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ABSTRACT

Electronics manufacturers are searching for new lead-free solders that can improve upon SAC305 voiding performance and
that exceed the current thermal cycle performance of this solder in harsh environments, all the while being processed at or
near current typical SAC305 peak temperatures.

This paper compares -40°C to 125°C, thermal cycle test (TCT) results of boards built with SAC305 and a new
SAC347+Bi/Sb/Ni/Co solder paste, which were assembled to intentionally contain three levels of voiding, ranging from 0%
to 0.5%, 5% to 20% and higher than 20%, in order to not only observe variation in TCT performance but find any correlation
between voiding levels of up to 30% and the corresponding thermal cycle reliability of the solder joint.

INTRODUCTION

The majority of the electronics industry has widely accepted the SAC305 (96.5Sn-3.0Ag-0.5Cu) alloy, not only due to
processing temperature (i.e. 221°C liquidus point), but also for SAC305’s capability to provide similar or better thermal cycle
test (TCT)reliability results than SnPb solders, within TCT temperature ranges of up to 85°C. This is the defacto benchmark
method used to determine the theoretical maximum temperature of products that are considered low to mid-level reliability
(i.e. mobile phone products, appliance products, general consumer electronics, etc...).

However, there are various electronics environments where SnPb solders may continue to outperform SAC305, specifically
in elevated operation temperature settings like those found in under-the- hood automotive applications. Such applications are
usually thermal cycle tested up to 125°C (or even up to 150°C).

In view of the increasing requirements related to critical to function applications, such as those found in the automobile,
medical or infrastructure industries, new lead-free solders are being developed in order to meet the higher temperature cycle
environments.

This study compares harsh environment (i.e. -40°C/125°C) thermal cycle reliability test results for printed circuit boards that
contain QFNs, DPAKSs and chip components, assembled with three designated void levels (all below 35% by X-Ray area),
using the standard lead-free Tin-Silver-Copper (SAC) solder paste alloy Sn-3.0%Ag-0.5%Cu (SAC305), and a SAC alloy
(Sn-3.4%Ag-0.7%Cu+Bi/Sb which includes the presence of dopant elements i.e. Ni and Co), by three methods; electrically
checking the QFN component 1/Os for any changes in resistance (i.e. complete cracks) during thermal cycling, cross-
sectional (CS) analysis after thermal cycling and shear strength comparisons after thermal cycling, in order to investigate any
differences and/or correlations between these two alloys, their void levels and their corresponding thermal cycle performance.

Simply stated, the purpose of this study is to investigate the difference in alloy performance as well as any correlation
between voiding and solder joint thermal cycle reliability for QFNs, DPAKs and Chip Resistors.

As works have reviewed the effect of voiding on the reliability of solder joints in area-array components while using higher
reliability focused Pb-Free alloys [2]; including void review within BGAs (ball grid arrays) and their corresponding thermal
cycle reliability [1]; this work will focus on QFN and chip resistor components reliability up to 3,000 cycles, with some
exploration of DPAK under body joint integrity.
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DOE (DESIGN OF EXPERIMENT)
For the DOE, two solder paste alloys were selected for testing, along with two different paste flux chemistries, in an effort to
obtain a variation in voiding levels between each DOE group.

In total, four pastes were chosen for testing and six DOE legs were to be tested, as can be seen in Figure 1.

REFLOW ENVIRONMENT
VACUUM REFLOW AIR
SAC305 NO-CLEAN (ROLO0) <05% VOID LEVEL 5~20% VOID LEVEL
SAC305 NO-CLEAN (ROL1) - 25~35% VOID LEVEL
SAC347+ NO-CLEAN (ROLO) <05% VOID LEVEL 5~20% VOID LEVEL
SAC347+ NO-CLEAN (ROL1) 25~35% VOID LEVEL

Figure 1: Four pastes tested with a total of 6 DOE legs, 4 air reflow legs and 2 vacuum reflow legs, used in order to
obtain 3 levels of voiding (below 0.5%, between 5-20%, and around 30% +/-5%)

One SAC305, Type 4 powder, Halogen Free (ROLO), No-Clean paste; a SAC305, Type 4 powder, halogenated (ROL1), No-
Clean paste, a SAC347+Bi/Sbh/Ni/Co, Type 4 powder, Halogen Free (ROLO), No-Clean paste and a SAC347+Bi/Sh/Ni/Co,
Type 4 powder, Halogenated (ROL1), No-Clean paste were chosen for testing. For the DOE, two test vehicle boards were
selected with two types of components per board.

The first Test Vehicle board (TV-1),an FR-4, 6 Cu layer, single sided, Cu-OSP, NSMD (non-solder mask defined), test
vehicle board with dimensions of 105mm X 105mm X 1.5mm was used (Fig. 2).

+ FR-4 Cu-OSP
6-layer

+ Thickness 1.5mm

Figure 2 Top Side Picture of Test Vehicle 1 (bare board), which is 105mm X 105mm X 1.5mm thick, FR4, 6 Cu layer,
NSMD (non-solder mask defined), circuit board.

TV-1 board layout contains 80, 2012-Chip Resistors and 56, 3216-Chip Resistors. 48 total boards were assembled (meaning
3,840 2012-Chip Resistors and 2,688 3216-Chip Resistors in total).
Two Cu OSP pad geometries and distances were used for each chip component, as can also be seen in Figure 2.

The 3216-Resistors (metric) are 3.2mm in length, 1.6mm in width, and 0.55mm in height. The pad geometries used for the
3216-Resistors (metric) were A:1.6mm X 1.2mm, with 4.8mm distance apart from both ends, and B:1.6mm X 0.8mm with
4.2mm distance apart from both ends. The 2012-Resistors (metric) are 2.0mm in length, 1.2mm in width, and 0.45mm in
height. The pad geometries used for the 2012-Resistors (metric) were A:1.3mm X 1.05mm, with 3.4mm distance apart from
both ends, and B:1.3mm X 0.7mm, with 2.7mm distance apart from both ends.

The second Test Vehicle board (TV-2), an FR-4,6Cu layer, single sided, Cu-OSP, NSMD (non-solder mask defined), test
vehicle board with dimensions of 105mm X 105mm X 1.2mm was used (Fig 3).



Figure 3 Top Side Picture of Test Vehicle 2 (bare board), which is 105mm X 105mm X 1.2mm thick, FR4, 6 Cu layer,
NSMD (non-solder mask defined), circuit board, along with corresponding daisy-chain layout.

The TV-2 board layout contains 10 QFNs and 10 DPAKS, as illustrated in Figure 4.

Figure 4 Example of QFN/DPAK circuit board daisy chain and pin numbers for the QFN inputs/outputs (1/0s).
68 total TV-2 boards where assembled (meaning 680 QFN and DPAK components in total).
It is also important to note, that the QFNs on the Test Vehicle-2 boards are powered by a daisy chain with ground pads and a
chip resistor per QFN component, so significant cracks in the 1/Os can be detected via electrical resistance changes, so even if

the resistor cracks there is still a step/incremental difference between QFN components.

An example of how this is detected is illustrated below in Figure 5.
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Three QFN opened
Two QFN opened

One QFN opened

An increase of about 300% of the
resistance indicates that one of
1/0’s on the QFN is opened.

g
g

The PCB has resistor between each QFN. So, if
. 1/0. of a QFN is opened, resistance changing
. ratio increase stepwise.

Resistance changing rate (%)

So far we can detect whether each section has opened. o

To detect an opened individually we need another method. 1500 4600, 4700, Site 4BoD 800 2000

Flgure 5 Example of QFN/DPAK circuit board daisy chain, used to detect cracks in the QFN 1/Os via electrical
resistance changes, with example of expected value changes and how they correlate to cracking in the 1/Os.

Two different bottom terminated components (QFN and DPAK) were assembled to TV-2; 10QFNs per board, which are
10mm X 10mm, and 10 Power Transistor Discrete Packages (DPAKS) per board all on the same board.

All 3 DOE legs per paste alloy were assembled with similar reflow profiles, meaning a peak temperature within +/- 5°C of
each other, the only major difference was either reflow environment or solder paste flux chemistry used (which was done to
create 3 different levels of voiding while minimizing any difference in the process variables). The reflow profiles used can be
seen in Figure 6-8, and cross sections confirming similar intermetallic compound growth at the interfaces of the solder joints
before TCT can be seen in Figure 33.
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Figure 6 Air reflow thermal couple readout (i.e. reflow profile) that was attached to one solder joint of each

component (QFN and DPAK) on
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Figure 7 Vacuum reflow thermal couple readout (i.e. reflow profile) that was attached to one solder joint of each
component (QFN and DPAK) on the TV-2 circuit board. The same profile was used for TV-1 vacuum reflow.
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Figure 8 Air reflow thermo-couple readout (i.e. reflow profile) that was attached to the center solder joint of one chip
component on the TV-1 circuit board

As can be seen from the DSC graph in Figure 9, SAC305 and SAC347+Bi/Sb/Ni/Co alloys have similar liquidus

temperatures.
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Figure 9 DSC chart of SAC305 and SAC347+Bi/Sb/Ni/Co alloys.

Each DOE leg was assembled using the same SMT (Surface Mount Technology) printer settings and pick-and-place
equipment settings.

The production printer used in the DOE is a commonly found printer in various electronics factories, as well as the
production pick and place equipment. The settings used can be seen in Figure 10.

[Printing condition]

Machine

Speed 30mm/sec

Stencil Thickness 0.12mm

Squeegee Metal/Angle 60deg
Pressure 0.20N/mm
Removal speed 5.0mm/s

Snap off On contact

Figure 10 Production SMT (Surface Mount Technology) printer settings used during the DOE testing.

The assembly procedures are also considered standard. We printed a test board (to confirm alignment), performed a stencil
under wipe cleaning, printed a fresh board, mounted the components, reflowed the boards, x-rayed the boards, then saved the
void measurement data using the production X-Ray machine. The reflow ovens used during the test were both from the
company. One oven was a standard convection reflow oven, the other was a vacuum reflow oven. Figure 11 provides an
example of the ovens used.

Figure 11 Production convection air reflow oven (left) an?production vacuum reflow oven (right) used for the DOE.

X-Ray images were acquired from each component using a production X-Ray machine and void ratio was determined by
calculating the area of the void in comparison to the land (examples provided in Figure 12 - 15).
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1. X-ray images are acquired 2. Determine the area of soldering to measure voidina
(each components) ratio. (red area)
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==Heat sprader pad area

3. Calculate voiding ratio. (yellow area)

ﬂ 4. Void ratio % = yellow area / red area X 100

Figure 12 Examples of how the production X-Ray equipment calculated void area ratio under a QFN.

Reflow

DOE | Paste Condition

Q1 SAC305 NC ROLO Vac.

i

Q2 SAC305 NC ROLO Air

Q3 SAC305 NC ROL1 Air

Q4 SAC347+ NCROLO | Vac.

Q5 SAC347+ NC ROLO | Air

Q5 SAC347+ NCROL1 | Air

Figure 13 Examples of x-ray void images from the QFN components in varying reflow environments
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Figure 14 Examples of x-ray void images from the DPAK components in varying reflow environments.

DOE | Paste

D5 SAC347+ NC ROLO Air

D6 SAC347+ NC ROL1 Air
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|
| Reflow

DOE. | Raste Condition
C1-3 | SAC305 NC ROLO Vac.

C2-3 | SAC305 NC ROLO Air

C3-3 | SAC305NC ROL1 Air

C4-3 | sAC347 NC ROLO Vac

C5-3 | sAC347 NC ROLO Air

C6-3 Air

SAC347+ NC ROL1

reflow environments

As seen in Figure 16, by using 2 reflow environments (convection air and vacuum reflow) we were able to obtain 10 boards

each with 3 levels of voiding for the QFN and DPAK components.

Proposal DOE plan (QFN and D-Pack)
DOE Paste sample Void% Under 0.5% Asound 5.20% Aound 30N
(Vacuum condition)
Deviee QFN OFN QFN
o | SAC305 NC ROLO
@ SAC305 NC ROLO
o | SAC305 NC ROL1
0+ | SAC347+ NC ROLO
o5 | SAC347+ NC ROLO
06 SAC347+ NC ROL1
(ol Paste sampie Vosrs Under 10% Around 7 20% Acound T-20%
(Vacuum cendibon)
Devew DPack DPack DPach
5| SAC305 NC ROLO
o2 SAC305 NC ROLO
[ SAC305 NC ROL
5| SAC347+ NC ROLO
o | SAC347+ NC ROLO
ce SAC347+ NC ROL1
-68 boards w/QFN/DPAK’s
-10 QFN/board
-680 total QFN’s
-10 DPAK’s/board
-680 total DPAK’s
For QFN D-Pack
« PR CwO5P
. e
*  Thickness | Dven

Figure 16 DOE test matrix for QFNs and DPAKS, showing 3 levels of voiding (<0.5%, between 5-20%, and around

30% +/-5%), for each paste leg.

Unfortunately, voiding under the chip components (TV-1) could not be varied enough to create 3 different levels of voiding,
so the TV-1 DOE legs with chip components were used only to compare the difference in shear strength after thermal cycling

between the two alloys tested.

Figure 17 shows the DOE test matrix for the chip components.
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Figure 17 Chip component DOE test matrix, for alloy comparison testing, showing average level of voiding for all legs
is below 3%, regardless of reflow environment or pad geometry tested

After the boards were assembled they were placed into a production thermal cycling chamber and thermal cycled between -
40°C and 125°C with 30min dwell per cycle and 5-minute dwell at ambient.

Figure 18 provides an example of the thermal cycle chamber profile.

[TCT Profile]
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Figure 18 Thermal cycle profile of -40°C to 125°C with 30min dwell per cycle and 5min dwell at ambient, which was used
during the testing.

Figure 19 depicts the schedule of when boards were pulled out of the chamber for testing (i.e. after 500, 1000, 1500, 2000
and 3000 cycles) as well as how many boards remained in the chamber until completion.
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Figure 19 TCT schedule showing When the boards where removed from the chamber and how many remain
throughout the testing. The thermal cycle test duration was around 5 months.

CHIP COMPONENT DOE RESULTS (3000 CYCLES)

One board after every 500, 1000, 1500, 2000 and 3000 cycles was removed from the chamber for solder joint shear strength
testing. The shear speed setting used for the test was 6.0mm/min. The results for each thermal cycle evaluated can be seen in
Figures 20 and 21.
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Figure 20: 3216-Chip Resistor “B” (metric) results for initial shear strength, and shear strength after 500, 1000, 1500,
2000 and 3000 thermal cycles, as well as the level of voiding for each chip tested (all below 10% voiding).
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Figure 21: 2012-Chip Resistor (metric) results for initial shear strength, and shear strength after 500, 1000, 1500, 2000
and 3000 thermal cycles, as well as the level of voiding for each chip tested (all below 12% voiding).

The results indicate a significant increase in initial and final shear strength before and after thermal cycling is observed for
the SAC347+Bi/Sh/Ni/Co paste alloy when compared to the base SAC305 alloy results.

For example, after completion of the entire 3,000 cycles, the 3216-Resistors (metric) with the pad A geometries, assembled
with SAC347+Bi/Sb/Ni/Co paste, had at minimum over 30 Newton of shear strength remaining with an average of 45
Newton of shear strength. Whereas the boards assembled with SAC305 paste fell below 30 Newton of shear strength only
after 500 cycles, and carried an average shear strength of between 10-20 Newton after 3000 cycles.

As seen in Figure 22, through cross sectional analysis, it was confirmed that after 3000 cycles the chip resistors crack length

and crack rate was shortened by using SAC347+Bi/Sh/Ni/Co paste, compared to SAC305.
(oo |~ sacws | sAcummiseiico |

Figure 22: 3216-Chip Resistor cross sectional analysis for initial and 500, 1000, 1500, 2000 and 3000 thermal cycles.



QFN DOE RESULTS (3000 CYCLES)

After 1500 cycles of testing, although we can see some noise in the resistance values (which was later confirmed to be related
to where the cable harness was resting in the chamber), there were no large deviations in the electrical resistance detected
from any of the boards QFN 1/Os in the chamber, regardless of the alloy or void level in the component (they all follow the
same electrical performance trends) so we randomly selected boards to remove for CS analysis.

This means, theoretically, up to 1500 thermal cycles, for all of the DOE legs, there are no large cracks occurring in the QFN
solder joint 1/0s which would cause a significant change in the electrical resistance (i.e. above 300%). However prior to 2000
cycles, we begin to detect large spikes in the electrical resistance with all the SAC305 boards. Figure 23, for example, clearly
shows the results for six SAC305 boards pulled from the chamber after 2000 cycles. Resistance spikes are first detected in
the SAC305, No-Clean (ROLO) boards with medium level voiding (5-20%) at 1770 thermal cycles.

Shortly thereafter a spike was detected in the SAC305 boards with 25-35% voiding at 1830 thermal cycles, and then almost
immediately after that the SAC305 vacuum reflowed boards begin spiking at 1848 thermal cycles.
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Summary:
= -After 3000 thermal cycles, there is no
correlation between fracture starting cycle and

void area rate, and a factor of the solder
composition is dominant to fracture starting
cycle

. PCBs taken out up to 1500 cyc had noise but PCBs taken out
SAC305 SAC305 |SAC305 SAC347 |SAC347 SAc347 == after 2000 cyc had almost no noise since 0 cyc.
ROLO  ROLO 'ROL1 ROLO ROLO ROL1 This is due to cable issue. Each 500 cyc group PCBs
MECUTMIGRY AR [VACUUM |AIR AR connected each connector unit(power supply was same.).

So resistance noise up to 1500 cyc is not due to crack.

Figure 23 Electrical resistance results for the 6 SAC305 boards, and 6 SAC347+Bi/Sh/Ni/Co boards pulled from the
chamber after 2000 thermal cycles.

As illustrated in Figure 24, CS analysis of 1/0s 1-17 of the QFNs confirmed fully cracked joints (i.e. over 50% of the solder

joint axis) does not occur with the SAC305 boards in any of the QFN 1/0s until around or slightly after 1500 cycles are
reached.

However, we do see the beginning of cracks appearing after 500 cycles with all the SAC305 convection air reflowed boards,
but not until 1000 cycles with SAC305 vacuum reflowed boards, nonetheless fully open joints (>50%) of the QFN 1/Os,

regardless of reflow environment or initial void level, are all occurring around the same time (in between 1500-2000 thermal
cycles).
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Figure 24 Example of QFN 1/0O row 1-17, CS analysis results of the SAC305, No-Clean (ROLO) convection air
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Figure 25 Selected QFN input-output and center pad, top-side view, CS analysis results of the SAC305, No-Clean
(ROL1) convection air reflowed boards.
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Figure 26 DPAK, side-view CS analysis of the SAC305, No-Clean (ROLO0) convection air reflowed boards.




When reviewing the event detection results for the QFN 1/Os after 2000 thermal cycles, as illustrated in Figure 27, in
combination with the CS analysis results for all the boards removed from the chamber (Figures 24 — 26), we can see no direct
correlation between void percentage levels and thermal cycle reliability.
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Figure 27 After 2000 cycles, electricel resietance spikes Were detected in all SAC305 boards, with the SAC305 vacuum
reflowed boards having the most events of 7, compared to the SAC305 boards which were reflowed in air, and had

below 2 events.

As the testing progressed, the chamber detected resistance changes in all the boards built with SAC305 paste prior to
reaching 2000 cycles, but no boards built with SAC347+Bi/Sb/Ni/Co paste detected a change in resistance. As no
SAC347+Bi/Sb/Ni/Co boards exhibited spikes in electrical resistance, boards were randomly selected for CS analysis at each
thermal cycle interval (i.e. initial, 500, 1000, 1500, 2000, 3000 thermal cycles).

As illustrated in Figures 28 through 31, CS analysis confirmed no significant cracking beyond 50% as having occurred up to

3000 cycles for the SAC347+Bi/Sh/Ni/Co.

3 14 15 16 17
Figure 28 QFN input-output, CS analysis results of the SAC347+Bi/Sb/Ni/Co, No-Clean (ROLO) vacuum reflowed
boards.
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Figure 29 SAC347+Bi/Sb/Ni/Co, No-Clean (ROLO) convection air reflowed boards.
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Figure 30 Selected QFN input-output and center pad, top-side view, CS analysis results of the SAC347+Bi/Sb/Ni/Co
No-Clean (ROL1) convection air reflowed boards.

DPAK RESULT FOR: SAC347+Bi/Sb/Ni/Co (ROLO) AIR REFLOW
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Figure 31 DPAK, side-view CS analysis of the SAC347+Bi/Sb/Ni/Co, No—CIean“(RO-LO) convection air reflowed
boards.

Combining the event detection results with the CS analysis results of the QFN 1/O rows 1-17, as we can see in Figure 32,
there appears to be no meaningful correlation between voiding and thermal cycle reliability.



€5 ANALYSIS AND EVENT DETECTION COMBINED

SAC5 SAC3AT48{/56/Ni/ Co
5 ANALYSIS {If0'5 1-17 OF OFN) EVENT DETECTION {ROWS) C5 ANALYSIS [I/0'S 1-17 OF QFN) EVENT DETECTION [ROWS)
Temp cycte | ROLOVACUUM | ROWOAIR | ROLLAIR |ROLOVACUUM | ROLDAR | ROLLAR (ROLOVACUUM | ROLDAIR | ROLLAR | ROLOVAZUUM | ROLDAIR | ROLLAR
[s0S%voie] | [sadfowcid] | (5afvei) | [0sRwold] | (S2feven] | [mshweid) | (dshweid] | (s2ofiveR] | (st | (dS%wid) | (52 vid) | (2525 veic)
INTIAL o7 [T7%] [7Y 017 /17 [TE
s | o Y17 717 o7 W | 07

1000 [*Ti] ETi] 10/17
1500 06/17 [1] 417121 S/A7[4]
w0 | oywm | BArm | wrw
3000 15/17 [5] gﬂﬁ] glﬁ‘[&]
TCT: -40 = 125 Degree Celsius, 30min dwell
Figure 32 Chart showing the combined results from the CS analysis of the QFN 1/O rows 1-17 and the event detection
results for every board in the chamber. Yellow indicates the initiation of a crack, while orange signifies a crack over

25%, and red means a complete crack.
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When reviewing the DOE results, it is difficult to make any true correlation with regards to voiding and thermal cycle
reliability. Differences within each assembly were statistically insignificant and CS analysis of the intermetallic compounds
(IMC) formed between the SAC305 alloy and SAC347+Bi/Sh/Ni/Co, which can be seen in Figure 33, show that the initial
IMC layer began at similar thicknesses for both alloys.

AC305 ROL0 vacuum reflow

" IMC : 2.2um ‘ o Pt i S IMC : 9.3um
IM.(; - 2.4um ’ R -t : . IMC : 5.4um
Initial 500 cyc 1000 cyc 1500 cyc

SAC347+ ROL0O vacuum reflow

IMC : 2. 1um IMC : 3.7um
IMC : 2.0um IMC : 3.1um
Initial 500 cyc 1000 cyc 1500 cyc

Figure 33 Comparison between initial, 500, 1000, 1500, 2000 and 3000 thermal cycles CS analy3|s images showmg
IMC thickness of the QFN 1/Os from row 1-17.

However, after 3000 thermal cycles it is clear that the IMC thicknesses of the SAC305 solder joints are growing at a faster
rate than those of SAC347+Bi/Sb/Ni/Co alloy. As seen in Figure 34, when one compares the IMC structures after 3000
cycles of the SAC305 and SAC347+Bi/Sb/Ni/Co alloy, the SAC305 alloy not only has a larger IMC thickness, but a greater
amount of Cu3Sn intermetallic formed in comparison to the solder joint with SAC347+Bi/Sb/Ni/Co paste, making the
SAC305 solder joint more susceptible to cracking.



‘/Part of CusSn
T e RSN

Thick IMC—> 3
Zeel

| 3um

No Cu,Sn

Cu,Sn layer

SAC305 ROLO SAC347+ ROLO
vacuum reflow vacuum reflow
Figure 34 Comparison of IMC structure between SAC305 and SAC347+Bi/Sb/Ni/Co after 3,000 thermal cycles from -
40°C to 125°C.

CONCLUSIONS

In conclusion, this study found no significant resistance changes detected up to 3,000 thermal cycles with
SAC347+Bi/Sb/Ni/Co for the QFN portion of this study. Furthermore, cross section analysis confirmed no or minimal
cracking (under 25%) after 3000 thermal cycles for both chip resistors and DPAK when processed with the SAC347+ alloy.
This finding was also consistent with the lack of electrical resistance changes detected during the test.

A significant increase in initial and final shear strength before, during and after thermal cycling is observed for both chip
resistors on both pad designs, when using SAC347+Bi/Sh/Ni/Co compared to SAC305.

Changes in electrical resistance were detected before 2,000 thermal cycles with SAC305 and cross section images for the
QFN and chip components confirmed that large cracks were consistent with the observed electrical resistance changes during
TCT in SAC305 for QFNs.

Lastly, and most importantly, this study found no direct correlation between voiding (below 35% for visual DPAK reviewed
and below 25% in the QFN and chip components) and thermal cycle solder joint mechanical or electrical reliability. However
one point is obvious, the SAC347+Bi/Sb/Ni/Co outperforms SAC305 in thermal cycling from -40°C to 125°C and is a good
candidate for Lead-free products being used in harsh environments.
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m QFN Component Results

m DPAK Observations

m Cross Section and SEM (IMC) Observation
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As the drive to improve solder joint reliability and
widen the process window continues...

An investigation into the potential correlation
between void percentage levels and solder joint
reliability for both the Base SAC305 Alloy and an

Improved SAC347+ Alloy, having greater Resistance
to Thermal Cycle Failure, iIs summarized.
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Design of Experiment Concept

m A Design of Experiment (DoE) was proposed to selectively generate various
percentages of void levels under chip components, QFNs and DPAK type
components and to monitor relative solder joint reliability.

m Parts were to be measured for void area (%)
m Parts were to be monitored for electrical resistance under thermal cycle stress.
m Post TCT observation to review crack growth.

m Post TCT mechanical shear strength testing was to be performed.
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Test Vehicle #1 (Chip Components)

m Bare board: 105mm X 105mm X 1.5mm thick, FR4, 6Cu layer, NSMD (non-
solder mask defined), circuit board

m 80, 2012-Chip Resistors and 56, 3216-Chip Resistors each PCB

m 48 PCB were assembled .  FR—4 Cu-OSP

6—layer
Thickness 1.5mm

] ] ] ] ] (] (] ] ] ] ] (] ] (] ] ] ] ]
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Test Vehicle #2 (QFN/DPAK)

m Bare board: 105mm X 105mm X 1.2mm thick, FR4, 6 Cu layer, NSMD (non-
solder mask defined), circuit board, along with corresponding daisy-chain
layout

m 10 QFNs and 10 DPAKs and 68 total TV-2 boards where assembled (680 parts)

VELOC

* FR-4 Cu-OSP
* G6-layer
*  Thickness 1.2mm

OO
_r:m:m:m nj




Test Vehicle #2 (QFN/DPAK) Detail

m Daisy chain with ground pads and a chip resistor per each QFN component,
significant cracks in the I/Os can be detected via electrical resistance changes.

m If the resistor cracks there is still a step/incremental difference between QFN
components.

SAC305 VACUUM
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Solder Paste Selection and Reflow Variation

m SAC305 Alloy, No-Clean ROLO Flux
m SAC305 Alloy, No-Clean ROL1 Flux
m SAC347+ Alloy, No-Clean ROLO Flux
m SAC347+ Alloy, No-Clean ROL1 Flux

m The ROL1 flux paste is a legacy material, with known good performance,
considered to have relatively higher voiding than the newer ROLO flux.

m Reflow environments were chosen to intentionally reduce or increase the
expected void areas.
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SAC347+ Higher Reliability Alloy Approach

m A combination of elemental additions within the SAC347+ alloy are designed to
Improve upon joint strength performance after more strenuous TCT conditions.

m Solid Solution Strengthening & Precipitation

m Goal: Maintain current process; improve shear strength and other items post TCT

Y/

- SAC347+Bi/Sb/Ni/Co

CArAAAE . 2020
= SAL33U0+3%50

DSC [uw]

190 200 210 220 230 240
Temperature [C)
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1-2. Purpose and problem to be solved

—® Task of solder material for automotive

Thermal stress by the difference in CTE of the substrate, parts and solder
affects to solder repeatedly, then the crack occur into the solder.
Performance required for the solder material is increased,
The solder material having high joint reliability is required.

AN

*CTE : Coefficient of Thermal Expansion

Parts . ACTE
CTE S

Substrate
CIE

< |nitial > <After TCT

Repeated
thermal stress

® Solute atoms
00 IMC

|| l Chlp @ *IMC : Inter Metallic Compound

®
Crack T8 S 4 ,Sn

PSS ’. SH894S 00’0 *+®

» Structure after soldering » Structure after TCT » Structure after crack has occurred
Structure State Structure State Structure State
Sn grain [Fine Sn grain |Coarsening Sn grain |Crack has occurred.
Distributed at the IMC |Disappearance of Ag3Sn network IMC |Disappearance of Ag3Sn network.
IMC  |Sn grain boundaries. Joint [Deformation . Crack has occurred
Ag3Sn network is formed. Joint L the low-strength area.

The development of solder alloy to restrain a crack due to
control solder microstructure and improvement of mechanical strength.
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2-1. Improvement of mechanical strength by the precipitation and the solid solution

» Precipitation of IMC : Because IMC is very hard, strength of joint is improved.
. The transfer of the crystal lattice is controlled by the existence of a different atom.

» Solid solution

-® Solid solution strengthening
The strength improvement by solid solution in Sn.

Extended to
the atomic level
® 00000
o0 ¢g0g ©
@ ‘ X I
| N .' ]
e®oo0o0o0

Solid solution state

(Sb/Bi/lIn/etc...)

@ Solid atoms
@® Sn atom

Solute atoms are distributed
at the atomic level.

The transformation of the crystal
lattice is controlled by the
existence of a different atom.

000000
The absence of a solid solution

-® Precipitation strengthening

The strength improvement by IMC generation.

Extended to
the micron level

(CugSn;/ Ag,Sn / etc...)

~ Sn phase
00 IMC

The transformation is
controlled by distribution of
IMC at the grain boundary.

Mechanical strength is improved by using solid solution and precipitation at the same time.
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Processing Conditions

m Air Reflow Environments for Chip Component and QFN/DPAK were aligned.
m Vacuum Reflow for QFN/DPAK
m TARGET: Low Void (<0.5%), Medium (5~20%), High Void (<35%)

m Basic Print Process Followed

[Printing condition]

Machine

Speed 30mm/sec

Stencil Thickness 0.12mm

Squeegee Metal/Angle 60deg
Pressure 0.20N/mm
Removal speed 50mm/s

Snap off On contact




® Air reflow
Temperature profile f

220C
150—180"‘03
1 Center of PCB
0 30 60 90 120 150 180 210 240 270 300 330 360 390
Timelsec)
1Zone 2Z0ne 3Zone 470ne 5Zone 6Zone 7Zone 8Zone SZone 10Zone
Sefting Upeer 100 135 165 170 175 180 185 235 265 250
[q Lower 100 135 165 170 175 180 185 235 265 250
1
Soak Time(sec) ( 150 ~ 180 )| 77
[RF tme{sec 220 CElLE )] 42 P
[Pear Temo 2392 | 26
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® Air reflow

Temperature profile f

(C
g

' | —220°C
o | | | | | ! L] . : - + J‘ L] 1

_. Temggrature
i
8
SeR
1

1QOFN 20-Pack

O | | | J
0 30 60 60 120 150 180 210 240 270 300 330 360 390

Timelsec)

1Zone 27one 3Zone 47one 5Zone 670ne TZone 8Zone 9Z7one 10Zone

Setting Upeser 100 135 165 170 175 180 185 235 265 250
[ Lower 100 135 165 170 175 180 185 235 265 250
1 2
Soak Timelsec) ( 150 ~ 180 )| 80 78
JRF timelsec) ( 220 "CELE )] 42 41 P
Peak Temp 2416 | 2300 | 26
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® Vacuum reflow

Temperature profile for
J00

250

220°C

g

150-180°c}

&

Temperatu r\!&;C )

(TQFN 20-Pack

A 4

0 | i | ] J
0 30 60 90 120 150 180 210 240 270 300 330 360 390 420 450 480 510 540
Timelsec)

1Zone 2Zone 3one 47one 5Zone 6Zone

Setting Upeer 120 155 170 180 260 -
[=C] Lower 120 155 170 185 260 300
i @
Soak Time ( 150 ~ 180 )| 88 | 88
|RF time(sec) ( 220 CELL )] 84 76 Zt
[Peak Temp. 2402 | 2367 | 35
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Void Measurement

[Procedure]
1. X-ray images are acquired 2. Determine the area of soldering to measure voiding
(each components) ratio. (red area)

S A A A AL A R R L LS A A A AL AR 2R SR

CEEEERIIIN T
-=Heat sprader pad area

3. Calculate voiding ratio. (yellow area)

= ‘e :”:
b. ‘ ; ®g

. . ,‘.' Q 4. Void ratio % = yellow area / red area X 100
o. o2

» e
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Chip Resistor: Voiding

m The research laboratory was unable to secure a more poorly performing
competitive paste product and therefore all results were relatively low in voiding.

m Even without use of vacuum reflow, most components saw voiding in the range
of 2~5%. All void areas were below 15%.

m This did not meet the DoE target of having three (3) discernable void levels.
m Nevertheless, it was decided to continue with shear testing of TV #1 post TCT.

m Components were removed via shear every 500 cycles in order to compare
force values after TCT.
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Past Reflow
_ Condition

SAC305 NC ROLO

SAC305 NC ROLO

SAC305 NC ROL1

SAC347 NC ROLO

SAC347 NC ROLO

SAC347+ NC ROL1
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Typical view of Chip Components

SAC347+ ROLO0: Vacuum

SAC347+ ROLO: Air

SAC347+ ROL1: Air
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QFN Void Observation

m Here we could see a greater variation in the void levels between the paste
materials and the reflow processing.

m \oids levels were measured and Low, Medium and High level void ratios were
acknowledged.

m The Resistance values were to be collected in situ for TV #2 with QFNs and
DPAK components placed on board.



DOE

Paste

Reflow
Condition

Q1

SAC305 NC ROLO

Vac.

IALLAMARARR R

AU
nnnnnnm

ISTALEARR R R R R

nnnnmm

AU
fnnnnnnTm

nnnmm

munnmnnnn

Q2

Q3

SAC305 NC ROLO

SAC305 NC ROL1

Air

Air

ALLRLLRERRRRRIN
monnmnm

RN

T ALURLRRRERRRRRRRE i
nnnnmm

A
(rrnnmnm

BT

AN

(Irnnnmm

Q4

SAC347+ NC ROLO

Vac.

nam

Q5

SAC347+ NC ROLO

Air

T

SO SS0000080Y

Q5

SAC347+ NC ROL1

Air
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Typical view of QFN Components
(Top to bottom...)

»

\

SAC347+ ROLO0: Vacuum

SAC347+ ROLO: Air

SAC347+ ROL1: Air
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Typical view of QFN Components

SAC305 ROLO: Vacuum ~
SAC305 ROLO: Air £

SAC305 ROL1: Air
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DPAK Void Observations

m The DPAK components often exhibited a higher level of voiding than the QFN
and up to 35%.

m The components were to be cross sectioned for failure analysis prior to and
after TCT chamber runs with the combined QFN / DPAK PCB

m Test Vehicle #2



Paste

Reflow

Condition
D1 SAC305 NC ROLO Vac. :_“
D2 SAC305 NC ROLO o :-.1_'
D3 SAC305 NC ROLA Air 3
D4 |SAC347+ NC ROLO Vac. :1:.‘
D5 | SAC347+ NC ROLO Air :_!‘
D6 SAC347+ NC ROL1 Air 3
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SAC305 ROL0: Vacuum

SAC305 ROLO: Air

SAC305 ROL1: Air

K
K
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Thermal Cycle Test Condition

m The Assembled TVs were to be subjected
to a -40C/+125C TCT [Igl: Profile ]

m 30min dwell -40C/+125TC

(FRISFM: 30min)
Smin Cycle
.

m Smin ramps

m TVs are to be reviewed for initial
characteristics (void, IMC) and observed
throughout the test each 500 cycles up
until 3,000 completed cycles.

§ Temperature [degC

b —————————————— -



Chip Resistor: Shear Test Results

m Again, although the variation in void levels was not ideal to meet the targeted

Low, Medium and High void levels, we could measure some variation due to
materials and process.

m Shear Speed:. 6mm/sec.
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3216 Shear Results fl‘,

Varabdity Cauge Pad Desgn -8

= Varkatility Ovart Tor hear Strength [N]

<

m Upper Chart: Shear Values (N) F < LU L UL iL Ll : L L L ke i LLL e
m Lower Chart: Void Area paes o soare
m NOTES:
» SAC347+ initial values e
much greater than s
SAC305
» Regardless of void level, £
SAC347+ with similar 3 o
result and consistently ‘ i ‘ g
higher value versus u..niﬂ“l “ “LI. ..‘m lh ;
SAC305 post 3000 cycles. LLLLELLLLLELLLLEWLE L LLELELLLELLLLL S s

SAC305 SAC347+



Varabdity Gauge Pad Design - B
Varbability Ot for Shear Strength [N]

2012 Shear Results r . ¥y .dmi*mijmﬁi

m Upper Chart: Shear Values (N) LLLLLELLLLL NLLLLLELELLLELELLLELLLLL hy
m Lower Chart: Void Area T
m NOTES:
Varablity Cauge Pad Design - B
| |

Greater void variation from  vassaiy o tor veid aces o)

3216 results.
But LESSER variation in o ; [
Sshear force readings from N 21 '
initial through 3000 cycles.  * ¢ l g i} n

‘éx. ........ i-ii*“““. ..%-i’s;.;‘.‘

SAC305 SAC347+
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Chip Resistor Representative X-Ray

cjle |  SAC305 | SAC347+BiSbiNiCo  EEEEENIINRININE YNGR 1l
m Right Side: SAC347+
m NOTES:
= TJop: TO

Bottom: T3000
» SAC347 larger voiding

» PButas TCT progresses,
the crack propagates

throughout the SAC305
underside and termination.

= SAC347+ crack growth is
limited.

= This is typical of other
Joints observed.
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Test Vehicle #2 (QFN/DPAK) Resistance

m QFNs are connected via daisy chain and resistance is measured.

A N

m Should a section or side of the QFN leads suffer a failure, the resistance measured
will increase by a factor of ~3X.

m Individual lead failure detection is not possible with this process.

m DPAK are also mounted for the purpose of relative voiding and crack propagation
comparisons.
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An increase of about 300% of the

resistance indicates that one of
1/0's on the QFN is opened.

| "

' " " " " '

The PCB has resistor between each QFN. So, if
1/0. of a QFN is opened, resistance changing
ratio Increase stepwise.

So far we can detect whether each section has opened.
To detect an opened individually we need another method.




Resistance Detection Example

Can observe a failure of

a QFN section (“side”) as

the resistance changes
significantly.

After approximately 1850
cycles, the resistance
peak increased ~300%.

A similar increase is
observed almost at

1900 cycles, 1920, 1960
and so on...

Resistance changing rate (%)

&
=

1200 -

2
=

oo
8

)
g

B
=

bt
8

Three QFN opened
Two QFN opened

One QFN opened

=

1600




SUCCEEDY\

w2018 AT THE

#

’O\m - ....... [Vac ) 500 /-o\ g —_— Vac ) sc0
eist 3
o\ : £ 3  Sesdess V) 1000 O\ — Vac) 1000
~ S:08 § ~
Sis8 ) 1500 — IVac ) 1500
3 15 : .3 : Va 3 -
. T ssseses Vac.) 2000 — Vac ) 2000
e L - ©
o A (V) 2000 > —_ Vac ) 3000
’ SIE
£ | NP ——-- 500 Lo — 0o
: . ¢
g REET T -——— 1000 g — 1000
, TR S — -
e L I} § 808 — 1300 | . e
(& Iy i 1 *itE 2000 g Y o
BE g ]
8 " 18 Nt -——— 2000 Q ; | 1 - 2000
S . | ' JE =
L - - - 3G 500 o " " "J_"( Laas 3 _ 3G 500
= % 1000 0 - b b o e o % 1000
8 ¥ 1500 8 - ¥ 1300
m . 20 2000 m . ¥ 2000
o “o0 1000 1%00 2000 2%00 o0 26 300D o o0 1000 1500 2000 %00 00 G 3000
Cycle Cycle

Summary:
= -After 3000 thermal cycles, there is no
correlation between fracture starting cycle and

1S

void area rate, and a factor of the solder
composition is dominant to fracture starting
cycle

Void Avea (%)
3

PCBs taken out up to 1500 cyc had noise but PCBs taken out
SAC305 SAC305 |SAC305 SAC347 |SAC347 SAc34a7 P== after 2000 cyc had almost no noise since 0 cyc.

RO LO ROLO ROL1T ROLO ROLO ROL1 This is due to cable issue. Each 500 cyc group PCBs

VAGUUM] A |AIR VAGULM [AR AIR connected each connector unit(power supply was same.).

So resistance noise up to 1500 cyc is not due to crack.
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QFN Resistance Results Summary

m An issue with noise was found due to harness cable positioning within the
chamber prior to 1500 cycles.

m However, no resistance changes (“step up”) were detected prior to nearly1800
cycles.

m At this point, the SAC305 QFN began to fail, with the Medium Void level (~15-
25%) components failing first.

m Regardless of process condition, and regardless of Low to High voids content,
all SAC305 QFNs are failing within a very narrow and similar timeframe.
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Cross Section (CS) and Observations

m After the Resistance Test results were found, QFN and DPAK components were
reviewed via cross-sectioning and SEM.

m The spreadsheet on the next page shows how a section would be detected for
failure via resistance values and this side of the QFN would then be inspected
via cross section.

m For SAC305 this allowed CS targeting of rows which failed prior to 2000 cycles.
m For SAC347+, with no failures, rows of QFNs were randomly selected for FA.

m Examples for those CS FA are shown on the next slides.



Solder Paste

QFN Lead No.

18-34

35-51

SAC305
ROLO

Vacuum

§R

SAC305
ROLO

Air

SAC305
ROL1

Air

EEEREE | §E

SN newn =S ooNoo e wn = Sloo N oewn—-

%55 55)g 8 A g5 | EEZ(35 548 358

18 OPENS

17 OPENS

27 OPENS

_Voi1d_Reliability_rev/
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Example of FA

Initial

m Here QFN rows are
analyzed for crack
initiation and length.

m In this case, a SAC305
with relatively lower
voiding had still a
significant number of
failures.

m CS could find significant
(yellow) and major (red)
cracks.
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1000 CYCLES

INITIAL 500 1000 CYCLES
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SAC305 (ROL1) AIR REFLOW SAC347+Bi/Sb/Ni/Co (ROL1) AIR REFLOW

m QFN components with SAC305 on Left and SAC347+ on Right.

m Similar void occurrences for this test.
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DPAK RESULT FOR: SAC305 (ROLO) AIR REFLOW

INITIAL INITIAL

3000 CYCLES 3000 CYCLES

o= St e e D e Sl S RN SR S T
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DPAK RESULT FOR: SAC347+Bi/Sb/Ni/Co (ROLO) AIR REFLOW

INITIAL INITIAL

3000 CYCLES 3000 CYCLES

NO CRACK IN CENTER PAD AFTER 3K CYCLES

\\\-\
.
~

INTERNAL CRACK AFTER 3K CYCLES
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No direct failure relationship with void level,
SAC347+ performing better regardless of void %.

(5 ANALYSI5 AND EVENT DETECTION COMBINED

SACYS SAC347+8i/5b/Ni/ Ca

(5 ANALYSIS (1/0'5 1-17 OF OFN) EVENT DETECTION {ROWS) (5 ANALYSIS {1/0'S 1-17 OF OFN) EVENT DETECTION {ROWS)
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SAC305 IMC growth is faster than SAC347+. Especially Cu;Sn growth is clear in SAC305
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Conclusions

m Testing was performed in order to compare void level content and any relationship to
reliability for the SAC305 and the SAC347+ Bi/Sb/Ni/Co alloys.

m For chip components, the void level delta was not significant enough in order to draw a
clear conclusion. A clear shear strength benefit was confirmed for the SAC347+ post -
40/+125 degC TCT after 3,000 cycles.

m A QFN resistance measurement method to detect operation failures for regions
(“sides”) of QFNs during stress testing was developed.

m QFN soldered with SAC305 alloy had failures prior to 2,000 cycles, while SAC347+
fractures were not observed prior to 3,000+ cycles.

m Testresults could not find a clear relationship between lower, medium and higher
levels of voids and the failure modes targeted via resistance or shear testing.

m Future work to potentially include thermal resistance value measurement, as they may
relate to void content and alloy composition.
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