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Observed Correlation of Sn Oxide Film to Sn Whisker Growth
in Sn-Cu Electrodeposit for Pb-Free Solders
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Localized cracking of surface oxide has been proposed as a necessary step in the
nucleation of Sn whiskers in Sn electrodeposited films. To evaluate the effects
of the oxide film on Sn whisker growth, a bright Sn-Cu electrodeposited film
was inserted into an ultrahigh vacuum Auger system, cleaned using an Ar™ ion
beam to remove the oxide film, and aged in the 2 X 1072 Pa Auger system
chamber. Whiskers and other features present during Ar" ion cleaning left vis-
ible “shadows” on the surface. During aging in the ultrahigh vacuum system,
new whiskers, identified by the absence of the telltale shadows, nucleated and
grew. Based on these observations, the presence or absence of an oxide film has

a minimal effect on Sn whisker nucleation and growth.
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INTRODUCTION

In general, Sn electrodeposits for surface finishes
form whiskers spontaneously at room temperature
in order to release the compressive film stress
employed intrinsically or extrinsically. Thus, Sn-Pb
alloys have been used extensively in part because Pb
was found to be effective in retarding Sn whisker
growth in electrodeposits. As Pb-free solder alloys
replace the widely used Sn-Pb eutectic, electronic
manufacturers are seeking a reliable Pb-free surface
finish technology that can be guaranteed to produce
no Sn whiskers. There is ample evidence that Pb
should be avoided in surface finishes used with
Pb-free alloys, particularly for high reliability appli-
cations, due to the possible formation of a low
melting eutectic that could lead to fillet lifting and
degradation during thermomechanical fatigue.!?

As shown in Table I, Sn is a strong oxide
former. Several authors*® have postulated that the
Sn oxide film plays a dominant role in inhibiting
homogeneous stress relaxation. Fracture of the
oxide film is then necessary for the localization of
stress relief, whisker nucleation, and subsequent
whisker growth. However, Moon et al.” showed that
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whiskers were observed only on bright Sn-Cu elec-
trodeposits not on pure bright Sn electrodeposits if
high-purity water (18 M Q-cm) was used to prepare
the commercial methanesulfonate electrolyte on py-
rophosphate Cu substrates. Since Sn and Sn-Cu
electrodeposits have the Sn oxide surface film, this
result leads us to question whether the Sn oxide film
plays the dominant role in inhibiting homogeneous
stress relaxation.

The experiments presented here are aimed at
evaluating the role of the oxide film in whisker for-
mation by examining Sn whisker nucleation and
growth before and after oxide film removal by an
Ar" ion beam in an ultrahigh vacuum Auger system.
In this research, a bright Sn-Cu electrodeposited
film was cleaned using an Ar* ion beam to remove
the oxide film, and aged in the 2 X 1072 Pa Auger
system chamber. Bright Sn-Cu films formed with
the electrolyte and substrate system used in these
experiments readily form whiskers during room tem-
perature storage. Our results indicate that the oxide
film plays little or no role in whisker nucleation and
growth.

EXPERIMENTAL PROCEDURE

A Sn-1.5% Cu mass fraction electrodeposited film,
15.1-um thick, was prepared from a commercial
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Table I. Some Examples of Gibbs Energy of
Formation of Metal Oxide at 298 K in kdJ/mol®
(Note That the Gibbs Energy of Sn Oxide
Formation is Based on the Liquid Phase)
Reaction Gibbs Energy
QAI(S) + 3/202 (—) A1203 _1,582.1
Sn(l) + Oy — SnO, -519.6
2Bi(s) + 3/20, — Biy03 —493.2
Zn(s) + 1/205 — ZnO —-320.5
2Cu(s) + 1/205 — Cu,O —147.7

bright methanesulfonate electrolyte on a pyrophos-
phate Cu substrate. For details of the electrodeposi-
tion, refer to Reference 7. Fifteen minutes after
plating, the electroplated sample was placed in an
ultrahigh vacuum chamber for 20 h to degas the
sample. The sample was then encapsulated in a
230-mm-long quartz tube at 2.7 X 1077 Pa and
stored at room temperature for 6 days while awaiting
insertion into the Auger chamber.

After removal from the quartz tube and insertion
into the Auger chamber, free oxygen and carbon
were removed from the sample surface using an Ar™*
ion beam with energy of 3.0 keV. The sample surface
was sputtered for 2 min, analyzed, cleaned an addi-
tional 5 min, and reanalyzed. With this ion beam
energy, the measured sputtering rate of SiO, was
15 nm/min. Auger analysis was performed to quan-
tify the oxygen level of the surface, using the follow-
ing conditions (beam energy of 25 keV and 0.95 X
1079 A, a tilt angle of 30°, and an analysis area of
100 um?).

After Auger analysis, the sample was aged in the
Auger chamber for 9 days. Following aging, the
sample was transferred promptly to a scanning elec-
tron microscope (SEM) in order to examine whisker
nucleation and growth on the film surface. The sam-
ple was exposed to the ambient atmosphere for less
than a half hour in the transfer from the Auger sys-
tem to the SEM. The SEM operating conditions
were 5.0 keV and 30 pA at 1 X 108 Pa.

RESULTS

The Auger analysis in Fig. 1 shows that 7 min of
Ar" ion beam sputtering removed all the free oxy-
gen and the oxide film from the sample surface.
When the sample was analyzed by an SEM after 9
days of storage in the Auger chamber, the cleaned
area and unclean area by the Ar™ ion beam could be
discriminated. Figure 2 shows a typical example of
the cleaned and unclean area. A quartz chip, pre-
sumably from the breaking process of the encapsu-
lation tube, blocked the ion beam and created the
shadow. Consequently, the area in the shadow still
has a surface oxide film. Thus, any object present on
the sample surface prior to the Ar* ion beam sput-
tering will block the Ar* ion beam, resulting in a
shadow of the object on the surface, as seen in Fig. 2.
However, if the object was created on the sample
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Fig. 1. Auger spectra of 100-um? analyzed area from as-deposit
sample after 7 min of Ar* ion sputtering.
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Fig. 2. (a) Shadow (unclean oxide film) formed because a SiO,
particle blocked Ar-ion bombardment for surface cleaning prior to
Auger analysis. (b) Zoomed area of the box in (a) details the surface
structure.
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surface after sputtering, there will not be any
residual surface oxide film as a shadow.

For the sample examined, whiskers with and
without shadows are observed. Figure 3 shows an
example where both type whiskers are present
simultaneously. In the higher magnification micro-
graphs (a) and (b), three whiskers have shadows
(arrow marks), which indicates that they were
present prior to sputtering with the Sn oxide film.
The left side whisker of (a) does not have a shadow,
which indicates that it formed after sputtering.

After the Auger analysis, the sample had been
stored at 2 X 10~ ° Pa for 9 days, and it was exposed
to the atmosphere less than 30 min just prior to the
SEM analysis. Thus, we do not expect that the oxide
film formed due to the 30-min atmosphere exposure
caused the growth of the observed Sn whiskers
without shadows. The results, illustrated in Fig. 3,
suggest that whiskers can grow regardless of the
presence or absence of a Sn surface oxide film. An
alternative explanation must be found for the local-
ization of stress relief and whisker nucleation and
growth.

REFERENCES

1. K.W. Moon, W.J. Boettinger, U.R. Kattner, C.A. Handwerker,
and D.J. Lee, J. Electron. Mater. 30, 45 (2001).

2. U.R. Kattner and C.A. Handwerker, Z. Metallkd. 92, 740
(2001).

3. C.B. Alcock, CRC Handbook of Chemistry and Physics,
76th ed. (1995), pp. 5-72-5-75

4. K.N. Tu, Phys. Rev. B 49, 2030 (1994).

5. B.Z. Lee and D.N. Lee, Acta Metall. 46, 3701 (1988).

6. KIN. Tu and K. Zeng, 2002 IEEE Electronic Compo-
nents and Technology Conf. (Piscataway, NJ: IEEE, 2002)
pp. 1194-1199.

7. K.-W. Moon, M.E. Williams, C.E. Johnson, G.R. Stafford,
C.A. Handwerker, and W.J. Boettinger; Proc. 4th Pacific

- Rim Conf. on Advanced Materials and Processing, ed.

Fig. 3. Whiskers with and without shadows. The whisker without S. Hanada, Z. Zhong, S.W. Nam, and R.N. Wright,

shadow implies that it was formed after the surface oxide film was The Japanese Institute of Metals, Sendai, Japan, 2001,

removed by Ar* ion beam sputtering. pp. 1115-1118.



sberg
Au: Ref. 3: Please provide the publisher and location.



Summary of Comments on JEM-1400-L1

Page: 1

Sequence number: 1
Author: sberg
Date: 7/29/2005 11:01:32 AM
Type: Note
Au: Did you wish to include a Conclusions section in your article?

Page: 3

Sequence number: 1
Author: sberg
Date: 7/29/2005 11:02:02 AM
Type: Note
Au: Ref. 3: Please provide the publisher and location.



Online Proofing Guidance Page

FIRST STEP:

Install Adobe Acrobat Reader if you do not already have this or another Acrobat product installed on your
computer. You can do this free of charge by connecting to the Adobe site and following the instructions at:

http://www.adobe.com/products/acrobat/readermain.html

SECOND STEP:

Please download and print your PDF file — we recommend that you save this file to disk, rather than
opening it from within your Browser.

From a PC:

1. Right-click on the file/article link.

2. Select ‘‘Save Target as’’

3. Select a desired location on your computer to save the file to, and click on ‘“Save’’

4. Open your PDf file directly with Acrobat Reader or another Acrobat product.

5. Print this file as you normally would with any typical application. Example: Go up to your
toolbar, select ““File’’, select “‘Print’’.

From a MAC:

1. Hold the mouse button down over the link.

a. In Internet Explorer, select ‘‘Download Link to Disk’” from the resulting pop-up menu

b. In Netscape, select “‘Save this Link as’” from the resulting pop-up menu

2. Select a desired location on your computer and click on ““Save’’

3. Open your PDF file directly with Acrobat Reader or another Acrobat product.

4. Print this file as you normally would with any typical application. Example: Go up to your menu
bar, select “‘File’’, select “‘Print’’.

THIRD STEP:

Please go through the file you have just printed and thoroughly and clearly mark any revisions you would
like to see implemented in your paper. If you have had any changes in phone/fax or e-mail addresses since
your paper was submitted, please send us this new information.

PLEASE NOTE: Your corrections (modifications, deletions, additions, etc.) MUST be marked on the proof itself
(either the hard copy proof, or the printed-out .PDF file) for return to the printer. We will no longer accept corrections
indicated in a letter, summarized on a separate page, or inserted within the .pdf file itself.

FOURTH STEP:

You may choose one of the following methods to return your revised paper:

1. Regular mail, or via a courier service (please be advised that choosing to return your proof via regular mail from
outside the United States can cause lengthy delays in the proof arriving here at the printing facility).

2. Fax

3. Scan the revised pages and attach to an E-mail.



Your revised paper needs to be faxed or mailed to:
IPC Print Services

Attn: Shannon Howell

501 Colonial Drive

St. Joseph, MI 49085

Fax number: 1-269-983-4064

If you have questions regarding your paper in general, you may email or telephone:

IPC Print Services

Attn: Shannon Howell

Email: showell@ipcprintservices.com
Phone: 1-269-983-7412, ext. 519





