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SEMICONDUCTOR DEVICE AND METHOD OF 
FORMATION 

RELATED APPLICATIONS 

[0001] The present Application is related to US. patent 
application Ser. No. 09/411,266 ?led Oct. 4, 1999, and 
entitled “Method of Forming Copper Interconnection Uti 
liZing Aluminum Capping Film,” Which is assigned to the 
assignee hereof and is herein incorporated by reference. 

FIELD OF THE INVENTION 

[0002] This invention relates in general to semiconductor 
devices and their method of formation, and more particu 
larly to semiconductor devices and methods for forming 
semiconductor devices having Controlled Collapse Chip 
Connection (C4) bumps. 

BACKGROUND OF THE INVENTION 

[0003] Controlled Collapse Chip Connection (C4) inter 
connect (?ip-chip bump) technology is an alternative to 
manual Wire bonding, Which involves forming solder bumps 
and under-bump metallurgy (UBM) structures on a semi 
conductor chip’s bond pads. The solder bumps are used in 
place of the Wires to electrically connect the chip’s circuitry 
to external sources, for example to substrates used for chip 
packaging. The UBM provides important functions With 
respect to the C4 structure, among them include providing 
adhesion and barrier protection betWeen the C4 solder bump 
and the semiconductor chip. 

[0004] Conventional high-lead C4 solder bumps (solder 
bumps containing 97% lead and 3% tin) use an UBM 
integration that consists of sequentially forming a chro 
mium, chromium-copper, copper, and gold layers over the 
bond pad and then forming the C4 solder bump on the gold 
layer. Subsequent heat processes are then used to re?oW and 
form the C4 bump structure, Wherein the gold layer provides 
oxidation protection of the underlying copper layer; the 
copper layer functions as the primary Wetting surface for the 
C4 bump; the chromium-copper layer promotes inter-metal 
adhesion by functioning as a nucleating layer onto Which 
copper and tin intermetallics (Cu3Sn) groW during subse 
quent re?oW processes; and the chromium layer functions as 
barrier and an adhesion promoter to the underlying semi 
conductor chip surface. 

[0005] The re?oW process by Which the bump is formed as 
Well as subsequent high-temperature processes can be prob 
lematic When excess tin from the solder bump or other 
sources migrates to the chromium-copper layer. The excess 
tin at the chromium-copper layer can cause problems With 
respect to reliability of the C4 bump structure. Excess tin 
reacts With the Cu3Sn nucleating layer thereby forming a 
Cu6Sn5 form of the copper-tin intermetallic. The Cu6Sn5 
intermetallic is undesirable because it has a tendency to 
spall-off the chromium-copper layer into the solder (i.e. 
dissolve into the bump volume). This can result in a copper 
de?cient chromium-to-solder interface. The chromium-to 
solder interface is disadvantageous because it forms a physi 
cally Weak bond With the solder bump as compared to the 
Cu3Sn nucleating layer. Its presence can result in undesir 
able electrical opens With respect to the C4 bump structure. 
Conventional high-lead solder C4 bump re?oW processes 
typically do not use time and temperature combinations that 
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cause problems With respect to formation of the Cu6Sn5 
intermetallic (conventional high-lead solder melts approxi 
mately 320 degrees Celsius). HoWever, alternative ?ux 
agents, increases in the siZe of semiconductor chips, 
increased chip complexity, and increases in the number of 
bumps all Will likely necessitate increased re?oW times 
and/or temperatures to insure successful and reliable bump 
re?oW operations. The higher time and/or temperatures Will 
result in greater quantities of tin migrating to the UBM 
phased-region. In addition, many alloy materials currently 
being investigated to replace high-lead solders have signi? 
cantly higher tin concentrations than high-lead solder cur 
rently in use by the semiconductor industry. Furthermore, 
other sources of tin, such as cladding from the board 
(board-side cladding) to Which the bumps and chip are 
attached, can also be problematic With respect to CuGSn5 
intermetallics. When the board-side uses a relatively loW 
melting temperature cladding or a high-tin content cladding, 
tin from the cladding, When in a molten state, can also attack 
the copper in the UBM. Therefore, With these tWo potential 
sources of excess tin, conventional UBMs Will not be 
adequately protected against Cu6Sn5 intermetallic forma 
tion. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0006] The present invention is illustrated by Way of 
example and not limitation in the accompanying ?gures, in 
Which like references indicate similar elements, and in 
Which; 
[0007] FIG. 1 includes an illustration of a cross-sectional 
vieW of a semiconductor device after forming interconnect 
levels and ?nal bond pad over a semiconductor substrate; 

[0008] FIG. 2 includes an illustration of a cross-sectional 
vieW of the substrate shoWn in FIG. 1 after forming an 
optional transitional metallurgy layer over the substrate and 
patterning the optional transitional metallurgy layers With 
resist; 
[0009] FIG. 3 includes an illustration of a cross-sectional 
vieW of FIG. 2 after forming passivation and polyimide 
layers over the semiconductor substrate; 

[0010] FIG. 4 includes an illustration of a cross-sectional 
vieW of the substrate of FIG. 3 after depositing an under 
bump metallurgy and solder bump over the semiconductor 
substrate; and 

[0011] FIG. 5 includes an illustration of a cross-sectional 
vieW of FIG. 4 after performing a re?oW operation and 
forming a C4 bump. 

[0012] Skilled artisans appreciate that elements in the 
?gures are illustrated for simplicity and clarity and have not 
necessarily been draWn to scale. For example, the dimen 
sions of some of the elements and ?gures may be exagger 
ated relative to other elements to help improve understand 
ing of embodiments of the present invention. 

DETAILED DESCRIPTION OF THE DRAWINGS 

[0013] In accordance With one embodiment of the present 
invention, a semiconductor device UBM is formed over a 
semiconductor bond pad, Wherein the UBM comprises a 
chromium, copper, and nickel phased-region, and Wherein 
the presence of nickel in the phased-region inhibits conver 
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sion of tin from the solder bump and other tin sources from 
forming spallable copper-tin intermetallics. 

[0014] An embodiment of the present invention Will noW 
be described more fully With references to the accompany 
ing ?gures. FIG. 1 includes an illustration of a cross 
sectional vieW of a portion of a semiconductor device 10. 
The semiconductor device 10 includes a semiconductor 
device substrate 100, ?eld isolation regions 102, and doped 
regions 104 formed in the semiconductor device substrate 
100. A gate dielectric layer 106 overlies portions of the 
semiconductor device substrate 100 and a gate electrode 110 
overlies the gate dielectric layer 106. Spacers 108 are 
formed adjacent sideWalls of the gate electrode 110. A ?rst 
interlevel dielectric layer (ILD) 116 is formed over the gate 
electrode 110. The ILD layer 116 is then patterned to form 
a contact opening that is ?lled With an adhesion/barrier layer 
112 and a contact ?ll material 114. The adhesion/barrier 
layer 112 is typically a refractory metal, a refractory metal 
nitride, or combination of refractory metals or their nitrides. 
The contact ?ll material 114 typically includes tungsten, 
polysilicon, or the like. After depositing the adhesion/barrier 
layer 112 and the contact ?ll material 114, the substrate is 
polished to remove portions of the adhesion layer 112 and 
contact ?ll material 114 not contained Within the contact 
opening, thereby forming the conductive plug 111 as shoWn 
in FIG. 1. 

[0015] A ?rst level interconnect 120 is formed overlying 
the ILD layer 116 and the conductive plug 111. Typically, the 
?rst level interconnect 120 is formed using a conductive 
material such as copper or aluminum. The ?rst level inter 
connect 120 is typically formed using a combination of 
conventional trench and polishing processes or, alterna 
tively, using a combination of conventional patterning and 
etching processes. If the ?rst level interconnect 120 is 
formed using copper, a barrier (not shoWn) may be formed 
surrounding the ?rst level interconnect 120 to reduce the 
migration of copper into adjacent materials. 

[0016] A second ILD 118 is formed over the ?rst ILD 116 
and the ?rst level interconnect 120. A second interconnect 
126 that can include a conductive adhesion/barrier ?lm 122 
and a copper-?ll material 124 is formed Within the second 
ILD 118. The adhesion/barrier ?lm 122 is typically a refrac 
tory metal, a refractory metal nitride, or a combination of 
refractory metals or their nitrides. The copper-?ll material 
124 is typically copper or a copper-alloy. In one speci?c 
embodiment, the copper content is at least 90 atomic per 
cent. The copper can be alloyed With magnesium, sulfur, 
carbon, or the like to improve adhesion, electromigration, or 
other properties of the interconnect. Although, the intercon 
nect 126 is illustrated in this embodiment as a dual inlaid 
interconnect, one of ordinary skill in the art recogniZes that 
the interconnect 126 can alternatively be formed as a con 
ductive plug in combination With a single inlaid interconnect 
or a lithographically patterned and etched interconnect or 
using alternative materials such as aluminum or aluminum 
alloys. After depositing the adhesion/barrier ?lm 122 and the 
copper ?ll material 124, the substrate is polished to remove 
portions of the adhesion/barrier ?lm 122 and copper ?ll 
material 124 not contained Within the dual inlaid opening to 
form the dual inlaid interconnect 126 shoWn in FIG. 1. In 
accordance With one embodiment of the present invention, 
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the uppermost eXposed surface of the dual inlaid intercon 
nect 126 forms a bond pad 128 for the semiconductor 
device. 

[0017] FIG. 2 illustrates a non-limiting optional embodi 
ment of the present invention, in Which a transitional met 
allurgy layer 206 and a patterned photoresist layer 204 are 
formed over the ILD 118 and the bond pad 128. In accor 
dance With one embodiment, the transitional metallurgy 
layer 206 is formed using conductive ?lms 200 and 202, 
Wherein ?lm 200 includes chromium or a chromium-alloy 
?lm and conductive ?lm 202 includes an aluminum or 
aluminum capping ?lm overlying conductive ?lm 200. Both 
the conductive ?lm 202 and capping ?lm are typically 
deposited using conventional physical vapor deposition 
(PVD) methods. The use of a transitional metallurgy pro 
vides bene?ts that include improved adhesion and barrier 
protection betWeen the bond pad and 128 and a subsequently 
formed C4 bump structure, Which Will be discussed infra. 
The speci?c details respecting the use of transitional met 
allurgy are contained in US. patent application Ser. No. 
09/411,266 ?led Oct. 4, 1999, and entitled “Method of 
Forming Copper Interconnection UtiliZing Aluminum Cap 
ping Film. 

[0018] FIG. 3 illustrates the cross-section of FIG. 2 and 
further shoWs that the transitional metallurgy layer 206 has 
been etched to form a transitional metallurgy structure 312 
overlying the bond pad 128. After forming the transitional 
metallurgy structure 312, a passivation layer 300 is formed 
overlying the transitional metallurgy structure 312 and the 
ILD 118. Typically, the passivation layer 300 is formed 
using dielectrics such as plasma-enhanced nitride (PEN), 
silicon oXynitride (SiON) or a combination of thereof. The 
passivation layer 300 is then lithographically patterned and 
etched to form an opening that exposes portions of the 
transitional metallurgy structure 312. An optional polyimide 
(die coat) layer 302 is then formed over the passivation layer 
300. The polyimide layer is lithographically patterned and 
then etched (or developed) to form a die coat opening that 
eXposes the opening de?ned in the passivation layer 300 and 
the eXposed portions of the transitional metallurgy structure 
312. 

[0019] As illustrated in FIG. 4, a semiconductor device 
underbump metallurgy (UBM) 414 is then formed Within the 
die coat opening 304 and a conductive bump 410 is formed 
over the UBM 414. Although the UBM 414 is illustrated and 
discussed in the ?gures as being formed abutting the tran 
sitional metallurgy structure 312, this is not necessarily a 
requirement for embodiments of the present invention. The 
UBM 414 can alternatively be formed directly on the bond 
pad 128 (or other intervening structures). In one speci?c 
embodiment of the present invention, UBM 414 comprises 
a combination of ?lms that include an adhesion ?lm 402, a 
phased-region 404 and an oxidation-inhibiting layer 406. 

[0020] In accordance With one speci?c embodiment, prior 
to forming the UBM, the semiconductor substrate surface 
including the insulator pads (die coat openings) are ?rst 
optionally cleaned using a conventional reverse-sputter 
bombardment process, such as ion cleaning or milling. Then 
after preparing the substrate’s surface, an adhesion ?lm 402, 
typically a layer of chromium is deposited through a pat 
terned bump mask (not shoWn) onto the open insulator pads. 
This is folloWed by a deposition of a miXed phased-region 
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404 consisting of, in one embodiment, approximately 50 
Weight percent (Wt. %) chromium, 25 Wt. % copper and 25 
Wt. % nickel, Wherein the proportional distribution of the 
chromium, copper, and nickel is relatively uniform through 
out the phased-region. An oxidation-inhibiting gold layer 
406 is then formed overlying the phased region 404. 

[0021] In addition to using chromium, other metals such 
as titanium, tungsten, titanium/tungsten, and other similar 
refractory metal and combinations of refractory metals can 
be used to form either the adhesion ?lm 402 or as a 
component element in the phased-region. Additionally, 
While the present embodiment discloses a phased region 
consisting of the approximately 50% chromium, 25% cop 
per and 25% nickel, one of ordinary skill in the art recog 
niZes that the percentages of these component elements can 
be varied to obtain speci?c ?lm properties, such as degree of 
intermetallic formation, increased adhesion, reduced spal 
ling, robustness to temperature variation, etc., as Will sub 
sequently discussed. 

[0022] After forming the gold layer 406, a tin-containing 
solder bump 410, is deposited through the patterned bump 
mask onto the UBM thereby forming a pre-re?oW C4 bump 
structure, similar to that illustrated in FIG. 4. Typically the 
bump 410 and UBM 414 are deposited during separate 
deposition processes in separate processing chambers, hoW 
ever this is not necessarily a requirement of the present 
invention. Finally, after the solder bump 410 is deposited, 
the metal mask is removed and the solder bump 410 is 
re?oWed onto the UBM, thereby forming a C4 bump 502, as 
illustrated in FIG. 5. 

[0023] Typically the chromium layer 402 is deposited to a 
thickness in a range of 50-500 nanometers; the phased 
region 404 is deposited to a thickness in a range of approxi 
mately 100-300 nanometers and the gold layer is deposited 
to a thickness in a range of approximately 80 to 140 
nanometers. The phased region 404 can be formed using a 
single composite—chromium/nickel/copper sputtering tar 
get or, alternatively by using individual sputtering targets of 
chromium, nickel, and copper, or combinations thereof. For 
a particular application, the percent composition of chro 
mium, nickel, and copper can be tailored to obtain a par 
ticular characteristic, for example bond strength, barrier 
integrity, reliability, etc. 

[0024] In an alternative embodiment, instead of using a 
patterned bump mask, the composite UBM layers (chro 
mium layer 402, phased-region layer 404, and gold layer 
406) are sequentially deposited as a blanket ?lms onto the 
substrate surface, The solder bump is then deposited locally 
through a metal mask over portions of the UBM correspond 
ing With the underlying substrate bond pads. The solder 
bump can be deposited by electroplating, physical deposi 
tion, or using screening pastes, as knoW to one of ordinary 
skill in the art, having the appropriate metallurgical mix. In 
this embodiment, the solder bump functions as a protective 
mask during removal of exposed portions of the UBM. The 
exposed portions of the UBM are removed using conven 
tional chemical or physical etching processes. The etching 
process can be performed either before or after re?oW of the 
bump. 

[0025] The disclosed phased-region 404 enhances overall 
inter-metal adhesion betWeen the conductive bump 410 and 
the conductive bond pad 128 because the presence of nickel 
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in the phased region inhibits Cu6Sn5 intermetallic formation. 
The nickel competes With the copper for excess tin during 
bump re?oW (or other high-temperature) processing thereby 
retarding the formation of the Cu6Sn intermetallic and 
instead forming nickel and tin intermetallics, such as 
Ni3Sn4, Ni3Sn2, and Ni3Sn. The disclosed phased-region 
404 results in conversion of the excess tin to tin-containing 
intermetallics at a much sloWer rate than a phased-region 
consisting of only chromium and copper. SloWer forming 
nickel and tin intermetallics provide a stabiliZing function as 
they inhibit formation of the Cu6Sn5 intermetallic by form 
ing a secondary nickel and tin intermetallic groWth around 
the Cu3Sn intermetallic. In the presence of molten tin, tin 
and nickel intermetallics form approximately 100 times 
sloWer than a tin and copper intermetallics. HoWever, a 
bene?t of retaining copper in the phased region is advanta 
geously realiZed, because the presence of copper ensures 
localiZed quick groWing and anchoring nucleation sites of 
copper/tin. 
[0026] The disclosed UBM structure 414 advantageously 
eliminates a need for the prior art’s thick copper-Wetting 
layer Which has been observed to be quickly converted and 
dissolved into the bulk solder as Cu6Sn5. Accordingly, in the 
present invention, the phased-region 404 functions as the 
primary Wetting surface for the solder bump. In addition, the 
disclosed UBM provides a standard platform that can be 
integrated With a variety of solder bump metallurgies, 
including eutectic 63% tin/37% lead solder, 96.5% tin/3.5% 
silver solder, 99.3% tin/0.7% copper solder, 95% tin/5% 
antimony solder, 96.3% antimony/3% silver/0.7% copper 
solder, as Well as a variety of lead/tin solder alloys having 
compositions ranging from high-lead to high-tin, for 
example solder materials comprising approximately 97% 
lead and 3% tin to solder materials comprising approxi 
mately 100% tin. This Will be an especially important 
consideration as the semiconductor industry migrates aWay 
from the eutectic tin-lead solder and toWards higher tem 
perature tin-based solders as cladding or loWer temperature 
tin-based solder as bumps. 

[0027] The previous embodiment disclosed an embodi 
ment Wherein the proportional concentration of constituents 
is evenly distributed throughout the phased-region 404. 
Because the relative amounts of copper and nickel are 
continuous throughout the phased-region 404 the intermixed 
grains of copper and tin provide a buffering mix of both 
rapid (copper-tin) and sloW-forming (nickel-tin) intermetal 
lics at the surface of the phased-region 404. In an alternative 
embodiment, the proportional concentrations of copper and 
nickel are graded throughout the phased-region 404 to more 
accurately control the amount of copper and/or nickel avail 
able for the corresponding intermetallic formation. For 
example if it is desired to initially produce a combination of 
intermetallics, betWeen the phased-region 404 and the con 
ductive bump 502, that have relatively loW amounts of 
copper and high amounts of nickel, the concentration of 
nickel at the uppermost surface of the phase region can be 
increased relative to the amount of copper. Correspondingly, 
if and Where increased amounts of the copper/tin interme 
tallic are desired, the relative amount of copper in the 
phased-region 404 can be increased accordingly. 

[0028] Because of the difficulty in predicting and control 
ling the exposure time and temperature of a C4 bumped 
structure during the chip’s manufacture and ?eld usage, the 
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disclosed UBM is more robust With respect to subsequent 
temperature exposure than prior art UBMs. This Wider 
temperature latitude is attributed to the combination of the 
UBMs preference for initially forming the adhesion promot 
ing Copper/Tin intermetallics (Cu3Sn) upon initial exposure 
to elevated temperatures folloWed by its formation of the 
nickel-tin intermetallics upon extended exposure to and/or 
elevated temperatures. Unlike the prior art, the extended 
temperatures do not adversely result in formation of the 
Cu6Sn5 intermetallics because the phased-region forms the 
competing nickel and tin intermetallics (Ni3Sn4, Ni3Sn2, and 
Ni3Sn) as the additional high-temperature processing 
occurs. Examples of these subsequent high temperature 
processes can include, for example, a reWork at bump 
processing, burn-in, test, or the like operations. 

[0029] At this point in the process, after re?oWing the 
bump 502, a substantially completed semiconductor device 
10 has been fabricated as shoWn in FIG. 5. This semicon 
ductor device 10 can subsequently be attached to the clad 
ding of a packaging substrate such as a ?ip chip or ball grid 
array package. Although not shoWn, other levels of inter 
connects can be formed as needed. Similarly, other inter 
connects can also be made to the gate electrode 110 and the 
doped regions 104. If additional interconnects are be 
formed, they can be formed using processes similar to those 
used to form and deposit the second ILD layer 118, the ?rst 
conductive plug 111, the ?rst level interconnect 120, or the 
second level interconnect 126. 

[0030] In addition to the foregoing, the embodiments 
described herein are advantageous for several additional 
reasons. As discussed previously, the disclosed UBM is 
advantageous from a manufacturability standpoint in that it 
eliminates the otherWise required thick copper solderable 
layer over the phased-region. This reduces material costs, 
eliminates a processing step, as Well as reduces the potential 
for misprocessing. The disclosed UBM’s phased-region is 
also easily integrated into existing process ?oWs Without a 
need to use exotic materials, develop neW processes, or 
purchase neW processing equipment. Further, the disclosed 
UBM, is compatible With a host of other tin-containing 
bump solder materials, in addition to lead, such as silver, 
copper, antimony, and the like. 

[0031] In the forgoing speci?cation, the invention has 
been described With reference to speci?c embodiments. 
HoWever, one of ordinary skill in the art appreciates that 
various modi?cations and changes can be made Without 
departing from the scope of the present invention, as set 
forth in the claims beloW. Accordingly, the speci?cation and 
?gures are to be regarded in an illustrative rather than a 
restrictive sense and all such modi?cations are intended to 
be included Within the scope of the present invention. 
Bene?ts, other advantages, and solutions to problems have 
been described With regard to speci?c embodiments. HoW 
ever, the bene?ts, advantageous, solutions to problems, and 
any elements that may cause any bene?t, advantage, or 
solution to occur or become more pronounced are not to be 
construed as a critical, required, or essential feature or 
element of the claims. 

1. A semiconductor device underbump metallurgy com 
prising a nickel-containing phased region layer. 
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2. The semiconductor device underbump metallurgy of 
claim 1, Wherein the nickel-containing phased-region layer 
further comprises copper and chromium. 

3. The semiconductor device underbump metallurgy of 
claim 2, Wherein an amount of chromium 50 Wt %, an 
amount of copper is approximately 25 Wt %, and an amount 
of nickel is approximately 25 Wt %. 

4. The semiconductor device underbump metallurgy of 
claim 1, Wherein the nickel-containing phased-region layer 
has a thickness in a range of approximately 100-300 nanom 
eters. 

5. The semiconductor device underbump metallurgy of 
claim 1 further comprising: 

an adhesion layer beloW the nickel-containing phased 
region layer; and 

an oxidation-inhibiting layer over the nickel-containing 
phased-region layer. 

6. The semiconductor device underbump metallurgy of 
claim 5, Wherein: 

the adhesion layer is further characteriZed chromium 
containing layer; and 

the oxidation-inhibiting layer is further characteriZed as a 
gold layer. 

7. The semiconductor device underbump metallurgy of 
claim 6 further comprising: 

a conductive bump overlying the semiconductor device 
underbump metallurgy; and 

a tin intermetallic Within the nickel-containing phased 
region layer. 

8. The semiconductor device underbump metallurgy of 
claim 1, Wherein a concentration of an amount of nickel is 
varied Within the nickel-containing phased-region layer. 

9. The semiconductor device underbump metallurgy of 
claim 1, Wherein a concentration of an amount of copper is 
varied Within the nickel-containing phased-region layer. 

10. The semiconductor device underbump metallurgy of 
claim 1, Wherein a concentration of an amount of copper and 
a concentration of an amount of nickel are each evenly 
distributed Within the nickel-containing phased-region layer. 

11. A method for forming a semiconductor device under 
bump metallurgy comprising forming a nickel-containing 
phased-region layer as a portion of an underbump metal 
lurgy. 

12. The method of claim 11 Wherein the nickel-containing 
phased-region layer further comprises copper and chro 
mium. 

13. The method of claim 12, Wherein an amount of 
chromium is approximately 50 Wt %, an amount of copper 
is approximately 25 Wt % and an amount of nickel is 
approximately 25 Wt %. 

14. The method of claim 12, Wherein the nickel-contain 
ing phased-region layer has a thickness in a range of 
approximately 100-300 nanometers. 

15. The method of claim 12 further comprising: 

forming an adhesion layer beloW the nickel-containing 
phased region layer; and, 

forming an oxidation-inhibiting layer over the nickel 
containing phased-region layer. 
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16. The method of claim 15, wherein the adhesion layer 
is further characterized refractory metal containing layer and 
the oxidation-inhibiting layer is further characterized as a 
gold layer. 

17. The method of claim 15 further comprising forming a 
tin-containing conductive bump overlying the semiconduc 
tor device underbump metallurgy, Wherein after re?oWing 
the tin-containing conductive bump, tin migrates from the 
tin-containing conductive bump to the nickel-containing 
phased-region and forms an intermetallic comprising nickel 
and tin. 

May 20, 2004 

18. The method of claim 11, Wherein a concentration of an 
amount of nickel is varied Within the nickel-containing 
phased region layer. 

19. The method of claim 11, Wherein a concentration of an 
amount of copper is varied Within the nickel-containing 
phased region layer. 

20. The method of claim 11, Wherein a concentration of an 
amount of copper and a concentration of an amount of nickel 
are each evenly distributed Within the nickel-containing 
phased region. 


