
;e3e_T_PPQDR:S<RT6TTTkt4 TIN PLATING METHOD Background of the Invention  In
general, the present invention relates to the field of tin and rim-allay
plating. In particular, the present invention relates to the reduction of
whisker formation in a tin or tin-alloy elm. 5 . Tin layers are typically
used in the electronics industry to provide good solderability of
components. For example) tin Layers may be deposited on a copper lead frame
to provide a solderable finish. Unfortunately, tin layers, particularly
electrodeposited tin layers, are subject to spontaneous whisker formation.
"Whiskers" arc hair-Iike single crystals that grow front the surface of the
tin layer. Tin whiskers may range in diameter from a few manometers to a
several 10 microns (6 manometers to 6 microns being common) and can reach
lengths of several millimeters. Such whiskers can create shorts and
introduce noise into electronic circuitry, thus creating a reliability
problem in electronic devices. Conventionally, the use of tin-lead alloys
has been provided as a solution to the tin whisker problem. Generally, it
is agreed that such alloys arc significantly Less prone to whisker 1 S
formation than tin itself. However, the current worldwide activities to ban
the use of lead bave caused the tin whisker problem to resurface as
lead-free tin deposits are increasingly used. It is believed that tin
whiskers form as a result of stresses in the tin or tin-alloy layer,
although hulk diffusion of tin is also believed to be involved. However,
the precise growth mechanism of tin whiskers is riot fully understood. A
number of stress-causing factors have been 20 postulated, including lattice
stresses due to the presence of impurity atoms in the tin layer residual
stresses due to tin plating conditions, stresses due to mechanical loading
or working of the tin layer, stresses due to interaction with adjacent
layers, such as intermetallic compound formation, differences in thermal
expansion and the like, among others. See, for example, Ewell et al., Tin
Whiskers and Passive Components: A Review of the Concerns, 1$`s Capacitor
and 25 Resistor Technology-, pp 222-228, March, 1998. Lindborg, in A Model
for the Spontaneous Growth of Line, Cadmium and Tin Whiskers, Metallurgica,
vol 24, pp 181.-1$6, 1976, postulates a two-stage model for whisker
formation. The first stage involves diffusion of vacancies away from the
place of whisker growth, leading to -1   a counter-flow of tin to the
whisker. This is followed by dislocation motion, possibly by grain boundary
sliding) as the second stage. 'thus, the whisker growth process cari be
understood as a combination of lattice rearrangements in the tin lattice
and h second step where a sub-unit of the tin is eat rearranging anymore
but breaks out of the bulk deposit representing thereby the 5 beginning of
whisker growth. Lce et al. observed that whiskers grow in characteristic
angles from the deposit, Lcc et al., Spontaneous Growth mechanise: of Tin
Whiskerr, Acta Mater.) vol. 46, no. 10, pp 3701-3714, l99$. Lee ct al. note
that the slip systems in tin are { 100} {001 ~ and { 100} {010} . By the
combination of these two features, Lee et al. were able to show that
whiskers start to grow from grains that have a different crystal growth
orientation than the major 10 orientation of the tin film. They explained
whisker growth by different elongations of such grains resulting in cracks
in the surface oxide layer, in such cases, the tin surface oxide film can
be sheared along the boundaries of the grains. Whiskers then grow from the
grain whose surface oxide is sheared, in order to release the compressive
stress in the tin film. iiowever, this contradicts the observation that tin
deposits grow whiskers even when they arc stored under 15 high-vacuum
conditions where the formation of an oxide layer is prevented. )both of the
abovcdescribed articles fail to provide a method for overcoming the problem
of tin whisker foiznation. 



An approach to reducing tin whisker formation has been to use relatively
thick tin layc;rs, for example, layers of about 10 microns thickness.
liawever) such thick layers are not always piactieal or they may be too
thick for certain applications, such as current microelectronic 20
applications. C1.S. Patent No. 5,750,017 (Zhang) discloses a method of
elcctrodepositing tin or tin alloy onto a metal substrate using pulse
plating conditions. Such plating method provides a tin layer typically
having a thickness of 3 to 6 microns wherein the grain sire of the tin is
from 2 to 8 microns. Although such grain size is postulated by Ghaag to
reduce tin whisker formation, such 25 tin deposits still suffer from tin
whisker growth. There is thus a need for methods of providing tin and tin
alloy IayerS, particularly thin layers, having reduced tin whisker
formation and with reduced deposit cracks. -2   Summar roof the Invention
tt has been surprisingly found that tin whisker formation can be gently
reduced by providing a tin or tin-alloy film or layer in which the tin or
tin-alloy layer is substantially free of crystal planes or equivalent
planes thereof forming an angle of S to 22 with an adjacent crystal plane
or an equivalent plane thereof. Such a condition increases the tendancy to
whisker fprmation. In one aspect, the present invention provides a method
of reducing tin whisker forrt~ation that involves electrodcpositing a layer
of tin or tin-alloy on a substrate, wherein the tin or tinalloy layer is
substantially free ofcrystai planes or equivalent planes thereof forming an
angle of 1 d S to 22 with an adjacent crystal plane ox an equivalent plane
thereof. In another aspect, the present invention provides a tin or
tin-allay layer having reduced whisker formation, wherein the tin or
tin-alloy layer is substantially free of crystal planes ar equivalent
planes thereof forming an angle of S' to 22 with art adjacent crystal plane
or an equivalent plane thereof. Preferably, such tin or tin-alloy layer is
electrpdeposited. 15 In a further aspect, the present invention provides an
electronic device comprising a tin or tin-alloy layer, wherein the tin or
tin-alloy layer is substantially free of crystal planes or equivalent
planes thereof forming an angle of S to 22 with an adjacent crystal plane
or an equivalent plane thereof. 20 Brief Description of the Drawings Fig. I
is a table showing the smallest possible angle between two individual
crystal planes; Fig. 2 is a correlation map of all possible crystal planes
in a tin layer; and 



Fig. 3 is a correlation map showing the observable crystal plane
orientations within ~ 2C7 2S angle of 24 to 100 from X-ray diffraction. -3
Detailed Description of the Invention As used throughout this
specification, the following abbreviations shall have the following
meanings, unless the context clearly indicates otherwise:  C = degrees
Centigrade; g gram;1J = liter; m>:. = milliliter; A ~ amperes; dm =
decimeter; and ltm = micron = micrometer. 5 Throughout this specification,
the symbols used for Miller indices have their conventional meanings, i.e.
"(hkl)" refers to the indices for a crystal plane; "{hkl}" refers to sets
of planes that are equivalent; "f hkl~" are the indices of direction in
crystals and lattices; and "<hkl3" refers to sets of direction which, by
symmetry, are equivalent. The terms "depositing" and "plating" are used
interchangeably throughout this specification. "Underplate" and 10
"undcrlayer" are used iraterchangcably throughout this specification. The
term "uz~derlayer," as used throughout this specification, refers to a
layer, preferably a metal layer, disposed between a ' substt~ate and a tin
or tin-alloy layer. All amounts arc percent by weight and all ratios are by
weight, unless otherwise noted. A11 numerical ranges axe inclusive and
combinable in any order, except where it is obvious that such numerical
ranges are constrained to add up to 100%. 1 S As discussed above, whisker
growth occurs as a stress release meclxanism. From cross sectional analysis
of electroplated deposits) it is known that the grains grow normal to the
substrate, forming a fiber texture. If the fibers have a diameter in the
range of the deposit thickness, a well polygonized structure is observed.
On the other hand, if the diameter is signi ftcantly smaller than the
deposit thickness, a colutnrtar structure is observed. It has been 2.0
postulated that such columnar structure of electroplates represents an
ideal situation for grain sliding, Accordingly, such grain boundaries are
decisive as to whether whiskers grow or not. Grain boundaries are divided
into small- and large-angle grain boundaries. These angles axe defined by
the crystal planes between two neighboring grains. If the tilt angle
between the orientations of two grains is below 15, the resulting grain
boundary is denoted to have tt small 25 angle. Above this value, the grain
boundary is denoted ko have a large-angle. Diffusion rates depend largely
on the grain boundary angle. Diffusion in small-angle grain boundaries
approaches the values o volume diffusion, whereas diffusion in large-angle
grain boundaries is orders of magnitudes fastex. Naturally occurring metals
are usually polycrystalline arid consist, therefore, in major part of
large-angle grain boundaries. The situation is very different with 30
materials that show fibre texture. In an idealized view such a material
consists only of 0 angle -4   grain boundaries. It can be assumed that this
stage corresponds most likely to a deposit where only one crystal growtli
orientation is observed. Two things are characteristic for such a deposit;
(1) the diffusion rate is very slow, and (2) the diffusion rate throughout
the deposit is appro~cimately the same. If, in contrast, the angles in a
deposit are large, a fast diffusion along 5 the grain boundaries occurs. It
is clear that in the first situation, the deposit is not able to release
stress from the bottom, whereas in the latter case the stress will be
continuously released 



immediately after such stress is farmed. Tn addiNan, the large-angle grain
boundary case corresponds to the first stage in the Lindborg model
discussed above, where a11 diffusion processes are based on
re-arrartgerncats within the tin lattice, so-called non-conservative 10
dislocation motions. Due to the lack of vacancies in a 0 angle grain
boundary deposit, this is not possible and such deposit will therefore be
more likely to try to release stress by conservative dislocation motion,
where no re-arrangements within the lattice take place. This eorncsponds to
the second stage of the Lindborg model, i,e.) grain boundary sliding.
bJawever, for whisker growth to occur, bath stages are needed. This
condition is fulftllcd in-between the 0 and the 15 large-angle situation,
for example, where the deposit consists mainly of small-angle grain
boundaries. Ta estimate whether two crystal planes form a small angle
between each other, the following formula can be used to calculate the
corresponding interplanar angles: (fight)+(kyk~) (l~Ix) . x +'. i Cos~ ^
.wr- a--_ ;:C t(~'1a ~':)~-~;l((~'-'1a ~`'a)+~il where ~h is the angle
between two planes, a a.nd c are the cell parameters of the tetc-agonal 20
[I-tin crystal lattice (a=bTS.$31 ~, c=3,1$2 A, ac=~i~y~90), and h~kth and
hzkzlz are the Millerindiccs defining the planes in the elementary cell. In
this calculation all possible geometrical transformations of a given
crystal plant should be considered. This is desired due to the existence of
equivalent crystal planes. Such equivalent planes have the same d-line
spacing resulting in the same 2~. Thus, far a given hkl-plane the
tetragonal system allows the following 2~ variations: (likl), (-hkl),
(h-kl), (khl), (-khl), (k-hl), (-h-kl), (-k-hI),. (hk-l), (-hk-l), (h-k-l),
(kh-1), (-!ch-1), (k-h-1), (-h-k-1), (-k-h-1). Only small-angle grain
boundaries are considered to be of intc;rest for whisker growth, The table
in Fig, i shows only the smallest possible angle between two individual
crystal planes. -5   rig. 2 is a correlation map of all possible crystal
planes in a tin deposit. The correlation map of Fig. 2 was prepared using
the data from Fig. 1. ~iowever, X-ray diffraction analysis is not able to
show all the crystal plane orientations shown in Fig. 2. 'therefore) the
corrciation snap must be reduced, for practical reasons, to the observable
crystal plane orientations within a 5 20-angle of 20 to 100", Such reduced
correlation map is shown in Fig. 3. Tin deposits with two or more adjacent
crystal planes in a crystal plane otlentalion coiTelation map have the
opportmity to form small-angle grain boundailes. An angle likely exists
where conservative and non-conservative diffusion processes find an optimum
to grow wliiskers. SLtrprisingly, it has been found that grain boundaries
having intcrplanar angles of 5 to 10 2z have the greatest tendency to form
whiskers. As used herein and in the chums, the 5 to 22 angle between
adjacent planes also i~ncaudes angles of 158 to 1'75 due to the tetragonal
symmetry' of the tin crystal. Tl~us, in order to most effectively reduce or
climinpte whisker formation, the incidence or iutensity of at least one of
the planes of the pair of planes forming an angle o 5 to 22 should be below
15%, preferably below 10%, and more preferably below 5% 15 of the total
intensities for a11 observed peaks within an X-ray diffraction spectrum,
(O-2U-scan, ZO~~O-100). For example, for (431) and (103) crystal planes,
the intensity of each of these is desir~biy less than 5% of the total
intensities for observed peaks. Far (321 ) crystal planes, the intensity of
each of these planes is desirably less than 10% of the summarised intensity
of, a11 observed peaks within the X-ray diffraction spectrum, 20
Accordingly) the present invention provides a method of reducing tin
whisker formation 



by depositing a layer of tin or kin-alloy on a substrate, wherein the tin
or tin-alloy layer is substantially free of crystal planes or equivalent
planes thereof forming an angle of S to 22 with an adjacent crystal plane
or an eduivalent plane thereof, as determi~ted by X-ray diffraction
analysis. By "substantially free" it is meant that the intensity of at
least one of the crystal planes 25 i~~ each pair forming an angle of 5 to
22 is less than or equal tv l5% of the total peak intensities of all
observed peaks frvm the X-ray diffraction analysis, preferably less than or
equal to 10%, arid more preferably Less than or equal to 5%. The following
exemplary combinations correspond to this situation in which two different
orientations form an angle between S and 22 and therefore will likely lead
to tin 30 whisker formation: (220)-(420), (220)-(431), (21 I)-(3I2), (2I
I)-(321), (211)-(A31), (211)-(411), -6   (211)-(332), (211)-(52I))
(211)-(301), (30I)-(411), (30t)-(312), (301)-(5z1), (32t)-(332),
(321)(521), (420)-(431)) (~20)-(5z1), 0111)-(3z1), (~I1)-(431),
(411)-(521), (312)-(332), (431)-(332), and (431)-(521). If any these
combizrariorts axe observed in a tin deposit, the intensity of at toast one
crystal plane of each pair should not exceed 15% of the sununarized peak
intensities of all 5 observed peaks, or else whisker formation may occur.
The same is also true far crystal planes ( L O 1 )-( I 12), ( I O I )(312),
( I 01 )-( 103), ( 112)-(312), and ( 112}-( 103). However, in these latter
crystal planes the not detectable (002) plane is assumed to have a
non-negligible abundance. Tin deposits that are substantially free of
adjacent crystal planes having an angle between them of 5 to 22 may be
achieved by selecting conditions and/or tin plating baths to favor a wide
10 range of crystal planes such that the intensities of crystal planes
having an angle between dtecxi of 5 to z2 are less than 1 S% of the total
peak intensities in the X-ray diffraction spectrum. Such plating conditions
include, far example, using direct current plating and pulsed plating,
including pulse periodic reverse electroplating. Preferred plating baths
include compounds that favor the corners of the crystal plane correlation
triangle, i.e., (200), (002), and (220). If at least two 1 S different
corners are combined, a significantly increased number of observed crystal
planes can be achieved, thereby reducing the relative intensity ratio of
the individual crystal plane pairs forming an angle of 5 to 22 to an
acceptable value. It is envisioned that such tin deposits may alternatively
be achieved using conditions andlor tin electroplating baths that strictly
favor one single growth oLientation and thereby limit 20 the abundance of,
or eliminate, closely related crystal orientations which may fo~zti in the
critical combinations necessary to prozuote whisker growth. 1'he present
invention is suitable for reducing whisker formation in pure tin deposits
as well as tin-allays. `"Tin-alloys" refer to any metal containing tin and
one ar more other alloying elements, and thus includes, fox example, binary
alloys, ternary alloys and the like. Suitable 25 alloying element_S
include, but are not iiznited to, bismuth, copper, silver, lead, antimony
and zinc, and preferably bismuth, copper and silver. A particularly
suitable tin alloy is tin-copper. Such tin-copper alloys may contain, for
example, from 0.5 to 10% copper, the balance being tin. Such tin-.copper
allays may optionally contain small amounts of other alloying elements. The
concentrations of the one or more alloying elements rnay vary aver a wide
range. The range of 30 such allaying elements is well within the ability of
oae skilled in the art. Th~ thickness of the tin 7   or tin-alloy layers
may vary across a wide range, depending upon the particular application.
For example, when a tin or tin-alloy layer is deposited on a lead frame, it
is typically from 1 to 10 microns thick. 



The tin or tirt-alloy layer may be deposited by a variety of means.
Preferably, the tin or S tin-alloy is deposited elcctrolytically. Such
electrolytic deposition may be, for example, by dircot current ("UC"~ or
pulse plating, including pulse periodic reverse plating. The chaise of the
deposition technique will depend, for example, upon the particular
substrate and the layer to be deposited. Typically, the tui or tin-alloy
plating bath is at a temperature of from about 20 to about 60 C, preferably
from about 35 to 45C. Typically, the current density for the tin or tin 10
alloy electroplating is from 1 to 50 ampsldm2, preferably from 5 to 30
Aldmi. SeIecHan of a suitable applied current density can beneficially
influence the crystallographic texture. Suitable electrolytic tin or
tiz~-alloy plating baths may be acidic or alkaline. Aft exemplary acidic
tin electroplating bath contains one or more solution soluble tln
compounds, one or mart acidic electrolytes, and optionally one or mare
additives. Suitable tin compounds 15 include, but are nvt limited to salts,
such as tin halides, tin sulfates, tin alkanc sulfonate such as tin methane
sulfonate, tin aiyl sulfonate such as tin phenyl sulfonate, tin plienoI
sulfonate and do toiueite sulfonatc, tin alkanol sulfonatc, and the like.
It is preferred that the tin compound is tin sulfate, tin chloride, tire
alkanc sulfonate or tin aryl sulfonate, and mare preferably tits sulfate or
tin methatae sulfonatc. The amount of tin compound in these electrolyte
compositions is 20 typically an amount that provides a tin content in the
range of 5 to 150 g/L) preferably 30 to 80 g/L, and more preferably 40 to
60g/1. Mixtures of tin compounds xnay optionally ba used in an amount as
described above, Any acidic electrolyte that is solution soluble, is
suitable for producing a stable tin electrolyte, and does not otherwise
adversely affect the electrolyte composition may be used. 25 Suitable
acidic electrnlytcs include, but are not limited to, alkane sulfonic acids,
such as methane sulfonic acid, ethane sulfonic acid and propane suIforic
acid, aryl sulfonic acids, such as phenyl sulfonie acid, phenol sulfonic
acid and toluene sulfonic acid, sulfuric acid, sulfamic acid, hydrochloac
acid, hydrobromic acid, t7uoroboric acid and mixtures thereof. Typically,
the amount of acidic electrolyte is in the range of from 10 to 400 g/L,
prcferabiy from 50 to 4Q0 gIL, 30 and more preferably from 1 SU to 300 g/h.
It is preferred that ve~hen the tin compound is a halide, -8   the acidic
electrolyte is the corresponding acid For example, when tin cbloride is
used in the present invention, it is preferred that the acidic electrolyte
is hydrochloric acid. Tn tilt-alloy plating baths, aae or more allaying
metal compound is ttscd in addition to tin. Suitable other metals include,
but are not limited to, lead, nickel, copper, bismuth, Mina, silver, 5
antimony, indium and the Iike. A particularly suitable tin-alloy is
tin-copper. The other metal compounds useful in the present invention are
any which provide the metal to the clectrolyta composition in a soluble
form. Thus, the metal compounds include, but are not limited to, salts,
such as metal halides, metal sulfates, metal alkane sulfonates, such as
metal methane sulfonate, metal aryl sulfanatcs, such as metal phenyl
sulfortate and metal toluene sulfonate, metal alkanol 10 sulfonates, and
the like. Tho choice of the other metal corrapound(s) and the amount of
such other metal campaurid(s) present in the electrolyte composition
depends) for example, upon the tin-alloy to be deposited, and is well known
to those skilled in the art. pptionally, one or more crystal plane
orientation enhancing compounds can be used that ,act in a way to "pul!"
the crystal plant orientations into a favorable range iu which angles of 5
to 15 22 between crystal planes arc minimized) Suitable compounds include,
for example, imides, imincs, such as carboxymethylated polyethyleneiminc,
amides, polyamides, amines, such as 3ethyl amine, polyamines)
polycarboxylates, polyols) thiols, such as dibutyl thiourea, allyl
thiourca, tctramethyl thiourea) thiourea, amino thiazole, rhodanine, and
sulfosalicylic acid) multi ring cotnpounds containing carbonyl and/or imidc
functionality, such as rosolic acid, isatin, and 20 carmine, and
sulfamides, such as saccharin, The use ol'such compounds can bette~'tcially
maintain the desired crystal structure aver a wide range of operating
conditions. 'the one or more crystal plane orient<~tion enhancing compound
is typically present in the plating solution in 



an amount of from 0.05 to 5 g/L. 1t will be appreciated by those skilled in
the art that one or mare other additives may be 25 used in the tits or tin
alloy electroplating baths, such as reducing agents, grain refiners such as
hydroxy aromatic compounds and other wetting agents, brightening agents,
antioxidants, and the like. Mixtures of additives may also be used in the
present invention. Such additives are useful, for example, in enhancing the
efficiency andlor quality of the plating Reducing agents may be added to
the tin and tin-alloy electrolyte compositions to assist 30 in keeping the
tin in a soluble, divatent state. Suitable reducing agents include, but are
not _g_   f imi ted to, hydroquinone and hydroxylatcd aromatic compounds,
such as resorcinol, catechol, a~td the like. Suitable reducing agents are
those disclosed, for example, in ~L1.S. Patent No. 4,871,429. The amount of
such reducing agent is typically from 0.1 g/h to 5 gIL.. Bright deposits
may be obtained by adding brightcners to the tin and tin-alloy electrolyte
5 compositions. Such brighteners are well known to those skilled in the
art. Suitable brighteners include, but are not limited to, aromatic
aldehydcs such as naphthaldehyde. bcnzaldehyde, allylbenzaldehyde)
methoxybenza)dehydc and chlorobcnzaldehyde, derivatives of aromatic
aldehydes, such as benzyl acetone and benzylidane acetone, aliphatic
aldehydes, such as acetaldehyde or glutaraldehyde, and acids such as
acrylic acid, mcthacrylic acid and picolinic 10 acid. Typically,
brightcners are used at an amount of 0. I to ~ g/L, and preferably 0.5 to 2
g/h. Suitable non-ionic surfactants or wooing agents include) but are not
limited to, relatively low molecular weight ethylene oxide ("EO"}
derivatives of aliphatic aicohols containing one or wore alkyl group of up
to 7 carbons or ethylene oxide derivatives of aromatic alcohals having up
to two aromatic rings, which may be fused and which may be substituted with
an alkyl group I ~ having up to 6 carbons. The aliphatic alcohols may be
saturated or unsaturated. The aromatic alcohols typically have up to 20
carbon atoms poor to derivatization with ethylene oxide. Such aliphatic and
aromatic alcohols may be further substituted, for example, with sulfate or
sulfonate groups. Suitable wetting agents include, but arc not limited to,
ethoxylatcd polystyrenated phenol containing 12 moles of EQ, ethoxylated
butanol containing 5 males of EO, ethoxylated 20 butanol containing 16
moles of EO, ethaxylated butanol containing 8 moles of EO, ethoxylated
octanol containing 12 moles of EO, ethoxylated octylphenol containing 12
moles of EO, cthoxylated/propoxylated butanol, etlaylenc oxidelpropylene
oxide block copolymers, ethoxylated beta-naphthol containing 8 or 13 moles
of EO, ethoxylated beta..naphlhol containing L O moles of.1J0, cthoxylated
bisphenol A containing 10 moles of EO, ethoxyiatcd bisph~~nol A 25
cont~tinirtg 13 maps o,f);O, sulfated ethoxylated bisphertol A containing
30 motes of EO) and ethoxylatcd bisphet~al A containing 8 moles of EO.
Typically, such non-ionic surfactants or wetting agents are added in an
amount of 0,1 to 50 g/L, and preferably 0.5 to 10 glX... It will be
appreciated by those skilled in the art that hydroxy aromatic compounds or
other welting agents may be added to these electrolyte compositions to
provide further grain 30 refinement. Such grain refiners may he added to
further improve deposit appearance and -10   operating current density
range, Suitable other wetting agents include, but are not limited to,
alkoxylates, such as the polyethoxylated amines r~FAMrNE T--403 or TRi'1ON
RW, sulfated alkyl ethoxylates, such as TRITON ~S-15, and gelatin or
gelatin derivatives. The amotuzts of such grain retinas useful are well
lrnown to those skilled in the art and typically from 0.01 to 20 



5 ml~,/G, preferably from 0.5 to 8 mZ.lL, and more preferably from 1 to 5
mIJL. optionally, an antioxidant compound can be employed in the
electrolyte composition to minimize or prevent stannous tin oxidation from
occurring, for example, from the divalent to tetravalent state. Suitable
antioxidant compounds include, for example, dihydroxyben xene and
mntivalcnt compounds based on the elements of groups IV B, V B, and VI H in
the Periodic 10 fable of the Llements, such ss those.of vanadium, niobium,
tantalum, titanium, zirconium and tungsten. Typically, such antioxidant
compounds are present in the electrolyte composition in an amount of from 0
to 2 g/1. The optional additives) if any, that are added to the electrolyte
compositions will depend upon the results and types of deposits desired. t
5 Whisker formation can be reduced or eluninated when a tin layer is
deposited on any substrate, provided that the tin layer is substantially
free of crystal planes or equivalent planes thereof forming an angle of 5
to 22 with an adjacent crystal plane or an equivalent plane thereof, as
determined from X-ray diffraction analysis. It is preferred that the tin or
tin-alloy layer is deposited on a conductive substrate. Particularly
suitable substrates include) but are not 20 limited to, copper, nickel,
nickel-alloys, cobalt, cobalt-alloys and the like. The tin layer of the
present invention can optionally be deposited on one or mare ttt~derlayer.
Suitable undeKlayer materials include, but are not lirnitcd to, nickel)
cobalt and alloys thereof. 13y "nickel-alloy" is meant any metal containing
nickel and one or more different alloying elements, and thus includes
binary alloys, ternary alloys and the like. By "cobalt-alloy" 25 is meant
any metal contauiing cobalt and one or more different alloying elements,
and thus includes binary allays, ternary alloys and the like. Suitable
alloying elements include, but are not limited to, tungsten, nickel,
cobalt, phosphorus) and the like. The amount of nickel in a nickel alloy
and cobalt in a cobalt-alloy varies over a wide range and is weh within the
ability of one skilled in the art. Particularly suitable underlayers
include nickel, cobalt, nickel-cobalt, nickel -11   phospharus and
nickel-tuagstcn. Particularly suitable nickel-phosphorus-alloys include
those having from 2 to 13 % phosphorus. The minimum thickness of the
underlayer is that thiclrness necessary to provide a. substantially
continuous mete! layer over the substrate surface, such that the tin or tin
siloy layer 5 does not i~timatcly contact the substrate surface. A typical
minimum thickness of the present underlaycr is 0.D5 micron. In general,
suitable ranges of thickness of the underlaycr are from 0.05 to 1 micron,
pre ferably from 0.05 to 0.95 micron, more preferably from 0.1 to 0.75
micron and still more preferably from 0.1 to 0.5 micron. The underlaycr may
be deposited by a variety of methods. Suitable methods include, but 10 are
not limited to, clectroless plating, electrolytic plating, immersion
plating or vapor deposition such as physical v~rpor deposition or chemical
vapor deposition. It is preferred that the underlayer is deposited by
elcctroless plating or electrolytic plating, with electrolytic plating
being preferred. Such electrolytic deposition may be, for example, by DC or
pulse plating. The choice of the deposition technique will depend upon the
particular substrate and the layer to be 15 deposited. Such choice is well
within the ability of one skilled in the art. A wide variety of
electrolytic nickel baths may be used, Such nickel baths are well known to
those skilled in the alt and typically contain one or more soluble sources
of niekei compounds, such as nickel halides, for example, nickel chloride,
nickel sulfate, nickel sulfasnate, nickel fluoborate and mixtures thereof.
Such nickel compounds are typically employed in 20 concentrations
sufficient to provide nickel in the electroplating solutions in
concentrations ranging from about 10 to 250 g/I,. 1t is preferred that the
nickel clectroglating bath contains nickel chloride and nickel sulfamatc.
It is furtherpreferred that the amount of nickel chloride in the bath is
from 8 to 15 gII, and the amount of nickel as nickel sulfamate is from 80
to 150 g/h. Suitable nickel plating baths typically contain one or more
acids, such as boric acid, 



25 phosphoric acid, phosphorus acid snd mixtures thereof. l xertplary boric
acid-containing nickel electroplating baths contain from 30 to 60 gIL of
boric acid, and preferably about 45 gIL. Typically, the pH of such baths is
from about 3.0 to about 5.0, and preferably is about 4.0. The operating
temperature of such nickel electroplating baths may range ram about 40 to
about 70 C, and is preferably from 50 to 65 C. The average cathode current
density typically ranges -12   from about 4.5 to 12 amperes per square
decimeter, with 3 to 6 amperes per square decimeter being preferred. 1n
nickchalloy plating baths, one ar more other alloying metal compound is
used with the nickel. Such alloying metal compounds are any which provide
the metal to the electrolyte composition in a soluble form. Thus, the metal
compounds include, but are not limited to, salt, such as metal halides,
metal sulfates, metal alkanc sulfonates such as metal methane sulfonate,
metal aryl sulfonates, such as metal phenyl sulfonate arid metal toluene
sulfonatc, metal alkanol sul fonates, and the like. The choice of the other
metal compound{s) and the amount of such other metal compounds) present in
the elcctralyte c4mposition wi!! depend, for example, upon 10 the tin-ahoy
to be deposited, and is well known to those skilled in the art. It will be
appreciated by those skilled in the art that one or more other additives
may be used in the nickel electroplating baths, such as Brain refiners,
vvctting agents, brightening agents and ti~o like. Mixtures of additives
may also be used in the present invention. Such additives are useful in
enhancing the efficiency andlor quality Qf the plating. 15 The present
invention also provides a metitod of depositing a tin or tin~ahoy layer on
a substa~te. The method involves steps of depositing a tin or tin-alloy
layer, wherein the tin or tin alloy layer is substantially free of crystal
planes or equivalent planes thereof forming an angle of 5 to 22 with an
adjacent crystal plane or an eaaivalent plane thereof, as determined from
X-ray diffraction analysis. 20 A wide variety of substrates may be used in
the present invention. Preferably, the substrate includes one or more metal
that forms as intermetallic compound W ttt tin. Suitable substrates
include, but arc not limited to, copper and alloys thereof, and brass, It
is preferred that the substrate includes a copper or copper-alloy layer.
Such copper alloys may contain small amounts of one or mare other alloying
elements, 25 Thus, the present invention further provides a substrate
including a tin or tin-alloy layer wherein the tin ox tin-alloy layer is
substantially flee of crystal planes or equivalent planes thereof forming
an angle of 5 to 2Z with an adjacent crystal plane or an equivalent plane
thereof, as determined from X-ray diFfraction analysis. -13   The present
invention 1s particularly suitable for depositing a tin or tin-alloy layer
on an electmnie device substrate. Suitable elac#ronie device substrates
include, but are not limited to, printed wiring board substrates, lead
frames, semiconductor packages, components, connectors, contacts, chip
capacitors, chip resistors and the like. Thus, the present invention still
further provides an electronic device including a tin or tin-alloy layer
wherein the tin or tin-alloy layer is substantially free of exystal planes
close together having an angle between them of 5 to 22) as determined ~dm
X-ray diffraction analysis, The present invention is particularly useful
for the manufacture of tin and tin-alloy plated lead frames. A pazticularly
suitable tin-alloy for use on such electronic devices is tin-copper,
however other tin alloys may also be suitably used. I O The present
invention allows for whisker formation in tin arid tin-alloys to be reduced
or oven eliminated. 



The following examples illustrate methods of reducing tin whisker formation
in accordance with the invention, but are not intended to limit the scope
of the invention in any gspect. 15 Exam le ' A plating bath is prepared by
combining 50 g/L tin as tin(II) methane sulfonate, l60 g/1, free methane
sulfonic acid, 25 g/I~ ethoxylated beta-naphthol containing 8 moles EO, and
5 g/I. cthoxylated bisphenol A. A copper substrate is elcch~oplated in the
bath at a temperature of 40"C 20 and a current density of 20 A/dm2 using
direct curn;nt plating. X-ray diffraction analysis is conducted on the
plated sample for a 20-angle of 20 to 100 using a Phillips X-ray
diffraction instrument. ~xam 1c 2 25 The procedure described in Example 1
is repeated) except using a plating bath prepared by combining 40 g/L tin
as tin(In methane sulfonate, 200 g/L free methane sulfonic acirl) 25 gfL
ethoxylated beta-naphthol containing 8 moles 1s0) and S g/L, ethoxylated
bisphenol A. - 14   Exam a 3 The procedure described in Example 1 is
repeated, exacpt using a plating bath prepared by combining 60 gIL tin as
tin(1I) methane sulfonate, 240 g/L free methane sulfonic acid, 25 gIL
ethoxylated beta-naphthol containing 13 moles I:O, and 5 gIL et~oxylatcd
bisphenol A. 5 Example 4 The procedure described in L?xample 1 is repeated,
except using a plating bath prepared by combining 50 g/L tin as tin(!n
methane sulfonatc, 260 g/L free ethane sulfonia acid, 25 g/L ethoxylated
beta-naphthol containing 13 moles EO, and S gIlJ ethoxylatcd bisphcnol A.
10 Example 5 The procedure described in Example 1 is repeated, except using
a plating bath prepared by combini~tg 50 g/L tin as tin(Il) phenyl
sulfonate, 250 gli, free methane sulfonic acid, 2i g/L etlioxylated
beta-naphthol containing 8 moles E0, and 5 g/.L ethoxylated bisphenol A. IS
' Example 6 The procedure described in >Jxampie 1 is repeated, except using
a plating bath prepared by combining 50 gIL tin as tin(II) phenyl
sulfonate, 250 glL free methane sulfonie acid, 2S glr, ethoxylated
beta-naphthol containing 8 motes EO, and 5 gIL cthoxylated bisphenol A. 20
Ex~ar ale 7 The procedure described in Example 1 is repeated, except using
a tin plating bath prepared by combining 50 g/L, tin as tin(11) methane
sulfonate) 160 g/L free methane sulfanic acid, 25 g/I, ethoxylated
beta-naphthot containing 13 moles EO, 5 g/L ethoxylated bisplinol A, 



25 and S gIL of a carboxymethylatcd polyethyleneiminc. -15   Example A The
procedure described in Example 1 is repeated, except using a tin plating
bath prepared by combining 45 g/L tin as tui(11) methane sulfonate, 280 gIL
free methane splfonic acid, 25 gJI. ethoxylated beta-naphthol containing 8
moles LsO, 5 g/L cthoxylated bisphenol A; S g~L of a carboxymethylatcd
polyethyleneimiiie; and 5 g1L thiourea, xa le The procedure described in
Example 1 is repeated, except using a tin plating bath prepared by
combining 50 g!L tin as tin(II) methane sulfonate, 160 g/L free methane
sulfonic 10 acid, 25 gIL etlioxylated beta-naphthol containing 8 moles EO)
5 gIL etlioxylated bisphenol A, 5 g/L of a carboxymethylated
polycthyleneimine, and 1 g/L dihydroxybanxenc antioxidant. Example 10 'lhe
procedure described in l;xample 1 is repeated, except using a tin plating
bath 15 prepared by combining 55 g/L tin as tin(11~ methane sulfonate, 2p0
gIL free methane sulfonic acid, 25 gIh ethaxylated beta-naphthol containing
8 males EO, 5 gIL elhoxylated bisphcnol A, 5 g/L of a carboxymcthylated
polyetliyleneimine, and 1 g/L vanadium pentoxide. lxamnle 11 20 The
procedure described in Example 1 is repeated, except using a tin plating
bath prepared by combining 45 g/L tin as tin(II) methane sulfonate, 5 g/1
bismuth (Ill) as bismuth methane sulfanate, 160 g/L free methane sulfonic
acid, 25 g/L cthoxylaled beta-naphthol containing $ moles EO, 5 gIL
ethoxylated bisphenol A, 5 gIL of a carboxymethylatcd poiyethylcneimine,
and 1 gIL vanadium sulfate. 25 Example 12 The procedure described in
Example 1 is repeated, except using a tin plating bath prepared by
combining 45 g/L tin as tin(lI) methane sulfonate, 1 glL Cu as copper (lI)
methane -16   sulfanatc, 1G0 b/L free methane sulfonic acid, 30 g/r,
polyalkoxylated butanol, and 3 glL, of tctramethyl thiourea. Example 13 The
procedure described in Example 1 is repeated, except using a tin plating
bath prepared by combining 45 gIL tin as tin(II) methane sulfonate; I 60
g/L fee methane sulfonic acid 30 g/L polyalkoxytated butanol, and 0.0S g/L
of rhodanine. f;xan~le 14 



10 The procedure described in Example I is repeated, except using a tin
plating bath prepared by combining 45 g/Lr tin as tin(II) methane
sulfonate; 160 gIL free methane sulfonic acid, 30 gIL polyalkoxylated
butanol, and 3 gIL of sulfosalicylic acid. ~camples t 5-28 15 The same
procedures described above in Examples 1-14 are repeated, except a d.25
micron nickel underlayer is deposited on the copper substrate prior to tin
plating. The plating bath contains 120 g/L of nickel sulfomate, 11 g/L of
nickel chloride, and 45 gIL boric acid and has a pIi a1`4.0. The bath
temperature is 60 C and the average cathode current density is 3 Aldmz. 20
Examples 29-SG The procedures described in Examples 1-28 arc repeated,
except two substrates for each are electroplated at a temperature of 40C
and a current density of 20 A/dmZ using pulsed current plating, with an on
time of IO ms and an off time of 40 ms (20/a duty cycle) for one substrate
25 and an on time a 5 ms and an off time of 5 ms (50% duty cycle) for the
other substrate. It is expected that the X-ray diffraction data would show
that khe tin layer in examples I-56 is substantially free of crystal planes
close together having an angle between them of 5 to 22) it is further
e~cpccted that the results from the SEM analysis would show that the
samples 30 are substantially whisker ~fxee. -17   Lxamples S7-71 Samples of
etched lead frames made from a copper-rich allay are electroplated with tin
to a thickness of 10 pnx using the procedures described in Examples 1-14.
Na barrier layers or 5 undercoats are used, The lead frames are analyzed
for the presence of whiskers by scanning electron microscopy (5EM) after
plating. The remaining plated lead frames from each set of samples are
stored under controlled conditions in a test chamber at 52 C and 98%
relative humidity. One sample from each Examplo is removed from the test
chamber at one month intervals and 10 analyzed by SEM for the presence of
wbisksrs. It is expected that the results from the SEM analyses would show
that the tin layers are substantially whisker &ee. -18   



What is claimed is: i 1. A method of reducing tin whisker formation
comprising electrodepositing a layer of tin or tics-alloy on a substrate,
wherein the tin or tin-alloy layer is substantially free of crystal planes
or equivalent planes tliereof fonnit~g an angle of 5 to 22 with an adjacent
crystal piano or 5 an equivalent plane thereof. 2. The method of claim l,
wherein kho intensity of each crystal plane and equivalent planes thereof
forming an angle of S to 22 with an adjacent crystal plane or an equivalent
plane theroof is less than or equal to 10% of the summarised peak
intensities of all observed peaks in 10 an X-ray diffraction spectnim. 3.
The method of claim 2, wherein the intensity is less than or equal to 5% of
the summarized peak intensities of all observed peaks in an X-ray
diffraction spectrum. 15 . 4. A tin or tin-alloy layer having reduced
whisker formation, wherein the tin or tin alloy layer is substantially free
of crystal plants or equivalent planes thereof forming an angle of 5 to 22
with an adjacent crystal plane or an equivalent plane thereof. 5. The tin
or tin-alloy layer according to claim 4, wherein the intensity of cacli 20
crystal plane and equivalent planes thereof forming an angle of 5 to 22
with an adjacent crystal plane or an equivalent plane therEOf is less than
or equal to 10% of the summarized peak intensities of a11 observed peaks in
an X-ray diffraction spcctru~n. 6. The tin or tin-allay layer according to
claim 5, wherein the intensity is less than or 25 equal to 5`% of the
summarized peak intensities of all observed peaks in an X-ray diffraction
spectrum. -19   7. An electronic device coitnprising a tin or tin-alloy
layer, wherein the tin or tin alloy layer is substantially free of crystal
planes or equivalent planes thereof forming an angle of 5 to 22 with an
adjacent crystal plane or an equivalent plane thereof. 5 8. The electronic
device of claim 7) wherein the intensity of each crystal plane and
equivalent planes thereof fomting an angle of 5 to 22 with an adjacent
crystal plane or an equivalent plane thereof is less than or equal to 10%
of the summarized peak intensities of a11 observed peaks in an X-ray
diffraction spectrum, 10 9, The electronic device of claim 8, wherein the
intensity is less than or equal to 5% 



of the summarized peak intensities of a11 observed peaks in an ~-racy
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