increase in brightener concentration results in accelerated deposition
in the via compared to the surface (1). This acts in combination with a greater degree of surface suppression
provided by semi selective adsorption of carrier species thus acting to further differentiate respective localized
plating rates. In order for this accelerated bottom up filling to occur, the additive package components must operate
in balance with each other and be maintained within specific ranges.

It is well known that brightener species generate byproducts during operation (2). This behavior is common to all
organo-sulfur brightener species used in commercially available acid copper plating baths. These byproducts are
formed both chemically during idle time through interaction with Cu(0), and electrochemically during deposition. A
number of different byproduct species can be formed. While byproducts generated by anodic oxidation are generally
inert and do not affect plating performance, however brightener reduction byproduct species are known to be
electrochemically active and can be detrimental to via filling (3). Copper via filling performance and through hole
throwing power are sensitive to brightener byproduct concentration.

Given that brightener species can be reduced through direct reaction with coper metal surfaces, forming active
byproduct species, it is not surprising that insoluble anode systems have proven less susceptible to the generation
of harmful brightener byproducts as compared to copper anode systems.

Anode Materials

Copper anodes, also referred to as soluble anodes, are typically solid bars of copper, or alternatively balls or
nuggets encased in titanium baskets. The anodes are phosphorized to control dissolution and to avoid excessive
polarization. Most copper anodes are surrounded by porous anode bags to prevent particulates from entering the
plating bath. As the copper anodes dissolve in the plating bath, the overall anode surface area changes, affecting
both anode current density and deposit uniformity (4). The use of copper anodes may limit productivity as the anode
current density is limited to approximately 30 AJft?, above which the anode polarization increases, ultimately leading
to passivation.

Insoluble anodes, usually a mixed precious metal oxide (MMO) coated titanium mesh, address many of the issues
associated with copper anode operation. Insoluble anodes can operate at significantly higher current density, and
remain dimensionally stable, thus offering both higher deposition rates and more consistent deposit uniformity.

The electrochemical reaction at the insoluble anode is the decomposition of water into oxygen and hydrogen ions
(acid):

H,O 1/20, + 2H" + 2¢

Insoluble anode systems require copper replenishment to the plating bath. Several methods are available, with the
most common being copper oxide (CuQ) powder. Copper oxide readily dissolves in the plating solution, maintaining
acid and water concentration:

2H"+CuO0 Cu* +H,0

Using insoluble anodes have been shown to significantly decrease the formation of harmful byproduct during idle
periods and extend electrolyte life before a loss of performance was experienced. However the implementation of
insoluble anodes significantly increases brightener consumption due to anodic oxidation and requires a separate
copper replenishment system. Brightener consumption was subsequently reduced to levels comparable to copper
anodes by implementation of membranes or proprietary ceramic anode coatings.




Via Fill with Soluble Anodes

Idle time is simply non-plating time, where no current is applied to the plating cell and no deposition occurs. It is
known that idle time can be detrimental to plating performance in acid copper systems. It is also known that acid
copper performance can degrade with age and usage. Clearly to maintain viafill performance when using copper
anodes, it would be necessary to manage and minimize the generation of harmful byproduct. This has been done
primarily through proprietary additive formulation.

In the table below, the performance of a first generation via fill process is compared to a copper anode second
generation via fill process. Testing was conducted in a 1000L jet impingement pilot plating line and demonstrated the
universal improvement gained from the newer generation process. Note the consistent via fill performance of the
new via fill process using copper anodes after idle periods of up to 14 days.

Table 1 Performance Summary of new copper anode via fill system

Test Item 1st Generation Via Fill 2nd Gen ViaFill Improvement
(Copper Anodes)

Via filling power

0
(filling speed via/surface) 40 58 45%
TH throwing power 5 . n
(AR = 4:1) 80% 85% 6%
Surface plated Cu 25. 28 1518 379%
thickness (um)
Surface Cu thickness (um) 35-40 25-30 -36%
Plating time (min) 70 55 -21%
2 weeks idle --> 2 hrs 2 weeks idle --> 2 hrs
. . dummy --> production dummy --> production Same
Chemical Stability
5 min interruption --> 20 min interruption --> \mproved
dimple >15um dimple <15um P!
PTH + flash plate (5um) +
Process Via Fill + Cu reduction T/T:F;IfLaSEJr]/é)llﬂat(le(lflrm{a; EI[':;E::?C‘:U
(10um)+ D/FM (2mil line)
Elongation >14% ( 20% - 28%) >14% (23% - 28%) Similar
LLTS passed 500 cycles passed 500 cycles Same
Thermal stress test 5times, 28812 x 10 sec | 5 times, 2881% x 10 sec Same

Mass Production

New generation copper via fill systems are suitable for the high volume mass production of copper filled microvias,
particularly when operated in conveyorized VIL equipment. These systems have demonstrated very stable,
consistent and reliable via fill and through hole throwing power in production electrolytes with greater than 1000
AH/L age.

Location on Panel
Bath Age Upper left | Center I Lower right

100 AH/L

500 AH/L

1000 AH/L

Figure 4. Production via fill uniformity as function of bath age




Table 2. Microvia and through hole interconnect reliability

Test ltem Test Condition Specification | Result
Thermal stress
test

2601z / 20 sec / 10 cycles No cracks Pass

Line speed: 0.76 m/min

IR reflow test |18017-18012-26012 No cracks Pass
10 cycles
Air to air -401% /15 min to 12512 / 15 min | 'MPedance
variation Pass

thermal shock [1000 cycles

<10%

Figure 5. Through hole throwing power > 80% (for 5:1 AR through hole at 1.8 ASD and 20 m copper thickness)

Summary
The combination of specialized equipment and new via fill chemistry offers end users a cost effective, highly capable

and production proven process for high volume HDI and package substrate microvia filling. Both soluble and
insoluble anode, DC via fill systems are now available for additional operating flexibility and end user preference.
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