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Abstract

Knowing how package warpage changes over temperature is a critical variable in order to assemble reliable surface mount
attached technology. Component and component or component and board surfaces must stay relatively flat with one another
or surface mount defects, such as head-in-pillow, open joints, bridged joints, stretched joints, etc. may occur. Initial package
flatness can be affected by numerous aspects of the component manufacturing and design. However, change in shape over
temperature is primarily driven by CTE mismatch between the different materials in the package. Thus material CTE is a
critical factor in package design. When analyzing or modeling package warpage, one may assume that the package receives
heat evenly on all sides, when in production this may not be the case. Thus, in order to understand how temperature
uniformity can affect the warpage of a package, a case study of package warpage versus different heating spreads is
performed.

Packages used in the case study have larger form factors, so that the effect of non-uniformity can be more readily quantified
within each package. Small and thin packages are less prone to issues with package temperature variation, due to the ability
for the heat to conduct through the package material and make up for uneven sources of heat. Multiple packages and
multiple package form factors are measured for warpage via a shadow moiré technique while being heated and cooled
through reflow profiles matching real world production conditions. Heating of the package is adjusted to compare an evenly
heated package to one that is heated unevenly and has poor temperature uniformity between package surfaces. The warpage
is measured dynamically as the package is heated and cooled. Conclusions are drawn as to how the role of uneven
temperature spread affects the package warpage.

Introduction

Thermal warpage metrology tools are designed around the concept of emulating the thermal and physical conditions seen by
a part or parts under test within the tool’s own heated environment. Most commonly these tools are used to mimic the
thermal conditions of a reflow profile. Warpage tests are performed over temperature on many different types of samples
(packages, PCBs, sockets, connectors, wafers) within these types of thermal warpage measurement tools. Here the focus is
on surface mount components, specifically BGAs, which are tested in the study. At the time of this writing, BGAs and LGAs
are the only devices with industry standards defining allowable warpage levels through reflow temperatures. JEITA (ED-
7306) [1] defines allowable warpage levels for BGAs and LGAs based on pitch and ball height in the case of BGAs.
Similarly, JEDEC (JESD22-B112A) [2] defines the methodology for measuring thermal warpage of BGAs, which is
supplemented by JEDEC SPP-024A [3], providing allowable warpage levels for BGAs based on ball pitch and ball diameter.

As BGA packages are heated, it is understood that the different materials within the BGA will expand laterally at a value that
is consistent with their material properties, namely coefficient of thermal expansion (CTE). Common BGA construction
includes materials with different CTE values. As the different materials are physically attached to one another, this varying
lateral expansion is constrained and the CTE mismatch between the materials can cause out-of-plane shape change, or
warpage. While CTE mismatch is commonly considered for warpage, the temperature differentials within the package can
have similar effects on warpage. This temperature differential can be seen to some extent during the reflow process, but is
affected by a number of variables. Taking the example of a large BGA with heat sink, commonly the top of the package may
see higher temperature than the ball side. The actual temperature differential for a component within a reflow oven is not
studied here. However, since common practices for thermal warpage measurement do not include in-situ measurements
within reflow ovens, it is important to understand the effect of temperature differentials on warpage within warpage
metrology equipment itself. The paper by Anselm [4] led to some of the basis for pursuing this study and discusses this
potential offset between warpage metrology tool and actualities of production in regards to temperature differential. Therein
production conditions are cited to have 5-10°C temperature differential and a 16°C differential is seen in the warpage
metrology tool. [4] Using the latest warpage metrology equipment, temperature differentials can be more effectively
controlled, allowing for a warpage comparison with temperature differentials at approximately 20°C and <5°C.



The Anselm paper [4] also poses questions about the parallelism or tilt of the sample to the board during reflow. An
argument is made that looking at warpage of the component is not enough to understand surface mount defects such as head-
in-pillow (HiP). Along with warpage, the relative tilt of the sample relative to the PCB should be tracked. Specifically,
“Parallelism of a component to the board can be affected by the center of gravity of a device or... variation in the wetting
behavior of the solder joints during reflow.” [4] Later in the paper, “...wetting of the paste can place a non-uniform force
distribution on the component. X/Y thermal gradients in the PCB due to Cu balance issues, routing techniques or component
asymmetries can result in solder paste quadrants of a component to wet first resulting in a non-uniform wetting force on the
device. If this were to occur then it is feasible that the wetting force can overcome the weight of the center of gravity causing
one corner be pulled down while another corner is lifted out of a paste deposit during reflow.” [4] In this study temperature
differential is used to cause solder ball collapse originating on one side of a component. The differential created in this study
is exaggerated from that seen in a reflow oven on the “leading edge” of reflow. The intent is to use this study as a proof of
concept to show optical measurement and reflow emulation techniques that could be used to measure and quantify tilt and top
side warpage of a component during reflow heating. Practical testing of a component tilt in reflow would require real world
components, boards, solder paste, stencils for paste application and a thermal warpage measurement tool capable of realistic
reflow emulation.

Test Methodology
BGA Warpage and Temperature Uniformity Study
The goal of this test is to measure warpage of BGA samples under different top to bottom temperature uniformity conditions.

Two BGA samples are used in the study as described in Table 1. The samples are described only generically to protect
customer proprietary information. A total of 4 samples were originally considered in the study, but only 2 sets of samples
showed statistically relevant information in relation to variation in warpage due to temperature uniformity differential.

Table 1 — BGA Samples

Generic Dimensions Solder Sample Quantity i
Name (mm) Balls Type Tested TOP S'de Image
0.5mm
27mm 27x27x1.7 Diameter /
BGA (0.3mm thick 0.8mm PBGA 9 samples
substrate) Pitch
0.6mm
35mm 35x35x1.7 Diameter /
BGA (0.4mm thick 1.0mm PBGA 9 samples
substrate) Pitch




Testing parameters generally followed guidelines within JESD22-B112A. [2] In addition, the following parameters were kept

as controls through the test:
o Parts were measured with ball side facing up, with no solder balls

All samples were “fresh,” having not seen a reflow cycle

No sample prebake was used

Sample surfaces were painted with white high temperature paint

Data was measured from 30°C to 250°C and back to 30°C

Sample support consisted of a clear, 2mm thick, production Quartz glass plate

¢ Shadow moiré measurement technique

o Average heating rate was approximately 0.5°C/sec though slightly slower in A20°C reflows and slightly faster in A5°C
reflows

Temperature uniformity and sample type were the only independent variables for the test. Sample type is already covered in
Table 1. The test plan for temperature uniformity was to use a multi-zone IR heating oven including inner and outer bottom
heater zones, as well as an independently controlled top heater. The system and oven including top IR heaters are a patent
pending concept which uses a combination of short wave IR bulbs and dark ruby quartz tubes to filter out visible light and
drive IR energy through the grating glass of the shadow moiré setup to the sample top. The goal was to reach approximately
a 20°C temperature differential at the 250°C max reflow temperature in the “non-uniform” reflow and maintain a <5°C total
sample temperature variation for the “uniform” reflow. Achieving the non-uniform reflow was accomplished by disabling
the top heating zone, focusing heat on the central bottom heater, and using a short working distance between sample and
grating. The uniform reflow was achieved by using the top heating zone, focusing heat more toward the outer bottom heater,
and using a “lower while heating” feature to increase sample to grating working distance until measurement.

Results for the warpage study are quantified using 3S Warpage (Signal Strength Signed Warpage) as well as 3D renderings
of the surface for qualitative analysis. 3S Warpage is a newer gauge choice defined with magnitude equal to coplanarity and
sign determined in two steps. [5] First, the Signal Strength of the surface is calculated.

M

Where m = # of pixels in x and n = # of pixels in y, and e and f are respectively the x? and y? coefficients of a 2" order
polynomial fit of the surface. If Signal Strength is less than 25%, then the shape is considered transitional, meaning that it
cannot be clearly called positive or negative in direction. In this case, the 3S Warpage is reported as TX, where X is the
coplanarity. If Signal Strength is greater than 25%, then the sign is determined using the same method as JEDEC Full-field
Signed Warpage, using the same variables as equation (1).
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Here, the numerical value of the equation is thrown away and only the sign is kept.

BGA Tilt and Solder Ball Collapse

The goal of this test is to validate a testing approach for measuring both topside warpage and tilt of a BGA sample that is
being soldered to a PCB. Additionally, the test serves as a point of reference for the effect of lateral temperature variation on
the collapse of solder balls past their liquidus temperature. The study does not factor in other mechanical forces that would
realistically play into BGA reflow assembly but instead focuses on tilt as a result of temperature variation.

The 35mm BGA described in Table 1 is used for the study. In this case the sample is tested with solder balls on and in a
“live bug” or balls down position. One BGA is used for tracking temperature and two samples are tested for warpage and tilt
across two different thermal runs and fresh sample sets. The BGA is placed on a piece of 2mm thick, Production Quartz
glass with the top of the glass painted black. The black painted glass surface serves two purposes. The black paint is used to
absorb IR energy, thereby heating the glass and conducting through to the solder balls of the BGA. Additionally, the glass
serves as a relatively flat and thermally stable reference surface that acts as a rather flat “PCB”. Neither component surface is
painted or prepared in any way, to be more realistic to a production scenario.



Figure 1 shows an image of the setup for this test. To create a lateral non-uniformity of approximately 20°C, a piece of
tinfoil was attached to the underside of the black glass so that it covered approximately ¥ of the portion of the glass directly
beneath the BGAs. This tinfoil served to block the transfer of IR energy to one side of the test BGA, thereby creating a
temperature differential between the two sides. Heat was supplied from the central lower heater and the top heater, and the
output of the lower heaters was set to about 55% of maximum power. This low power provided a controlled degree of non-
uniform lower heating. Focusing the lower heating on the center also served to maximize non-uniformity, since the IR
heating was applied directly to the bottom of the black glass. Meanwhile, the top heaters supplied equal heating to the top of
the part, preventing the lateral non-uniformity from becoming excessive. The balance of these factors, especially oven power
and tinfoil coverage, was determined via repeated uniformity testing with a dummy part. As Figure 1 shows, thermocouples
were placed on three locations on the part during both initial dialing and actual testing. Two thermocouples on the sides of
the part measured the key lateral temperature differential, while a third in the center ensured that the differential was
expressed as an even gradient through the part.

The shadow moiré technique used for data acquisition is not traditionally used for surfaces with sudden discontinuities in
height, as would be seen between the glass surface and BGA topside. However, software advancements have allowed
interpretation of this data set as a whole. In this case the glass surface will be used as the reference plane and the topside of
the BGA will be plotted for both warpage and tilt of the surface over temperature. Techniques using shadow moiré and
discontinuous surfaces are described further in “Measuring Die Tilt Using Shadow Moiré Optical Measurements; New
Techniques for Discontinuous and Semi-Reflective Surfaces” [6] and will not be fully defined here.

Results for the BGA top side shape relative to the reference glass are quantified by providing 3S Warpage and calculating the
angle of the component surface relative to the substrate surface. The equation for calculating the angle between the
component and substrate is fairly simple geometry:
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where a is the z-value at the higher of the diagonal end points, b is the z-value at the lower of the diagonal end points, and L
is the length of that diagonal based on user specified image dimensions. Only the surface on the molded top of the BGA will
be used for 3S warpage and angle calculation, even though the glass is used as a reference plane. Data will also be presented
via 3D surface renderings and horizontal centerline 2D plots. Finally, in order to separate the surface warpage from the tilt of
the BGA relative to the glass, a 1% order polynomial surface fit is applied to the data sets. The 1% order polynomial data will
primarily show the relative tilt of the surface.

BGA Warpage and Temperature Uniformity Study Results

The temperature profiles for the 5°C and 20°C top to bottom temperature uniformity reflow profiles are shown in Figures 2
and 3 below. The top/bottom temperature uniformity of these reflow profiles was optimized with a couple of proceeding
reflow profile runs. Figures 2 and 3 are typical examples of the reflow profile runs. Thermocouple Process 1 is attached to
the molded side of the BGA and Process 2 is on the ball side, which is on top of the part in this dead bug setup.
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Actual temperature uniformity values used in the study for measurements at the peak temperature were between 3°C and 7°C
for the “5°C” run and gradually more uniform at the lower temperature points.

Similarly, for the “20°C” run the temperature non-uniformity at peak temperature was as high as 24°C also showing lower
variation at lower temperatures, particularly on the cooling side of the profile. The temperature uniformity was certainly
variable through the full run, maximizing near profile peak, so the 5°C and 20°C labels are used for simplicity in discussing
the results.

27mm BGA Warpage Results
3S Warpage Values for the 5°C and 20°C runs are shown in below in Figures 4 and 5.
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As expected some sample to sample variation is seen, thus data is also summarized by averaging coplanarity at each
temperature across all 9 samples used in each test. Figure 6 shows this data.



Figure 6 — Average Coplanarity for each 27mm BGA Reflow Run

Showing 3D renderings of all samples, across all temperature, and profiles types is impractical for this report. However,
representative examples of 3D warpage shapes are summarized in Table 2.

Table 2 — 3D plot examples of 27mm BGA

Temp/
Uniform

23°C

200°C

250°C

AS°C

A20°C

microns

375.
346.
318.
289.
260.
231.
202.
173.
144.
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35mm BGA Warpage Results

3S Warpage Values for the 5°C and 20°C runs are shown in below in Figures 7 and 8.
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As before some sample to sample variation is seen and data is summarized by averaging coplanarity at each temperature

across all 9 samples in Figure 9.

Figure 9 — Average Coplanarity for each 35mm BGA Reflow Run

Representative examples of 3D warpage shapes are summarized in Table 3.

Table 3 — 3D plot examples of 35mm BGA

Temperatur
e 25°C 200°C 250°C
/Uniformity
X pixels) = X piels) Lyt
o Y (pixels) ¥ (pixels) .
i microns
530.2
489.4
ASOC . 448.6
407 .8
367.0
326.2
2B85.5
244.7
_ — 203.9
X (pixels) i 163.1
Y (pixels) s2 ¥ (pixels) . N
81.6
40.8
0.0

A20°C




BGA Warpage and Temperature Uniformity Study Discussion

The most intriguing detail of the warpage results is that while the package construction appears similar between the two parts
externally and warpage values follow a similar trend, the effects of top to bottom temperature uniformity work in completely
opposite ways for the two samples. For the 27mm BGA the higher temperature variation leads to higher warpage levels at
maximum temperature. However, for the 35mm BGA the complete opposite happens in that warpage levels are highest when
the temperature is more evenly balanced from top to bottom. Though some sample variation is seen the overall trend is
consistent in both samples to conclude that the two thermal conditions influence warpage in both negative and positive ways,
depending on the sample.

In an attempt to further understand the differences in warpage conditions for the two samples a test of surface strain and CTE
is run for the top (molded side) and bottom (substrate side) of both the 27mm and 35mm BGAs. Here the balanced heating
(A5°C) was used. This measurement is done using the Digital Image Correlation (DIC) technique, which is commonly used
for calculating material CTE by measuring surface strain over temperature. Figure 10 shows CTE over temperature of both
mold and substrate side of the two sample types.

Figure 10 — CTE values over temperature of molded and substrate surfaces of 27mm and 35mm BGAs

A linear regression is added to each data set. Also note that the x-axis is in temperature differential from room temperature
and not absolute temperature. The conclusion drawn from Figure 10 is that the two samples have no tangible differences in
CTE of their corresponding surfaces. The molded surface expands more and gets hotter, thus differences in overall
expansion are greater when temperature difference is also greater. Differences in lateral expansion lead to warpage and as
such the conclusion from the DIC results and possibly FEA simulation may be that even heating will cause lower warpage.
Actual warpage testing proved this is not always that case. The comparison of CTE of mold versus substrate for the package
is an oversimplification of the expansion of the entire sample as both contain other materials including a silicon die with a
low rate of expansion, known to be around 3-3.5ppm/°C in these temperature ranges. [7]

In search of answers for differences in the package warpage, one of each sample was cut in half to find the package die. Both
packages were single die with similar thickness. However, the 35mm BGA had a die that was nearly twice as large in X and
Y. Itisunclear whether the die size or other differences in package construction led to the different warpage behaviors.

BGA Tilt and Solder Ball Collapse Results and Discussion

The proof of concept for topside measurement of BGAs during reflow is provided by a combination of these results and
previous studies on concepts of using shadow moiré data for discontinuous surfaces. [6] Using the setup from Figure 1,
shadow moiré images are taken of the BGA in a live bug position resting on black glass. In this case the black glass is acting
as a flat PCB surface. Traditionally, shadow moiré is unable to measure neither the height change between the BGA molded
area and surrounding BGA substrate, nor the height change between the surrounding BGA substrate and black glass.
However, new software approaches [6] based on some initial height estimates can be used to measure the height of all of the
sudden height changes while using the shadow moiré technique. The molded surface with surrounding glass is shown as



measured with shadow moiré in Figure 11. The approximate heights of the molded surface are confirmed with a Digital
Fringe Projection (DFP) technique in Figure 12, which has the inherent ability to measure step heights, but has limits to
larger field of view in the iteration used in this testing. [8] In this case the step height from molded surface to surrounding
glass was measured as 2234 microns by shadow moiré and 2174 microns for DFP on two different samples. For the purpose
of measuring relative tilt of the data with shadow moiré, the absolute height is actually not required. The DFP measurement
is more for a sanity check.

X (pixels) ™

396
Y (pixels)

Figure 11 — Molded surface and surrounding glass, SM Figure 12 — Molded surface and surrounding glass, DFP

The results of measuring the molded top surface on glass were primarily dominated by warpage of the package itself and not
the settling or tilting of the package on the glass. Keep in mind that the overall movement or tilt of the package may be more
significant in actual soldering situations. The two thermal runs each include two samples designed for even top and bottom
heating but higher temperatures on the right side of the sample versus the left. The controlling thermocouples were swapped
from left to right between the first and second profile in order to have the sample reach higher overall temperatures and see
the effects on tilt. Thus, process 1 is on the left side in reflow 1 (Figure 13) and right side in reflow 2 (Figure 14).
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Figure 13 — BGA Tilt Study Reflow 1 Figure 14 — BGA Tilt Study Reflow 2

3S Warpage is shown in Figure 15 and the angle of tilt in Figure 16 for four total samples over two thermal cycles. This data
is shown on a reference plane relative to the underlying glass, although the warpage of the sample is the dominant factor to
the overall shape and tilt.
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The warpage matches with the overall trend on the substrate side of the sample from the top to bottom temperature
uniformity study. Overall it is difficult to interpret the tilt angle information clearly. It seems the samples did not follow a
very clear tilting mechanism as the solder began to liquefy. Higher tilt numbers can generally be seen around liquidus
temperatures, but the overall trend is unclear. However, there is an inherent issue with using this gauge for tilt from left to
right along the sample as the gauge is based on tilt along the diagonal, using center and corner points. Examples of the
molded BGA surface on the glass references plane are shown at room and maximum temperature in Figure 17 and Figure 18.

microns

. 2542.9
2503.8
. 2287.00

0.0

Figure 17 — Tilt Study 25°C Warpage Figure 18 — Tilt Study 250°C Warpage

To further understand the BGA tilt, its molded surface, while still on the reference plane of the surrounding glass, is fit to a
1% order plane. This removes the warpage of the surface and leaves only the relative tilt between the molded and glass
surfaces. Using the 1% order surface, horizontal centerline plots are extracted from one of the sample data sets. The
horizontal centerline plot is a 2D line plot from left to right on the sample, shown in Figure 19. While interpreting these
plots, keep in mind that the absolute height from glass to BGA is not necessarily accurate for these surfaces. Instead, line
plot tilt change is the focus here. Additionally, since the 2™ reflow run is used, listed temperatures are representative of the
colder left side of the sample. As a result, solder liquidus will appear to be seen early.



2-1-T: 25°C

2-1-T:200°C

2-1-T: 240°C

Harzrey Centerine M = 25512 mcrns
Honors Gerstrine Max - 2593 8 merees

2-1-T: 220°C

Horzznis Canterine ML
Horzorta Certerine M

2-1-T:182°C

2-1-T: 150°C

Horzontal Camenre
orzontal Centerine.

2-1-T:210°C

Horzonta Genening roms
Horaanal Carlrin s - 3481 mirans
2-1-T:250°C

-

Herzontal Gemtenine Min = 25857 merons
Framnl GentEnn Max - 2533.1 ez
2-1-T: 210°C

erizontal Centerine Lin = 2451 5 mierons
orzontal Genterire Miax = 24313 mcrans

2-1-T:150°C

rh
Horizontal Cenerine
orzntal Centerie Mzt =

—— Horizontal Centerline

241 -T: 183°C

Hanzezs Cansern

2-1-T: 220°C
o
-

2-1-T: 240°C

-

2-1-T: 200°C

2-1-T: 25°C

Harizesal Canserin

Horzorss Cemterine

e s e
Hanzess Canstrime M = 2553.5 mirors
Horzorsy Gemerne Max = 25013 merees

M

crons
Horzorsa Certerine Max = 2358.9 mirens,

Horzets Cantarine Hin = 2488 5 mirons
Horzorta Centerine Max = 25200 mirens

2-1-T:190°C

2-1-T:230°C

Herzontal Genenine Min - 2513.3 mKrons
HarZInal Gentenne Max - 2557 4 TN

2-1-T:190°C

i

Figure 19 — Molded BGA Surface with 1%t Order Fit, Horizontal Centerline Plots over Reflow Temperatures

The same data can be represented in terms of angle along the horizontal centerline in Figure 20.

Figure 20 - Molded BGA Surface with 1%t Order Fit, Tilt Angle of Horizontal Centerline

In Figure 20 the effect of a hotter right side of the BGA can be seen in the BGA tilt maximizing when the left side of the
BGA is at 210°C. In this case, the right side is likely around 230-235°C and past the liquidus point of the solder. A

significant reduction in the tilt is seen when the left side reaches 220°C and theoretically also softens and slightly lowers.
The tilting effect on the cooling side is much less pronounced as the left to right temperature differential is reduced during the

cooling cycle, though still present.



Summary

Top to bottom temperature uniformity can play a significant role in PBGA warpage at elevated temperatures. How this
temperature uniformity affects the warpage seems to vary with package design. When running samples through “even” and
“non-uniform” reflow cycles, two similarly constructed packages showed opposing responses to the changing thermal
conditions. While it was discovered that the two PBGA samples have noticeably different die sizes, the explanation of the
differences in response to temperature non-uniformity is unclear.

A viable approach to measuring the topside of surface mount packages is demonstrated using the shadow moiré technique.
The measurement allows both the warpage and relative tilt of the package to the underlying PCB to be measured. The same
concepts could potentially apply to other measurement techniques including Digital Fringe Projection. Testing showed that
by applying heat to a leading edge of a BGA, a tilt towards the hot side could be measured, particularly after removing the
effects of warpage using a 1% order polynomial fit. Package behavior in real SMT conditions is expected to be different, as
other forces will be applied to the package.

Future Work

Comparison of actual thermal warpage testing to FEA simulations could potentially explain the effects on warpage caused by
temperature non-uniformity. The test approach for measuring BGA tilt and solder ball collapse can be used in actual surface
mount reflow attachment.

Acknowledgements
Thanks to Ryan Curry at the company for applications support. Also thanks to the unnamed company customers for
supplying samples to support these types of studies.

References

[1] JEITA, JEITA ED-7306, “Measurement methods of package warpage at elevated temperature and the maximum
permissible warpage”, Japan Electronics and Information Technology Association, March 2007.

[2] JEDEC, JESD22-B112A, “Package Warpage Measurement of Surface-Mount Integrated Circuits at Elevated
Temperature”, JEDEC Solid State Technology Association, October 2009.

[3] JEDEC, SPP-024A, “Reflow Flatness Requirements for Ball Grid Array Packages”, JEDEC Solid State Technology
Association, March 20009.

[4] Anselm, M., “A.R.E. A — Component Warpage: Issues with Measurement and Standardization”, Proceedings SMTA
International, p 898-902, 2014.

[5] Hubble, N., Young, J., Hartnett, K., “Surface Mount Signed Warpage Case Study; New Methods for Characterizing 3D
Shapes Through Reflow Temperatures”, Proceedings of IPC APEX, March 2017.

[6] Hubble, N., “Measuring Die Tilt Using Shadow Moiré Optical Measurements; New Techniques for Discontinuous and
Semi-Reflective Surfaces”,Proceedings of iMAPS International, October 2016.

[7] Soma. T., Kagaya, H.M., Properties of Silicon (The Institution of Electrical Engineers, Inspec, London, 1988), pp. 33-36.

[8] Hubble, N., Weaver, L., “Comparing Shadow Moiré¢ and Digital Fringe Projection Warpage Metrology Techniques”,
Proceedings of SMTA International, September 2017.




Effects of Temperature Uniformity on Package Warpage

Neil Hubble, Akrometrix
Charly Qlson, Akrometrix



FCBGA Package
Concave (-) Warpage

PCB

Convex (+) Warpage

Head on ‘
Pillow Open ' Non Wet . .
Bridgin 1 A
(HoP Open) Head on ging Open | ey v

Pillow (NWO)

» HoP and NWO solder joints defects, for FCBGAs in Concave (-) Warpage shape (during
reflow), are typically seen in package corners, while bridging is typically seen in
package center.

600 800
Time (s)
——— Process 1

[1]




SUCCEED, VELJCITY.

'-_'wzms AT THE S TECATOLOG Y

N

m BGA Warpage and Temperature Uniformity — Top/Bottom Differential
= Background
= Test Setup
= Results
= Discussion

m BGATIlt and Solder Ball Collapse — “Hot” Leading Edge
= Background
= Test Setup
= Results

Overview

= Discussion

m Summary



: SUCCEEDL A V4 -
'-'__w-zms AT THE : .'_ %

BGA Warpage and Temperature Uniformity - Background

m Components in reflow ovens may experience higher temperatures on their
topside or leading edge vs ball side or trailing edge

m \Warpage metrology tools should mimic temperature uniformity and rates found
In production

m If CTE mismatch causes warpage, top/bottom temperature uniformity will also
affect warpage in a similar way

m Focus is placed on warpage difference while varying top/bottom temperature
uniformity
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BGA Warpage and Temperature Uniformity — Test Setup

Generic | Dimensions | Solder Sample Quantity Top-Side Image
Name (mm) Balls Type Tested s *Two other sa mpI e
form factors were
0.5mm also tested, but
Diameter snowe
27mm (0.3mm . :
: /0.8mm | PBGA | 9 samples iInconclusive
BGA thick Pitch e
substrate) tte variation due to
temperature
uniformity and are
not shown
35x35x1.7 | oomm
35mm | (0.4mm | Dwmeter
BGA thick / 1..0mm PBGA 9 samples
Pitch
substrate)
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BGA Warpage and Temperature Uniformity — Test Setup

m CONTROLS

m Parts were measured with ball side facing up, with no solder balls
m Sample topside is “hot” side for tests

m All samples were “fresh,” having not seen a reflow cycle

m No sample prebake was used

m Sample surfaces were painted with white high temperature paint

m Data was measured from 30°C to 250°C and back to 30°C

m Sample support consisted of a clear, 2Zmm thick, Production Quartz glass
plate

m Shadow moiré measurement technique

m Average heating rate was approximately 0.5°C/sec though slightly slower in
A20°C reflows and slightly faster in A5°C reflows

m Followed guidelines within JESD22-B112A
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BGA Warpage and Temperature Uniformity — Results

Reflow w/ 5°C Top/Bottom Uniformity Reflow w/ 20°C Top/Bottom Uniformity
300 300
250 &
250 § A\
S 200 © 200 &/ R
2 150 ® 150 @ &
2 2 / |
S 100 S 100 '
= - -.
50 By 50 \
0 —— e e 0 —_— e
200 400 600 800 1000  12( 200 400 600 800 1000
Time (s) Time (s)

—— Process 1 Process 2 —— Process 1 —— Process 2
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BGA Warpage and Temperature Uniformity — Results

27mm BGA
Reflow w/ 5°C Top/Bottom Uniformity Reflow w/ 20°C Top/Bottom Uniformity

200 200

100 e 100

2 0 % o
: ;
2 9
E E
% -100 % -100
Q. o
@ -200 @ -200
-300 -300
400 | 400 |
25 150 183 200 220 250 220 200 182 150 25 25 150 183 200 220 250 220 200 182 150 25
Temperature (°C) Temperature (°C)
0001 0002 0003 0004 —— 0005 0006 0001 0002 0003 0004 —— 0005 0006
0007 —— 0008 0009 0007 —— 0008 ~ 0009
* . . . .
m *3S Warpage is derived from a combination of ex? + fn?

Full Field Signed Warpage and Signal Strength Signal Strength = 7~ Coplanarity
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BGA Warpage and Temperature Uniformity — Results

27mm BGA
Temp / 23°C 200°C 250°C
Uniform |

microns

\soc 7.
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289.1

260.2

231.3

202.4

173.5

144.6

115.6
86.7
57.8
28.9

0.0

A20°C




BGA Warpage and Temperature Uniformity — Results

35mm BGA
Reflow w/ 5°C Top/Bottom Uniformity Reflow w/ 20°C Top/Bottom Uniformity

300 300
200 200
100 100
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BGA Warpage and Temperature Uniformity — Results

35mm BGA

Temp /
Uniform

200°C

250°C

AS°C

X (pixels)

132 43

A20°C

microns

530.
489.
448.
407.

367.
326.
285.
244.
203.

163.

122

81.

40.
0
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BGA Warpage and Temperature Uniformity — Results

Coplanarity Average by Uniformity Type
27mm BGA 35mm BGA

Coplanarity Averaged by Uniformity Type Coplanarity Averaged by Uniformity Type
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Temperature (°C) Temperature (°C)
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BGA Warpage and Temperature Uniformity — Discussion

m Two samples of similar form factor had nearly opposite reaction to temperature
differentials

m Interior of samples were examined:
m Both had single dies with similar thickness
m 35mm sample die was approximately double in size

m Temperature uniformity and exposure time at high temperature can be difficult
variables to separate and may play some role here

m However, if exposure time had been the dominant factor this would not explain
the opposite behavior of the two samples

m Theory suggested some material difference between samples, so CTE of each
surface was tested



BGA Warpage and Temperature Uniformity — Discussion

Surface CTE

35.0
30.0
Q.. orosroszertti I e
~250 M F————— L @l st ;@
g g@ """ ;&
S ann | L eedesssses 223300 @]
£ 20.0 .'8
- T UL A
...... .
— 15.0 6::::::::::::::::::::::::::::’:::::::::mu'.,., ......... . " RELEEEEEE e C T I &
= P 2
© 100
5.0
0.0
100 120 140 160 180 200 220 240
Delta T (C) [Relative to 23°C]
® 27mm_Mold ® 27mm_Substrate ® 35mm_Mold
® 35mm_Substrate sesaanaas Linear (27mm_Mold) «sseeeees Linear (27mm_Substrate)
- Linear (35mm_Mold) seseeeens Linear (35mm_Substrate)

m CTE of sample tops and bottom match — Tested with Digital Image Correlation (DIC)

m Source of warpage variation in response to heating uniformity is unknown
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BGA TiIt and Solder Ball Collapse - Background

m Concerns for surface mount component parallelism with PCB surface due to:
* Pick and place mounting
» Hotleading edge
» Uneven paste wetting due to PCB copper balancing

m Concerns raised in paper by Anselm, M.

m Possible explanation for surface mount defects on samples with acceptable
warpage behavior

m Focus of this study is a technique proof of
concept for in-situ measurement of
component parallelism during reflow

m Real world component to PCB attach not
included in study

* Image and concepts: Anselm, M., Proceedings of SMTA International, Sep 28 - Oct 2, 2014, Rosement, IL.
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BGA TiIt and Solder Ball Collapse — Test Setup

m 35mm BGA from previous study, live bug with balls
» 2 profiles, 2 samples each
» All samples were “fresh”, having not seen a reflow cycle

m “Substrate surface” - 2mm thick Quartz glass with a coat of black paint on top
» Relatively flat
» Poor thermal conduction (<AT)

m IR reflective aluminum foil is used to block
IR energy from left side of sample

m =20°C left to right temperature differential
created to cause solder ball collapse on
package right side

m No solder paste used in study
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BGA Tilt and Solder Ball Collapse — Test Setup

m Digital Fringe Projection (DFP) typically used for discontinuous surface
measurement is viable solution

m Shadow moiré (SM) used in study, leveraging “phase bridging” software
m Molded surface of BGA is used for analysis

m Data is found relative to the reference plane of the glass substrate

DFP
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BGA Tilt and Solder Ball Collapse — Results

Topside BGA Reflow Molded BGA Top with Warpage and Tilt
300
5 20
2 200 25°C microns
2 2542.9
E l 2523.2
g 1% Siea s
£ 2464.2
@ 2444 .5
= 100 2424.8
2405.1
2385.4
50 . 3346.1
_ C 2326.4
[ E 2306.7
0 4 ———————— e - 2287.0
0 500 1000 1500 .
Time (s) 250°C

—— Left Side —— Right Side Center
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BGA TiIt and Solder Ball Collapse — Results

m Cannot draw conclusion on tilt between sample and substrate based on
warpage values

m Warpage can be removed by applying
a first order surface fit to the BGA molded
surface data 400

» Recall, BGA surface is relative 300
fo the glass substrate

200

100

3S Warpage (microns)

o

-100

-200
25 183 200 220 240 240 220 200 182 25
Temperature (°C)

1-1 1-2 2-1 2-2




2-1-T:25°C

Horzoeesl Centerine Min = 2309.8 microns
Horzonty Centerine Max = 2315.2 microns

2-1-T:200°C

e e e mare
Honzones Centerine Min = 23552 microns
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2-1-T:220°C
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BGA Tilt and Solder Ball Collapse — Results

Molded BGA Surface with 18t Order Fit, Horizontal Centerline Plots over Reflow Temperatures
—— Horizontal Centerline
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Molded BGA Surface with 1t Order Fit, Horizontal Centerline Tilt Angles

* Set-point temperatures are

Horizontal Tilt Angles over Temperature at the top left of the BGA,
0.25 which is 20-30°C colder
than the bottom right solder
. balls
— 0.15
P
2 01
<
= 0.05
0
25 183 190 200 210 220 230 240 250 240 230 220 210 200 190 182 A5
-0.05

Temperature SetPoint (°C)
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BGA TiIt and Solder Ball Collapse — Discussion

m Noticeable tilting of the BGA towards the “hot” side can be seen around the time
when the right side solder balls were at liquidus

m Tilting likely lessened when left side balls also went through liquidus

m Tilt of surface relative to glass substrate at original and final room temperature
measurement was essentially 0°

m The same concepts could be applied to a BGA on a PCB with solder paste
= Actual sample reflow can be created in the metrology tool

m DFP and SM are both viable measurement approaches
= DFPis less accurate over larger areas
=  SM requires specific software processing for discontinuous surface
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m Temperature differential between the top and bottom of a BGA effects warpage
= Effects on warpage will change between sample types

» Temperature differential should be understood and controlled within
production reflow oven and within warpage metrology tool

Summary

m DFP and shadow moiré techniques can be used to measure the relative tilt
between component and substrate during reflow
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Thank youl!

Questions & Answers
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