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Reliable testing of Cu pillar technology 
for smart devices 
By Amer Cassier, Lily Zhao, Ahmer Syed, Steve Bezuk, William Miller [Qualcomm] and Amy Leong, Mike Slessor [FormFactor Inc.] 

he relentless drive for greater 
functionality and performance 
i n  s m a r t  p h o n e s ,  t a b l e t s 
and other consumer devices 

requires a higher level of chip integration, 
which in  turn,  requires  increasing 
the bump density in monolithic ICs. 
As a result, scaling of flip-chip (FC) 
bump pitch is imperative in order to 
successfully connect all the I/Os on 
die, and to meet area and performance 
constraints. 

While solder bump technology is 
a reliable interconnect for flip-chips, 
i t  is  not  easi ly scalable to pi tches 
under 130µm. On the other hand, Cu 
pillars, which are typically fabricated 
using photolithography and plating 
techniques ,  enable  the  fabr icat ion 
of smaller diameter bumps scalable 
down to 20μm pitch. In addition to 
pitch scalability, Cu pillars also offer 
significant performance advantages over 
solder bumps, including higher electrical 
and thermal conductivity, as well as 
improved electromigration reliability. 
As a result of these benefits, Cu pillar 
flip-chip packaging is rapidly becoming 
the interconnect technology of choice 
for advanced ICs, especially for highly 
integrated applications such as smart 
phones and tablets.

There are currently two types of 
Cu pillars in use. The first is a bare 
Cu column (Figure 1) .  The second 
incorporates lead-free (SnAg) solder 
caps on the top of the column (Figure 
2). The lead-free cap version is gaining 
in popularity because this type is more 
compatible with existing flip-chip solder 
bonding processes. This article will look 
at the four main probing challenges 
involved in testing fine-pitch Cu pillars 
with solder caps (CuP).

Probe mark damage
As pitch is reduced, the diameter of the 

Cu pillar shrinks accordingly. At a typical 
solder bump pitch of 150 to 200µm, the 

solder bump diameter is in the range 
of 75µm to 100µm. For a Cu pillar at 
a pitch below 100µm, the Cu pillar 
diameter is generally less than 50µm. 
This significant reduction in diameter of 
pillars, and the corresponding lead-free 
solder caps of Figure 2, make them much 
more susceptible to damage during wafer 
probing.  

For  Cu pi l lars  with solder  caps, 
acceptable probe mark cri teria are 
generally a ratio of probe mark diameter 
(d) to Cu pillar diameter (D) as shown 
in Figure 3. Typically, the maximum 
acceptable d/D ratio is approximately 
50% (equivalent to an affected-area 
ratio of 25%), although this depends 
on specific details of packaged-part 

reliability requirement. Probe mark is a 
strong function of probe force and number 
of touch downs, as a consequence, probe 
force must be reduced at smaller pitches 
to meet the d/D specification. However, 
maintaining reliable and stable electrical 
contact with small probe forces presents a 
significant challenge.

In a production environment, multiple 
touch downs on the same die are not 
uncommon,  for example, to test at 
different temperatures, retest failures, or 
to optimize  prober stepping pattern and 
test time in the case of multi-DUT (device 
under test) cards. Therefore, the effects 
of additional touchdowns (TDs) must be 
characterized  and factored into the probe 
mark specification such that production 

T

Figure 1: Cu pillars with no 
solder caps.

Figure 2: Cu pillars with lead-free 
solder cap.

Figure 3: d/D ratio of probe 
mark to pillar diameter.

Figure 4: Relationship between probe mark size and probe force.
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flexibility and tolerance are maximized 
without impacting die-package assembly 
yield and reliability. 

As discussed above, a low probe force 
is critical to controlling the probe mark 
size.  Figure 4 shows a study of the 
relationship between probe mark size and 
probe force. The Cu pillar diameter (D) 

used in this study is 40µm. At a typical 
production overdrive of 50µm, with a 
probe force of 2.6 gram, a probe mark d/
D ratio of 50% was demonstrated.  

As shown in Figure 4, for Cu pillars, 
around 40µm diameter, probe force 
needs to be in the range of 2-3 grams in 
production. Figure 5a  shows an example 

of a bump with  large and 
out-of-spec probe mark 
because of high probe force 
and multiple touch downs. 
Figure 5b shows the same 
bump after reflow.

Probe force tolerance 
control is also critical. As 
shown in Figure 4, when 
the probe force increases 
from 2.6g to 3.6g—just 1g 
difference in probe force—the 
d / D  r a t i o  c h a n g e d  b y 
about 20% from a single 

touchdown. At 6 TDs 
per bump, that change 
constitutes a significant 
p o r t i o n  o f  t h e  5 0 % 
probe mark specification 
window. Mechanically 
stamped vertical probes, 
made from a pre-curved 
wire rod, simply cannot 
deliver the individual 
probe force control needed 
to meet required probe 
force tolerances.  

Low-probe force control is certainly not 
limited to force in vertical probe direction.  
Low lateral force is also desired to 
minimize bump damage due to shear forces 
in the x/y direction. Figure 6 illustrates 
that 2 mil probe, with a similar z-force 
but higher lateral force, induces much 
more solder cap disturbance compared 
to a low-impact vertical MEMS probe 
(FormFactor’s MF100) [1].

Contact-resistant stability when 
using low-force probes

Maintaining stable and low contract 
resistance (Cres) is essential in wafer 
probing to ensure acceptable wafer 
probing yields.  Contact  resis tance 
quality relies on the contactor’s ability 
to penetrate any contaminants or non-
conductive oxides on the bump materials 
and form metal-to-metal contact areas 
that establish efficient conduction paths 
between the probe tip and  the bump. 
Traditionally, a high-force probe (>10g 
probe force) was used to ensure this 
good metal-to-metal contact in probing 
lead-free solder bumps. This approach is 
clearly out of the question, however, when 
it comes to meeting d/D specifications in 
the case of sub-100μm pitch CuP.

When using the 2-3g of force required 
fo r  vo lume produc t ion ,  p robe  t ip 
materials and geometry must be carefully 
optimized to guarantee the stable contact 
resistance needed for accurate results. 

Figure 7 illustrates the 
differences in contact 
resistance behavior that 
varying combinations 
of probe tip designs and 
materials can have on 
lead-free solder and Cu 
columns.  

Bare  Cu  co lumns 
tend to form oxidation 
layers. Probe tip design 
#1 with a narrow skate 
can help to increase the 
probing pressure on 
the bump material, and 
has proven to be very 
effective in penetrating 
the oxidation layers on 
bare Cu columns. When 
used to probe solder 
material, however, the 
probe tip material on 
design #1 couldn’t form 
a good metal-to-metal 
c o n t a c t  w i t h  S n A g 

Figure 5: Failed probe mark resulting from high probe force a) post 
robing b) reflow the same probed bump. 

Figure 6: Probe mark comparison between a) a mechanically stamped 
vertical 2.0mil probes, and b) a low-impact vertical MEMS probe MF100.  

Figure 7: Contact resistance results from varying combinations of probe tip materials and design.
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solder bumps, and very poor contact 
resistance performance was observed.  

Probe tip design #2, with the right 
metallurgy, on the other hand, can achieve 
excellent contact performance on SnAg 
bumps even at sub-3g probe force. This 
type of flat-tip design and tip material is 
commonly used to probe Cu pillars with a 
SnAg cap. 

It is easier to sustain stable contact 
resistance on bigger bumps than smaller 
bumps, given the same probe tip design 
and bump material ,  because of the 
physical metal-to-metal contact area 
differences (or scrub mark size) to achieve 
d/D of 50%.  

 
Overall cost-of-test or probe card 
usable lifetime

Overall cost-of-test (CoT) is strongly 
influenced by the selection of probe tip 
design and material. During production, 
the probe tip will experience wear from 
routine probe tip cleaning cycles. The 
usable vertical probe card life-time is 
fundamentally influenced by the length of 
the effective usable tip and how quickly it 
will be worn away.  

As the bump pitch is reduced, probe 
tips must become more slender in order to 
fit the required number of vertical probes 
into the dense grid-array bump patterns. 
During normal cleaning processes, probe 
tips with smaller cross sections degrade 
more quickly than do larger ones with 
more material. Using traditional cleaning 
sheet or recipe probes with small cross 
sections will lead to a much shortened 
probe card usable lifetime.  

Figure 8 shows a benchmark study of 
100µm grid-array pitch-capable vertical 
probes, comparing a traditional Cobra-
style 2mil vertical probe with Pallany 7 
probe material, with two other MEMS 
probes. As Figure 8 shows, by optimizing 
tip geometry, tip metallurgy and tip 
surface finish, the MEMS-Type 2 probe 
offers three times the usable lifetime of the 
Cobra-style probe [2].

Figure 8: Comparison of probe tip lifetimes.
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Figure 8 clearly demonstrates that 
careful design of probe tip geometry for 
the targeted Cu pillar bump and associated 
tip material are essential to minimize probe 
tip wear and extend probe card lifetimes. 
Close collaboration between end users 
and probe card suppliers to optimize in-
line cleaning recipes for these novel 

MEMS probe tip materials will also help to 
maximize probe card lifetime in production 
environments.

Probe tip to Cu pillar alignment
The allowable probe-tip to Cu pillar 

alignment tolerance is a function of the 
probe tip size relative to the Cu pillar 

diameter.  Typical ly, 
as the pillar diameter 
decreases with pillar 
pitch,  the allowable 
alignment budget will 
shrink as well.  As a 
resul t  of  this  t rend, 
probing  sub-100µm 
pitch Cu pillars requires 
significant improvement 
on probe t ip aiming 
accuracy compared to 
that required to probe 
150µm pi tch  solder 
bumps. 

To use a probe card 
o f  1 0 , 0 0 0 - 2 0 , 0 0 0 
probes daily in a high-
v o l u m e  p r o d u c t i o n 

environment, the probe tip needs to be well 
aligned to every one of them. The aiming 
accuracy this requires is the equivalent to 
expecting an archer to shoot 20,000 arrows 
simultaneously with every one of them 
hitting the bull’s-eye every time (Figure 9).

When a probe tip is perfectly aligned 
with a pillar, a nicely rounded probe mark 
results. When tip and pillar are misaligned, 
the probe t ip  damages or  removes 
the solder cap materials and induce 
downstream packaging reliability or yield 
loss. Figure 10 shows the comparison of 
passing and failed probe marks.

The alignment challenge does not end 
with probe card fabrication. This level of 
accuracy must be maintained throughout 
the probe card’s lifetime. Figure 11 shows 
the result of a probe positional accuracy 
study over touchdowns of a 2mil probe 
card [1].  The card showed excellent 
results at the beginning, but after 40 to 
50k touchdowns, the alignment starts to 
drift outside the allowance window. The 
probes that are outside the acceptable level 
of accuracy will be more likely to have 
unacceptable probe mark illustrated in 
Figure 10.  

F r o m  a  p r o b e  c a r d  f a b r i c a t i o n 
standpoint, to get optimal alignment by 
design, the dimensional control of probe 
and guide plate fabrication processes must 
be good at the start. Figure 12 shows the 
raw dimensional errors that can occur in 
the production of a mechanically formed 
probe head vs. a MEMS-fabbed one [2]. 
The mechanically produced probes and 
guide plates have more than three times 
the errors of the MEMS-fabbed guide 
plates and probes.  

If probe card suppliers are to support 
the increasingly stringent testing demands 
of advanced IC production, they must 
design and fab their guide plates and 
probes to maintain their initial x/y 

Figure 10: Examples of circular passing probe marks and severe bump damage observed on 25µm Cu 
pillars because of poor x/y alignment error in the range of 12 to 15µm.

a) b)

Figure 11: Probe positional accuracy over lifetime using Cobra 2 mil probe. Figure 12: A comparison of errors occurring in mechanically formed and 
MEMS-fabbed probes and guide plates.

Figure 9: Typical bump diameter of a 150µm pitch solder bump is 
approximately 75µm.  In contrast, a typical Cu pillar diameter with sub-
100µm pitch can be as small as 25-30µm. To align a fine-pitch probe card tip 
to a 25µm Cu pilliar, it’s equivalent to hitting a bull’s-eye on a target practice.
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positioning throughout the probe card’s 
lifetime. To do so, they must not only 
ensure good “as fabbed” dimensional 
control when their product is shipped to 
the end user, but must also make the right 
probe/guide plate material choices during 
probe fabrication that will minimize probe 
wear and misalignment during regular use.

Summary
Smart mobile devices have upended 

the once static packaging pitch landscape. 
The Cu pillar technology required to 
support the expanded functionalities and 
I/O density used in these appliances are 
driving grid-array pitch to sub-100µm, 
and migrating to sub-50µm in 2.5D and 
3D packaging.  

Mechanically formed Cobra-style 
probes that have been used for flip-chip 
bump probing in the last decade cannot 
support sub-100µm pitch requirements 
reliably in production. They have been 
replaced with vertical MEMS probe cards 
that are more cost-effective and robust in 
terms of mechanical precision, electrical 
contact stability, and overall cost.   Close 
cooperation among end users and test 
cell suppliers is essential for the industry 
to “hit the bull’s-eye” and maximize the 
full benefits of Cu pillar technology.
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The Process
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▪ High speed plating (4.4 μm/min)
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