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SPECIFICATION 

 

[TITLE OF INVENTION] 

 Lead-free Solder, Lead-free Solder Ball, Solder Joint using the Lead-free 

Solder and Semiconductor Circuit having the Solder Joint 

 

[TECHNICAL FIELD] 

[0001] 

 The present invention relates to lead-free solder, a lead-free solder ball, a solder 

joint using this lead-free solder and a semiconductor circuit having the solder joint, 

which are preferably used for a semiconductor package such as CSP, particularly, a 

wafer level semiconductor package (semiconductor chip) or the like. 

 

[BACKGROUND] 

[0002] 

 Together with multi-functionality and miniaturization of electronic equipment 

such as a multifunctional terminal (smart phone) and a cellular phone, electronic 

components to be mounted in the electronic equipment also have a trend toward the 

miniaturization (micro-miniaturization). 

 

[0003] 

 For example, the miniaturization advances even in a semiconductor package 

such as a chip size package (CSP) and the like so that a wafer level semiconductor 

package, WL-CSP (wafer level CSP) appears. FIG. 1 shows a sectional view of a 

CSP-typed semiconductor package (CSP package) showing an important portion 

thereof; and FIG. 2 shows a sectional view of a chip sized WL-CSP semiconductor 

package (WL-CSP chip) showing an important portion thereof.   

[0004] 

 In the CSP package 10 shown in FIG. 1, a semiconductor chip 2 mounted on an 

interposer 1 is molded by any resin while it connects electrodes of the interposer 1 by 

wire bonding 3 using Au line. 4 indicate this molded body.  

[0005] 

 A plurality of solder bump electrodes 5 is formed on an undersurface of the 

interposer 1 and solder balls shown in this figure are connected with these solder bump 

electrodes 5. CSP package 10 on which plural solder bump electrodes 5 are formed is 

mounted on a circuit board 7 so that a semiconductor circuit 15 is manufactured. 
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[0006] 

 On the other hand, WL-CSP chip 20 is configured so that the interposer 1 and 

the molded body 4 are deleted and the plural solder bump electrodes 5 are directly 

connected with electrodes of the semiconductor chip 2 as shown in FIG. 2. 

[0007] 

 The CSP package 10 has a package size of about 10˟10 mm because the 

interposer 1 is interposed therein while the WL-CSP chip 20 theoretically has a chip 

size of (for example, about 4˟4 mm). Therefore, the WL-CSP chip 20 can reduce its 

occupied area substantially on a substrate having a package size, which allows a very 

high density semiconductor circuit (implementation circuit) to be realized. 

[0008] 

 By the way, as evaluation properties (evaluation items) of the lead-free solder, 

which is used for solder balls or the like for joining in WL-CSP chip or the like, 

wettability (wetting extendability), shear strength properties (shear properties), thermal 

fatigue resistance (heat cycle characteristics: TCT) and the like are in general listed. 

[0009] 

 The wettability is a property that is required when forming a solder bump. The 

shear strength properties are properties that are required to keep strength on a joined 

interface between solder and each electrode on the substrate. Therefore, the wettability 

and the shear strength properties are solder properties required when principally joining 

the lead-free solder to a semiconductor package.  

[0010] 

 The thermal fatigue resistance is solder property required when principally 

implementing the semiconductor package on a circuit board. The thermal fatigue 

resistance is solder property required in a case where it is used in an on-vehicle 

electronic circuit or the like, which is used under any severe conditions in which there is 

a considerable change in temperature, or other case. This thermal fatigue resistance is 

also property to be studied in a case where there is a considerable difference in thermal 

expansion coefficients between a semiconductor package and a circuit board.  

[0011] 

 For example, there is an almost twofold difference in thermal expansion 

coefficients between the CSP package (particularly the interposer 1) and the circuit 

board (mounting substrate) 7 when mounting the CS package 10 on the circuit board as 

described above. On the other hand, there is an almost fivefold difference in thermal 

expansion coefficients between the package (semiconductor chip 2) and the circuit 

board 7 in WL-CSP chip 20. Accordingly, WL-CSP chip 20 receives any more 
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considerably influence on thermal fatigue resistance of joined solder based on a repeat 

of heat and cold, which considerably affect reliability of an electronic circuit. Taking 

this into consideration, lead-free solder which considerably improves its thermal fatigue 

resistance has been proposed (see Patent Document 1).    

[0012] 

 The above-mentioned evaluation properties are solder properties required in a 

case where an electronic circuit is mounted on consumer electronics but in any uses 

thereof, solderability (solder properties) such as the above-mentioned wettability and 

shear strength properties is required together with the thermal fatigue resistance. Here, 

the consumer electronics refer to a cellular phone, a multifunctional terminal (smart 

phone), a personal computer and the like, other than well-known household electric 

appliance. 

[DOCUMENT FOR PRIOR ART] 

[PATENT DOCUMENT] 

[0013] 

 Patent Document 1: International Publication No. 2009/011341 

 

[SUMMARY OF THE INVENTION] 

[PROBLEM TO BE SOLVED BY THE INVENTION]  

[0014] 

 By the way, the lead-free solder (solder alloy including Sn, Ag, Cu, Bi, Ni or 

the like) disclosed in the Patent Document 1 has realized thermal fatigue resistance 

which conventional ternary alloy solder (Sn-3Ag-0.5 Cu or the like) could not obtain, 

but further improvement on the solder properties such as wettability, shear strength 

properties and the like is also important improvement theme. Particularly, in an 

electronic circuit to be mounted on a cellular phone or the like, micro-miniaturization of 

circuit elements has been progressed and the cellular phone has been often dropped 

during its use so that wettability, the shear strength properties and the like have also 

formed important property improvement factors.   

[0015] 

 Therefore, embodiments of the present invention seek to resolve such a 

conventional problem and to provide lead-free solder, a lead-free solder ball, a solder 

joint using the lead-free solder and a semiconductor circuit having the solder joint, in 

which an attempt is made to further improve the solder properties such as the wettability, 

the shear strength properties and the like in addition to the thermal fatigue resistance.  
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referring to embodiments. In this invention, they relate to lead-free solder of quinary 

system, which contains Sn, Ag, Cu, Bi and Ni. Addition amounts thereof are as follows: 

Ag of 1.2 mass % through 4.5 mass %, Cu of 0.25 mass % through 0.75 mass %, Bi of 1 

mass % through 5.8 mass %, Ni of 0.01 mass % through 0.15 mass % and Sn as the 

remainder.  

[0035] 

 (1) Regarding Addition Amount (1.2 mass % through 4.5 mass %) of Ag 

 It is preferable that the addition amount of Ag is not less than 1.2 mass % and 

not more than 4.5 mass % (1.2≤Ag≤4.5). Ag forms intermetallic compound, Ag3Sn 

with Sn and contributes to improvement in the thermal fatigue resistance (heat cycle 

resistance characteristics). Ag also has effects of improving wettability to a portion to be 

soldered at the soldering time and making liquidus temperature fall.  

[0036] 

 When the addition amount of Ag is less than 1.2 mass % (Ag<1.2), the 

wettability (wetting extendability) falls and when it is more than 4.5 mass % (4.5<Ag), 

the improvement in the thermal fatigue resistance and the wettability so that Ag is added 

is not only able to be unexpected but also the liquidus temperature rises, thereby 

deteriorating solderability. Since Ag is expensive, it is preferable in economy that an 

addition amount thereof is as little as possible. It is particularly preferable that the 

addition amount of Ag is of 2 mass % through 4 mass % within the above-mentioned 

range, and among them, it is preferable that the addition amount of Ag is of 2.5 mass % 

through 3.5 mass %.  

[0037] 

 (2) Regarding Addition Amount (0.25 mass % through 0.75 mass %) of Cu 

 It is preferable that the addition amount of Cu is not less than 0.25 mass % and 

not more than 0.75 mass % (0.25≤Cu≤0.75). When the addition amount of Cu is less 

than 0.25 mass % (Cu<0.25),the shear strength properties (shear properties) and the 

wettability (wetting extendability) on an interface of the joined solder portion 

deteriorate and when the addition amount of Cu is more than 0.75 mass % (0.75<Cu), 

the wettability (wetting extendability) particularly deteriorates. Therefore, in order to 

aim any further improvement in overall characteristics of the lead-free solder, it is 

necessary that the addition amount of Cu is limited to be not more than 0.75 mass % 

(Cu≤0.75). It is particularly preferable that the content of Cu is of 0.3 mass % through 

0.75 mass % within the above-mentioned range, and among them, it is further 

preferable that the content of Cu is of 0.5 mass % through 0.75 mass %. 

[0038] 
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 (3) Regarding Addition Amount (1 mass % through 5.8 mass %) of Bi 

 It is preferable that the addition amount of Bi is not less than 1 mass % and not 

more than 5.8 mass % (1≤Bi≤5.8). Even when Bi exceeding the upper limit thereof is 

added (5.8<Bi) and Bi falling short of the lower limit thereof is added (Bi<1), the 

thermal fatigue resistance deteriorates (falls down) in both case. Therefore, it is 

preferable that the addition amount of Bi is of 1 mass % through 5.8 mass %, and 

among them, it is preferable that the addition amount of Bi is of 1 mass % through 5 

mass %, and it is particularly preferable that the addition amount of Bi is of 3 mass % 

through 5 mass %. When the addition amount thereof exceeds 5 mass % (5<Bi), an 

independent phase of Bi appears. Since Bi is naturally fragile metal, impact 

characteristics thereof deteriorates. Further, in this extent, a melting temperature range 

(a difference between solidus temperature and liquidus temperature) becomes wide so 

that in a mounting step, a mounting failure such as misalignment of parts may occur.   

[0039] 

 (4) Regarding Addition Amount (0.01 mass % through 0.15 mass %) of Ni 

 It is preferable that the addition amount of Ni is not less than 0.01 mass % and 

not more than 0.15 mass % (0.01≤Ni≤0.15). 

[0040] 

 The addition of Ni is necessary to enable the thermal fatigue resistance to be 

further improved and to enable mechanical strength of the solder alloy itself to be 

enhanced. When the addition amount thereof is less than 0.01 mass % (Ni<0.01), the 

thermal fatigue resistance is not improved and when it exceeds 0.15 mass % (0.15<Ni), 

the wettability (wetting extendability) deteriorates. Therefore, it is preferable that the 

addition amount thereof is of 0.02 mass % through 0.15 mass % within the 

above-mentioned range, and it is further preferable that the addition amount thereof is of 

0.3 mass % through 0.12 mass %. 

[0041] 

 (5) Regarding other addition amounts 

 To the lead-free solder according to this invention, P or Ge in addition to the 

above-mentioned essential additives may be added. This is because they prevent the 

solder from being oxidized and restrain a color of a surface of the solder from changing. 

Accordingly, it is possible to add a total amount of 0.0002 mass % through 0.05 mass % 

of at least one selected from the group consisting of P and Ge to the above-mentioned 

essential additives. Their additions allow the overall characteristics of the lead-free 

solder to be further improved. 

[0042] 
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 When the total addition amount of P, Ge falls short of 0.0002 mass %, there is 

no antioxidant effect. When the total addition amount thereof exceeds 0.05 mass %, the 

solderability (wettability and shear strength properties) deteriorates. When they 

separately are added, it is preferable that an addition amount of P is of 0.0002 mass % 

and it is preferable that an addition amount of Ge is of 0.03 mass %.  

[0043] 

 According to this invention, it is possible to obtain properties (solder overall 

characteristics) shown in a table 1 by selecting the addition amounts of Sn, Ag, Cu, Bi 

and Ni as the above-mentioned ones in the lead-free solder containing Sn, Ag, Cu, Bi 

and Ni. The wettability (wetting extendability), the shear strength properties (by shear 

test) and the thermal fatigue resistance (by thermal fatigue test) were tested. 

[0044] 

 Shapes of the lead-free solder according to the invention are not particularly 

limited. It may be formed as any optional useful one such as a line (wire), a ball, powder, 

a pellet, a preform, a rod shape one, a massive one or solder plating for Cu core ball. 

 Further, the lead-free solder according to this invention can decrease alpha dose 

by using any material of low alpha emission. Such solder is used around a memory so 

that any software error can be prevented.  

[0045] 

 (a) Regarding Thermal Fatigue Resistance Test  

 The thermal fatigue resistance test was judged using solder balls each having a 

diameter of 0.3 mm, which had been made by a gas droplet-spraying method. The 

solder balls were made with addition (mixed) amounts thereof being changed by the 

number of samples shown in tables 1 through 5. In other words, substrates to be judged 

were made by the number of samples and the thermal fatigue resistance test was 

performed thereon. The thermal fatigue resistance test was performed on the basis of the 

following procedures. Chips to be used as samples were WL-CSP chips.  

[0046] 

 (i) The solder balls each having the same composition were mounted on 

electrodes of WL-CSP chip (its size is of 7�7 mm) as shown in FIG. 2 and reflow 

soldering was performed on them using flux (Flux WF-6400 made by Senju Metal 

Industrial K.K.) so that the WL-CSP chips (sample chips) were manufactured. The 

solder balls of sample chips were prepared by the number of samples shown in the 

tables 1 through 5. 

[0047] 

 (ii) Printing was performed according to electrode patterns with solder paste on 
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a glass epoxy substrate (for example, FR-4) having a size (30�120 mm) and a thickness 

of 0.8 mm and then, the sample chips were mounted thereon and a reflow process was 

performed thereon. In this embodiment, the substrates to be judged were manufactured 

by performing the reflow process at temperature of 220 degrees C or more (peak 

temperature of 245 degrees C) during 40 seconds.  

[0048] 

 (iii) Using the substrates to be judged, which were manufactured in the item (ii), 

their resistance values were measured by series circuits at all times. In this embodiment, 

using thermal shock chamber TSA101LA, made by ESPEC Corporation, load as one 

thermal cycle (heat cycle) in which the temperature of -40 degrees C was applied during 

10 minutes and then, the temperature of +125 degrees C was applied during 10 minutes 

was applied thereto. The resistance value was then obtained in each thermal cycle. 

When the resistance value thereof rose up to a double one from initial resistance value 

thereof (3� through 5�), it was judged as fatigue fracture. The number of thermal 

cycles up to that time was totaled. These totaled values were used as a result of thermal 

fatigue resistance test (cycles). In this embodiment, 1000 cycles were set as a minimal 

required value and the minimal required value or more was set as appropriated one.   

[0049] 

 (b) Wettability (Wetting Extendability (square mm)) 

 A glass epoxy substrate (FR-4) having a thickness of 1.2 mm was first prepared 

and a slit-shaped electrode with 0.24 mm by 16 mm were formed thereon. Flux (flux 

WF-6400 made by Senju Metal Industrial K. K.) having a diameter of 0.24 mm was 

printed on the slit-shaped electrode so that its thickness became 0.1 mm. 

[0050] 

 A sample was made so that solder balls each having a diameter of 0.3 mm were 

mounted on the printed flux and a reflow was performed thereon under a condition 

where the temperature is applied at 220 degrees C or more during 40 seconds and a peak 

temperature is 245 degrees C. After the reflow was performed, by using a stereoscopic 

microscope, wetting extendability area of this sample was measured according to JIS 

Z3197. When the wetting extendability thereof was 0.20 mm
2
 (square mm) or more, this 

sample was judged as appropriate one. 

[0051] 

 (c) Shearing Test (Shear Strength Test) 

 A glass epoxy substrate (FR-4) having a thickness of 1.2 mm and an electrode 

diameter of 0.24 mm was first prepared. Next, flux (flux WF-6400 made by Senju Metal 

Industrial K. K.) having a diameter of 0.24 mm and a thickness of 0.1 mm was printed 
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Industrial K. K.) having a diameter of 0.24 mm and a thickness of 0.1 mm was printed 

on this electrode. Solder balls each having a diameter of 0.3 mm were mounted on the 

upper surface of the flux and a reflow was performed thereon under this condition at 

220 degrees C or more (with peak temperature of 245 degrees C) during 40 seconds. 

The shear strength was measured by the shearing test (shear strength test) using the 

reflowed samples. 

[0052] 

 As an apparatus for measuring the shear strength, SERIES 4000HS made by 

Dage Corporation was used and the shear strength (Newton, N) was measured under the 

condition of 4000 mm/sec. Based on a result of the shearing test, the sample indicating 

3.0 N or more was good item. In this case, a plurality of solder balls having different 

addition amounts shown in tables 1 through 5 was prepared and performed. 

[0053] 

 The following will describe results of the above-mentioned tests, with 

reference to the tables 1 through 5, in lead-free solder of quinary system when a 

combination of Sn, Ag, Cu, Bi and Ni was selected as 

(1.2-4.5)Ag-(0.25-0.75)Cu-(1-5.8)Bi-(0.01-0.15)Ni-Sn. Further, since any other metal 

such as P, Ge and the like other than these five metals can be added, their embodiments 

will be described together with them. Additionally, in comparison examples, addition 

amount of each metal selected in this invention was selected so as to be less than the 

lower limit thereof or to be more than the upper limit thereof and addition amount of the 

metal other than them was selected so that it is limited within the above-mentioned 

values of this invention.  

[0054] 

[TABLE 1] 
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[0055] 

 (i) Regarding Overall Characteristics 

 The table 1 shows overall characteristics of the lead-free solder according to 

this invention. Embodiments 1 through 5 and 14 indicate experiment data when Ag is 
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fixed at 2.0 mass %. As addition amounts of the metals other than Ag, the embodiment 1 

indicates numerical values when their lower limits in claim 2 of this invention are all 

selected. The embodiment 2�indicates numerical values when only Cu is slightly 

increased from the above-mentioned lower limit thereof. The embodiment 3 indicates 

numerical values when intermediate values are selected in all of the metals other than 

Ag. The embodiment 4 indicates numerical values when the upper limit value is 

selected only in Cu and the above-mentioned lower limit values are selected in all of the 

metals other than Cu. The embodiment 5 indicates numerical values when the 

above-mentioned lower limit value is selected in Ni, the upper limit value is selected in 

Cu and the intermediate value (3.0) is selected in Bi. The embodiment 14 indicates data 

when the values are set as the same values of the embodiment 1 and P as additive metal 

is added by 0.0002 mass % which is the lower limit value thereof. 

[0056] 

 According to these embodiments 1 through 5 and 14, the thermal fatigue 

resistance test indicated values (1100 through 1390 times), all of which exceeded the 

minimal required value (1000 times) thereof. The wetting extendability test also 

obtained values (0.21 through 0.26), all of which exceeded the minimal required value 

(0.2) thereof. The shearing test indicated values (3.6 through 4.2) which exceeded 

considerably from the minimal required value (3.0) thereof. The embodiment 14 also 

has so an effect as to prevent the solder from being oxidized and to restrain the color of 

the surface of the solder from changing. Accordingly, satisfied results obtained in all of 

tests.   

[0057] 

 The embodiment 6 indicates experimental data when addition amounts of all 

the metals are selected to be almost intermediate values thereof (Ag of 3.0; Cu of 0.5; 

Bi of 3.0 and Bi of 0.1). In this case, good results obtained in all the thermal fatigue 

resistance tests, the wetting test and the shearing test. 

[0058] 

 The embodiment 7 indicates experimental data when only Cu in the metals of 

the embodiment 6 is changed to be 0.7. In this case, results which are almost the same 

as those of the embodiment 6 obtained. In this connection, the results were so that the 

thermal fatigue test indicated 1400 times, the wetting test indicated 0.25 and the 

shearing test indicated 4.1.  

[0059] 

 In the embodiments 9 through 13 and 15, Ag is fixed to be its upper limit value 

of 4.0. The embodiment 9 indicates experimental data when all the others are set to be 
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the above-mentioned lower limit values. The embodiment 10 indicates experimental 

data when Cu is set to be its intermediate value of 0.5 and the remainders are set to be 

the above-mentioned lower limit values. The embodiment 11 indicates experimental 

data when Cu and Bi are set to be their intermediate values of 0.5 and 3.0 and Ni is set 

to be its upper limit value of 0.15. The embodiment 12 indicates experimental data 

when Cu is set to be its upper limit value and Bi and Ni are set to be their lower limit 

values of 1 and 0.02. The embodiment 13 indicates experimental data when Cu and Ni 

are set to be their upper limit values of 0.75 and 5.0 and Bi is set to approach to its 

upper limit value of 5.0. The embodiment 15 indicates data when the values are set to be 

the same as those of the embodiment 13 and Ge as an additive metal is selected, an 

addition amount of which is only 0.03 mass % that approaches to the upper limit value 

thereof. 

[0060] 

 According to these embodiments 9 through 13 and 15, there were slight 

variations (1200 through 1440) and (3.5 through 4.6) in the thermal fatigue resistance 

test and the shearing test but the wetting extendability test nearly maintained values of 

0.24 through 0.28, which obtained good results. All the tests obtained satisfied results 

and had so an effect as to prevent the solder from being oxidized and to restrain the 

color of the surface of the solder from changing. 

[0061] 

 The comparison examples 1 and 2 indicate cases where the amounts of Ag are 

selected so that they are without their range of this invention. The comparison example 

1 indicates characteristics when the lower limit value of Ag is selected to be 1 which is 

lower than that of this invention. The comparison example 2 indicates characteristics 

when the upper limit value of Ag is selected to be 5 which are higher than that of this 

invention. 

[0062] 

 As clearly shown in this table, in both of the comparison examples, the result of 

the shearing test indicated satisfied values (3.0 or more) but the thermal fatigue 

resistance test did not obtain set times (target times) of 1000 cycles or more and the 

wetting extendability could not obtain a predetermined value (0.2 or more).  

[0063] 

 Therefore, it is preferable that an amount of Ag to be added is within a range of 

1.2 mass % through 4.5 mass %. Its particularly preferable range includes the 

intermediate value thereof, which will be described later. 

[0064] 
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 The comparison examples 3 and 4 indicate cases where the amounts of Cu are 

selected so that they are without their range of this invention. The comparison example 

3 indicates characteristics when the lower limit value of Cu is selected to be 0.2 which 

is lower than that of this invention. The comparison example 4 indicates characteristics 

when the upper limit value of Cu is selected to be 0.8 which are higher than that of this 

invention. 

[0065] 

 As clearly shown in this table, in the comparison example 3, the result of the 

shearing test indicated 2.6 which did not satisfy the minimal required value (3.0 or 

more). In the comparison example 4, the wetting extendability indicated 0.19 which was 

lower than the minimal required value (0.2). Accordingly, it is determined that an 

addition amount of Cu covering all the characteristics is preferably within a range of 

0.25 mass % through 0.75 mass %. 

[0066] 

 The comparison examples 5 and 6 indicate cases where the amounts of Bi are 

selected so that they are without the range of this invention. The comparison example 5 

indicates characteristics when the lower limit value of Bi is selected to be 0.9 which is 

lower than that of this invention. The comparison example 6 indicates characteristics 

when the upper limit value of Bi is selected to be 6 which are higher than that of this 

invention. 

[0067] 

 As clearly shown in this table, in both of the comparison examples, the thermal 

fatigue resistance test did not obtain the times which exceed the minimal required times 

of 1000 cycles or more. Regarding the wetting extendability, the comparison example 5 

did not satisfy the predetermined value (0.2 or more). Accordingly, it is said that 

addition amount of Bi to be added is preferably within a range of 1 through 5.8. 

[0068] 

 The comparison example 7 indicates a case where the amount of Ni is selected 

so that it is without the range of this invention and indicates characteristics when Ni is 

selected to be 0.16 which is higher than that of this invention. 

[0069] 

 As clearly shown in this table, the comparison example 7 indicated the wetting 

extendability of 0.19 which was lower than the minimal required value (0.2). 

Accordingly, it is determined that addition amount of Ni is preferably 0.15 mas % or 

less. 

[0070] 
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The embodiment 8 indicates a case where composition of respective metals is 

selected so that they are optimally mixed, in which Ag is 3.5 mass %, Cu is 0.75 

mass %, Bi is 5.0 mass % and Ni is 0.1 mass %. As clearly shown in this table, 

appropriate results were obtained in all of the melting point (216 degrees C), the thermal 

fatigue resistance test (1450 cycles), the wetting extendability (0.25 square mm) and the 

shearing test (4.1 N). The following will describe suitable amount of each composite 

part.  

[0071] 

 (ii) Regarding the amount of Ag 

 Table 2 indicates the thermal fatigue resistance and the wettability when 

amounts of Cu, Bi and Ni are fixed, amount of Ag is changed and the remainder is Sn 

(Ag= 0-6.0; Cu=0.75; Bi=3.0 and Ni=0.02). The amount of Ag is selected so as to be 0 

in the comparison example 8; It is selected so as to be 1, which is lower than that of this 

invention, in the comparison example 9; It is selected so as to be 2 in the embodiment 5; 

It is selected so as to be 2.5 in the embodiment 16; It is selected so as to be 3.5 in the 

embodiment 17; It is selected so as to be 4 in the embodiment 18; It is selected so as to 

be 5, which is higher than that of this invention, in the comparison example 10; and It is 

selected so as to be 6, which is further higher, in the comparison example 11. They are 

graphed and shown in FIG. 3. The minimal required values of the above-mentioned 

characteristics are also shown in this figure.  

[0072] 

 Additionally, when the sample has the same component ratio as the component 

ratio shown in the table 1, it has been described with the same sample title (embodiment, 

comparison example) and the same sample number being attached thereto. The same 

will apply to the following.  

[0073] 

[TABLE 2] 
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[0074] 

 As clearly shown in this table, in all of the comparison examples and 

embodiments, the thermal fatigue resistance indicated satisfied values (1000 cycles or 

more). The wettability, however, indicated 0.16 mm
2
 (square mm) in the comparison 

example 8 and indicated 0.19 mm
2
 (square mm) in the comparison example 9, which 

were merely lower than the minimal required value (0.2). On the other hand, regarding 

the wetting extendability, the embodiment 5 and 16 through 18 obtained satisfied results 

(0.25-0.29). Among them, the measured values of the wetting extendability in the 

embodiments 16 and 17 were particularly satisfied data (0.28 and 0.29). Further, Ag had 

the best mode thereof when it was 3.5 mass %.   

[0075] 

 Therefore, it is preferable that the amount of Ag to be added is within a range 

of 1.2 mass % through 4.5 mass %. It is preferable that the amount thereof is within a 

range of 2 mass % through 4 mass % even in the above-mentioned range. It is 

particularly preferable that the amount thereof is within a range of 2.5 mass % through 

3.5 mass %. 

[0076] 

 (iii) Regarding the amount of Ag 

 Table 3 indicates the wettability and the shear properties when amounts of Ag, 

Bi and Ni are fixed, amount of Cu is changed and the remainder is Sn (Ag=2.0; 

Cu=0-1.0; Bi=1 and Ni=0.02). The amount of Cu is selected so as to be 0 in the 

comparison example 12; It is selected so as to be 0.2, which is lower than that of this 

invention, in the comparison example 3; It is selected so as to be 0.3 in the embodiment 

1; It is selected so as to be 0.5 in the embodiment 2; It is selected so as to be 0.7 in the 

embodiment 19; It is selected so as to be 0.75 in the embodiment 4; It is selected so as 

to be 0.8, which is higher than that of this invention, in the comparison example 13; and 

It is selected so as to be 1, which is further higher, in the comparison example 14. They 

are graphed and shown in FIG. 4. The minimal required values of the above-mentioned 

characteristics are also shown in this figure.  

[0077] 

[TABLE 3] 
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[0078] 

 The comparison examples 3 and 12 satisfied the minimal required value of the 

wetting extendability but the results (2.6 and 1.9) of the shearing test did not satisfy the 

minimal required value (3.0 or more) thereof. In the comparison examples 13 and 14, 

results of the shearing test satisfied the minimal required value thereof but values (0.19 

and 0.17) of the wetting extendability test did not reach the minimal required value (0.2 

or more) thereof. On the other hand, the embodiments 1, 2, 4 and 19 obtained good 

results (0.21 through 0.22) in the wetting extendability and good results (3.7through 4.2) 

in the shearing test. Particularly, the wetting extendability of the embodiments 2, 4 and 

19 was very good values (3.9 through 4.2). Further, Cu had the best mode thereof when 

it was 0.75 mass %.    

[0079] 

 Therefore, it is preferable that the amount of Cu to be added is within a range 

of 0.25 mass % through 0.75 mass %. It is preferable that the amount thereof is within a 

range of 0.3 mass % through 0.75 mass % even in the above-mentioned range. It is 

particularly preferable that the amount thereof is within a range of 0.5 mass % through 

0.75 mass %. 

[0080] 

 (iv) Regarding the amount of Bi 

Table 4 indicates the thermal fatigue resistance when amounts of Ag, Cu and Ni 

are fixed, amount of Bi is changed and the remainder is Sn (Ag=2.0; Cu=0.75; Bi=0-7.0 

and Ni=0.02). The amount of Bi is selected so as to be 0 in the comparison example 15; 

It is selected so as to be 0.9, which is lower than that of this invention, in the 

comparison example 16; It is selected so as to be 1 in the embodiment 4; It is selected 

so as to be 3 in the embodiment 5; It is selected so as to be 4 in the embodiment 20; It is 

selected so as to be 5 in the embodiment 21; It is selected so as to be 6, which is higher 

than that of this invention, in the comparison example 17; and It is selected so as to be 7, 



 

19 

 

which is further higher, in the comparison example 18. They are graphed and shown in 

FIG.5. The minimal required values of the above-mentioned characteristics are also 

shown in this figure. 

[0081] 

[TABLE 4] 

[0082] 

 In all of the comparison examples, the results of the thermal fatigue resistance 

test did not satisfy the minimal required value (1000 cycles) thereof. On the other hand, 

by the above-mentioned test, all of the embodiments indicated the results (1110 through 

1410) exceeding the minimal required value (1000 cycles) thereof. Among them, the 

values of the embodiments 5, 20 and 21 (respectively, 1390, 1400 and 1410) were 

particularly good results. Further, Bi had the best mode thereof when it was 5.0 mass %.    

[0083] 

 Therefore, it is preferable that the amount of Bi to be added is within a range of 

1.0 mass % through 5.8 mass %. It is preferable that the amount thereof is within a 

range of 1.0 mass % through 5.0 mass % even in the above-mentioned range. It is 

particularly preferable that the amount thereof is within a range of 3.0 mass % through 

5.0 mass %.  

[0084] 

(v) Regarding the amount of Ni 

Table 5 indicates the thermal fatigue resistance and the wettability when 

amounts of Ag, Cu and Bi are fixed, amount of Ni is changed and the remainder is Sn 

(Ag=2.0; Cu=0.75; Bi=3.0 and Ni=0-0.20). The amount of Ni is selected so as to be 0 in 

the comparison example 19; It is selected so as to be 0.01, which is the lower limit value 

of this invention, in the comparison example 22; It is selected so as to be 0.02 in the 
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embodiment 5; It is selected so as to be 0.03 in the embodiment 23; It is selected so as 

to be 0.1 in the embodiment 24; It is selected so as to be 0.12 in the embodiment 25; It 

is selected so as to be 0.15 in the embodiment 26; It is selected so as to be 0.16, which is 

higher than that of this invention, in the comparison example 20; and It is selected so as 

to be 0.20, which is further higher, in the comparison example 21. They are graphed and 

shown in FIG.6. The minimal required values of the above-mentioned characteristics 

are also shown in this figure. 

[0085] 

[TABLE 5] 

 

[0086] 

 In the comparison example 19, the thermal fatigue resistance test did not reach 

the target cycles (1000 cycles) thereof. In the comparison examples 20 and 21, it was 

impossible to obtain a predetermined vale (0.2 or more) in the wetting extendability. 

The embodiment 22 indicated the results of the thermal fatigue resistance and the 

wettability (respectively, 1100 cycles and 0.26 square mm) which satisfied their 

minimal required values. The embodiments 5 and 23 through 26 obtained the results 

(1390 through 1500 and 0.22 through 0.26) of the thermal fatigue resistance test and the 

wetting extendability test, which exceeded their minimal required values. Particularly, 

the embodiments 5 and 23 through 26 obtained the good results (1390 through 1500 and 

0.25 through 0.26) of both of the thermal fatigue resistance and the wettability. Further, 

Ni had the best mode thereof when it was 0.1 mass %.    

[0087] 

 Therefore, it is preferable that the amount of Ni to be added is within a range of 

0.01 mass % through 0.15 mass %. It is preferable that the amount thereof is within a 

range of 0.02 mass % through 0.15 mass % even in the above-mentioned range. It is 

particularly preferable that the amount thereof is within a range of 0.03 mass % through 



�
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0.12 mass %. 

[0088] 

 (vi) Regarding Melting Points 

 Regarding the melting points, since the addition amount of the metals were 

selected so that liquidus temperature did not exceed 240 degrees C, values thereof (215 

degrees C through 225 degrees C) which were relatively low values were obtained. 

Accordingly, it is possible to previously prevent the circuit elements from receiving any 

thermal damage during the reflow process.  

[0089] 

 As clearly shown in the experimental data, by using the lead-free solder which 

contains Ag of 1.2 mass % through 4.5 mass %, Cu of 0.25 mass % through 0.75 

mass %, Bi of 1 mass % through 5.8 mass %, Ni of 0.01 mass % through 0.15 mass % 

and Sn as the remainder, the intended object can be attained in this invention. 

Particularly, it is preferable to use�the lead-free solder which contains Ag of 2 mass % 

through 4 mass %, Cu of 0.3 mass % through 0.75 mass %, Bi of 1 mass % through 5 

mass %, Ni of 0.02 mass % through 0.15 mass % and Sn as the remainder. It is further 

preferable to use the lead-free solder which contains Ag of 2.5 mass % through 3.5 

mass %, Cu of 0.5 mass % through 0.75 mass %, Bi of 3 mass % through 5 mass %, Ni 

of 0.03 mass % through 0.12 mass % and Sn as the remainder. 

[0090] 

 (vii) Regarding Lead-free Solder Ball and the like 

 Under the above disclosure, the lead-free solder according to the invention was 

made spherical and the lead-free solder ball thus made spherical was connected to a 

semiconductor chip 2 to make a sample chip. By mounting this sample chip on the circuit 

board 7, WL-CSP chip 20 was formed. It is possible to obtain the semiconductor circuit 15 

by mounting this WL-CSP chip 20 and other electronic components on the circuit board 7. 

[0091] 

 Since the good results as shown in the above-mentioned embodiments were 

respectively obtained when the solder properties such as the thermal fatigue resistance 

test, the shearing test, the wettability and the like were checked using the WL-CSP chip 

20, it is easy to be understandable that all of the above-mentioned solder properties can 

be respectively realized in the solder joint and the semiconductor circuit in addition to 

the lead-free solder ball by using the solder having the compositions claimed in the 

claims. Therefore, it is possible to provide the lead-free solder, the lead-free solder ball, 

the solder joint using the lead-free solder and the semiconductor circuit, which have  
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high reliability.  

 

[INDUSTRIAL AVAILABILITY] 

[0092] 

 The present invention is available to an on-vehicle electronic circuit and 

consumer electronics. 

 

[DESCRIPTION OF CODES] 

[0093] 

 2…Semiconductor Chip;  

5…Solder Bump Electrodes;  

7…Circuit Board;  

10…CSP Package;  

15…Semiconductor Circuit; and  

20…WL-CSP Chip 

 










