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The development of the microstructure of mechanical-deformation-induced Sn
whiskers on electroplated films has been examined using a focused ion beam
system (FIB). The 6-um-thick matte Sn films were compressed by using a ZrO,
ball indenter under ambient conditions. After compression, tin whiskers and
small nodules were found adjacent to, and several grains further away from,
the indents. The cross-sectional microstructures of the indents and whiskers
indicate that the lateral boundaries of the newly created grains caused by
recrystallization are the main routes for stress relaxation.
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Letter

Whiskers are single-crystal filament-type grains.
Sn whiskers have frequently been found in elec-
tronic products. Long whiskers could cause short
circuits, and they are important for the reliability of
electronic products. Compressive stress is the major
driving force for the growth of tin whiskers. The
sources of compressive forces are interfacial reac-
tions, thermal cycling, oxidation, and electromigra-
tion, and have been examined quite intensively.™®

In flexible electronic and optoelectronic packag-
ing, leads of flexible flat cable/flexible print circuit
(FFC/FPC) connectors and electroplated thin films
are joined together by mechanical locking.’
Mechanical compressive forces in the flexible pack-
aging joints may result in whisker formation. These
forces are introduced during whisker-formation
acceleration tests,*® but few studies of the mecha-
nisms of whisker formation induced by mechanical
deformation can be found in the literature.’®

The study examined mechanical-deformation-in-
duced whiskers by using a focused ion beam (FIB)
system (FB-2100, HITACHI, Tokyo, Japan). The
specimens were two kinds of 6-um-thick Sn films
electroplated with 10 and 20 A/cm? current densi-
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ties, respectively. Under ambient conditions, the
films were fixed on a stage and compressed by a 900-
pm-diameter ZrOs ball with 300 g-force.® After
compression, the indenter was removed carefully
and the films were examined immediately.

Figure 1a is the top view of the 10 A/cm®-elec-
troplated Sn film compressed for 240 h. Neither
whiskers nor nodules are observed in the deformed
region that was in close contact with the ZrO5 ball.
As shown in Fig. 1a and b, whiskers and nodules
are formed on the undeformed region encircling the
indent. Longer curved whiskers can be found at the
region closer to the indentation site while those
formed several grains away from the indent are
shorter. The electronic industry would especially
like to prevent the formation of the longer curved
whiskers due to their higher possibility of causing
short circuits.

Figure 1c and d shows the FIB cross-sectional
micrograph and the schematic diagram of the
whisker shown in Fig. 1a and b, respectively. No
grain boundaries are found along the Sn whisker,
indicating that it is a single crystal. The varying
brightness along the whisker is an artifact of the
FIB system. It can also be observed that the Sn
whisker grain is not in direct contact with the sub-
strate, which is different from most of the other Sn
grains. Striations are observed on the surface of the
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Fig. 1. Specimen of the 6-um-thick 10 Alcm?-electroplated Sn film compressed by a ZrO, ball for 240 h: (a) the top-view morphologies, (b) a
close-up of the whisker and nodules region, (c) FIB cross-section of the Sn whisker shown in (b), and (d) schematic diagram of the selected

region shown in (c).

Indentation

i ! Indentation

Fig. 2. Specimen of the 6-um-thick 20 A/cm?-electroplated Sn film compressed by a ZrO, ball for 20 h: (a) FIB cross-section at the deformed/
undeformed boundary, (b) schematic diagram of the selected region shown in (a), (c) FIB cross-section of a small nodule, and (d) schematic

diagram of the selected region shown in (c).

long whisker, as shown in Fig. 1b. These are similar
to the growth facets found in the single-crystal
growth of silicon, which is a result of preferred ori-
entation growth,® and is an indication that the
whisker is indeed a single crystal.

Figure 2a shows the FIB cross-section of the
20 A/cm?-electroplated Sn film compressed for 20 h.
As illustrated in Fig. 2b, the right-hand side of

Fig. 2a is the deformed region while the left-hand
side is undeformed. The plated columnar structures
are retained in the undeformed region. However, in
the deformed region, the original plated columnar
structures of Sn were destroyed and the grain
structures observed in Fig. 2a result from defor-
mation and recrystallization. The grains in the de-
formed region are flatter and have more horizontal
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Fig. 3. Schematic diagram for the microstructure development in the mechanically deformed region.

grain boundaries along the direction of the de-
formed surface. These grain boundaries provide
good diffusion channels for atoms and cause the
whisker growth shown in Figs. 1c and 2a.

As can be seen in Fig. 1a, some nodules are
formed several grains away from the nodules and
whisker crammed region. Figure 2c is the FIB cross-
section micrograph of the Sn film compressed for
20 h along the small nodule as illustrated in Fig. 2d.
Compared with that in Fig. 2a, the microstructure
in Fig. 2¢ is more equiaxed and the whisker grown
at the deformed/undeformed fringe is not as signif-
icant. A well-known example of an equiaxed struc-
ture is the eutectic Sn-Pb electroplated film. Sn-Pb
electroplated films exhibit good resistance to whis-
ker formation through uniform swelling.? The dif-
fusion rate of Sn through the uncompressed film
with the more equiaxed structures shown in Fig. 2¢
is higher and the accumulation in the whisker at the
fringe is relatively smaller.

Under mechanical compression, large stresses are
exerted on localized regions. As shown in Fig. 3,
recrystallization in the mechanically deformed re-
gion creates many new grain boundaries. More of
the new born grain boundaries are along the hori-
zontal directions and provide faster diffusion routes
of atoms. Sn whiskers at the fringes are formed with
the Sn atoms diffuse through the grain boundaries
from the compressed regions. However, if the Sn in
the undeformed region is not with columnar but
with equiaxed structure, more diffusion routes in
the undeformed Sn would reduce the accumulation
of Sn atoms at the deformed—undeformed fringe and
the Sn whisker growth is less significant.

The experimental results clearly indicate that
compressive stress induce the formation of
whiskers, while their growth depends on the grain

microstructures and the grain-boundary distribu-
tion. Bending of films in leaded devices also gener-
ates compressive stress and thus could result in
whisker formation. However, in the case of leaded
devices, a tensile region would be created sponta-
neously together with the compressive region.
Moreover, the grain structures of the films would
affect the critical stresses for whisker formation as
well. Much work is still needed for a quantitative
translation of the compression test result in this
study to the degree of bending in leaded devices.

ACKNOWLEDGEMENTS

The authors wish to acknowledge financial sup-
port from the young researcher interchanging pro-
ject of the Interchange Association (Japan) and the
National Science Council (Taiwan), and equipment
funded by the JEITA project (Japan).

REFERENCES

1. G.T. Galyon, IEEE Trans. Electron. Packag. Manuf. 28, 94
(2005).

2. B.-Z. Lee and D.N. Lee, Acta Mater. 46, 3701 (1998).

3. W.J. Boettinger, C.E. Johnson, L.A. Bendersky, K.-W. Moon,
M.E. Williams, and G.R. Stafford, Acta Mater. 53, 5033
(2005).

4. W.J. Choi, G. Galyon, K.N. Tu, and T.Y. Lee, Handbook of
Lead-free Solder Technology for Microelectronic Assemblies,
ed. K.J. Puttlitz and K.A. Stalter (Marcel Dekker Inc., New
York, 2004), pp. 851-914.

5. Y. Yorikado, K.-S. Kim, K. Suganuma, M. Tsujimoto, and I.
Yanada, in preparation for publication (2007).

6. S.-K. Lin, J. Jiang, Y. Yorikado, K.-S. Kim, K. Suganuma,
S.-W. Chen, M. Tsujimoto, and I. Yanada, J. Mater. Res. 22,
1975 (2007).

7. C.A. Harper, Electronic Packaging and Interconnection
Handbook, 3rd ed. (New York: McGraw-Hill, 2000).

8. W.R. Runyan, Silicon Semiconductor Technology (New
York: McGraw-Hill, 1965).




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


