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Abstract Gold wire has long been used as a proven method of connecting a silicon die to a substrate in
wide variety of package types, delivering high yield and productivity. However, with the high price
of gold, the semiconductor packaging industry has been implementing an alternate wire
material. These materials may include silver (Ag) or copper (Cu) alloys as an alternative to save
material cost and maintain electrical performance. This paper will analyze and compare the electrical
characteristics of several wire types. For the study, typical 0.6 mil, 0.8 mil and 1.0 mil diameter wires
were selected from various alloy types (2N gold, Palladium (Pd) coated/doped copper, 88% and 96%
silver) as well as respective pure metallic wires for comparison. Each wire model was validated by
comparing it to electromagnetic simulation results and measurement data. Measurements from the
implemented test boards were done using a vector network analyzer (VNA) and probe station set-
up. The test board layout consisted of three parts: 1. Analysis of the diameter, length and material
characteristic of each wire; 2. Comparison between a microstrip line and the wire to microstrip line
transition; and 3. Analysis of the wire's cross-talk. These areas will be discussed in detail along with

all the extracted results from each type the wire.
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1. INTRODUCTION

Wire bonding is the method of making interconnections
between the silicon chip and substrate. With the high
price of gold, the semiconductor packaging industry is
increasingly implementing alternative wire materials.
These materials may include silver alloy or copper
wires as alternatives to save material cost and maintain
electrical performance. This study is focused on the
electrical performance of each wire material. In the
case of low operating frequency devices, the most
important properties of wire bonding are physical
reliability and bondability. In the past, the wire
electrical characteristic has not had a significant impact
on signal quality due to the relatively low data rate.
However, recent advances in semiconductor industry,
with respect to increased operating frequencies for
bonding wires has caused the data rate to be faster than
previous devices. Therefore, wire materials also need to
be evaluated on the transmission behaviors for signal
integrity and power integrity. The bonding wire on
mold material which is used as an interconnect in high
frequency operations causes a high characteristic

impedance, which results in mismatched circuit and
high signal reflection. In addition, radiation loss due to
discontinuity is caused by the wire edge structure. [1]-
[3] To begin with, each of the wire materials has a
known resistivity or conductivity value which has been
proven by other studies. [4]-[8] However, a comparison
of the following wire materials: Au(2N), Pd coated Cu,
Ag 96%, Ag 88% and Pd doped Cu have not been
discussed in detail. This paper focuses on the electrical
characteristics of each wire. A variety of bonding wires
with different characteristics in terms of diameter,
material and frequencies were simulated and measured.
Additionally, a comparison between a microstrip line
and the wire to microstrip line transition structure is
presented, and the cross-talk between two wires with
0.5 mm separation was analyzed. In addition,
simulation and measurement results of each wire are
overlapped for easy comparison.

2. MODELING AND SIMULATION

In this study, bond wire modeling is based on results of
electromagnetic simulation performed using a HFSS v.



15. The substrate core of the model is DS-7409HGB,
with the thickness of 0.150 mm. The relative core
permittivity is 4.6 and prepreg permittivity is 3.9. The
thickness of the top metal layer and bottom metal layer
on the substrate is 0.01 mm. The thickness of the top
and bottom solder mask layer is 0.02 mm. Thus, total
thickness is 0.24 mm. The substrate cross section is
shown in Fig. 1.
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Fig. 1. Cross section of substrate

The present modeling scheme is summarized in Fig. 2.
After 3D wire geometry is entered into EM, a
simulation is performed to generate two-port or four-
port S-parameters. The simulation frequency ranges
from 0.5 GHz to 40 GHz. For the wire bond
configurations, different diameters and lengths are
selected. In order to compare composition material and
pure material, the materials of three wire types were set
to pure. For the simulation, we performed a case study
using three different wire materials (Pure Au, Pure Ag,
Pure Cu). To compare the each wire, S-parameters
were extracted from the layout as shown in sections 1,
2 and 3. Multiple curves of all tested wire results are
included in each figure. Loop wire is 0.1 mm above the
top metal.

Section 3

Fig. 2. Cross section of substrate
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Fig. 3. Structure of Section 1 and probing pad

Table 1. Test matrix of experiment

Wire

Wire type diameter Wire length Total # of legs
Au(2N)
Section 1 Pd Coated Cu 0.6 mil 0.5 mm
Silver (96%) 0.8 mil 1.5 mm 45leg
Silver (38%) 1.0 mil 3.0 mm
Pd dopped Cu
Wire type di:\rlxl):er Trace width Total # of legs
Au(2N)
Section 2 Pd Coated Cu ol
Silver (96%) 0.8 mil 02 :::1 10 leg
Silver (88%)
Pd dopped Cu
Wire type di:\rlxl):er Wire length Total # of legs
Au(2N)
i Pd Coated Cu
Secton3 Silver (96%) 08 mil 20mm 20 leg
o .
1.0 mil 3.0mm
Silver (88%)
Pd dopped Cu

In Section 1, the wire-bond performance was
investigated as a function of diameter, length and
material. Test structures with different lengths (500 pm,
1000 pm, 1500 pm), diameters (0.6 mil, 0.8 mil, 1.0
mil), and materials were fabricated. For each
configuration, 27 models were simulated from 0.5 GHz
to 40 GHz. Extracted S-parameter was converted into a
Z-parameter, and the Z-parameter was converted into
inductance values for evaluation. Table 2 provides the
electrical parameters for the wire inductance. It is clear
that as the wire diameter increases, the inductance
decreases. The wire length and frequency are another
critical factor that affects the inductance value. The
wire length varies from 500, 1500, and 3000 pm. At
500 pm, the inductance is not sensitive. However, at
1500 pum and between 5 GHz and 10 GHz, inductance
rapidly increases.

Table 2. Simulation results of Section 1 (Unit : nH)

Froquency 1GHz
Length
) 500 1500 3000
Diameter 0.6 08 1 0.6 08 1 0.6 08 1
(mil)
Ag Lo | 103 | oo | 194 | 183 1.76 3.19 3.05 2.92
Au Log | o4 | o | 193 | 14 178 3.18 3.05 2.94
Cu Log | o4 | ot | 14 | 14 177 3.20 3.06 2.93
Froquency 5GHiz
Ag L[ oros | o4 | 212 | 19 191 3.93 371 3.54
Au Lz | o7 | o4 | o2m | 19 1.93 3.91 372 3.55
Cu Lo oo7 | o4 | o2m | 199 1.92 3.94 373 3.55
Froquency 10GHz
Ag 129 [ 123 | 120 | 321 | 295 279 | 216 | 1658 | 13.86
Au 130 [ 124 | 120 | 320 | 295 283 | 2125 | 1741 | 1395
Cu 129 [ 124 | 120 | 320 | 29 280 | 2142 | 1685 | 1378




For Section 2 structures, some transmission testers
which are critical for system performance were
investigated. The wire to microstrip line transition
structure can have high characteristic impedance.
Discontinuity of the transmission line can interfere
with the signal flow. The insertion loss and reflection
coefficient are sensitive to the transmission structure.
Transmission line was investigated as a function of line
width and material. Test structures were fabricated with
different trace widths (0.1 mm, 0.2 mm) and materials.
Fig. 5 and 6 provide the simulation results.

Fig. 4. Structure of Section 2

Figures 5 and 6 show the simulated magnitude (Pure
Cu, Pure Ag, Pure Au) of S11 and S21 of the microstrip
line and transition structure. As indicated in Figures 5
and 6, the return loss of trace is better than transition
structures.
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Fig. 5. Simulation results of wire to wire transition and microstrip
line (trace width 0.2 mm with Pure Cu, Pure Ag and Pure Au)
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Fig. 6. Simulation results of wire to wire transition and microstrip
line (trace width 0.1mm with Pure Cu, Pure Ag and Pure Au)

Through Section 3 structures, the cross-talk problem
was investigated. A critical factor of cross-talk is wire
to wire distance. However, due to the fabrication limit
of the substrate probing structure, the minimum
distance from wire to wire was 0.5 mm. Therefore, the
wire to wire distances were all set to 0.5 mm. Thus, the
experiments focused on the diameter and material. The
test model shown in Fig. 7 consists of two adjacent
wires with different diameters, lengths and materials.
Figures 8, 9, 10 and 11 show the results of cross-talk.

Fig. 7. Structure of Section 3

'EU TTTT ‘ TTTT | L | TTrTT I TTTT | TTTT | TTTT | L
0 5 10 15 20 25 30 35 40
freq, GHz
Fig. 8. Cross-talk simulation results (0.8 mil diameter and 2000 pm
wire length with Pure Cu, Pure Ag and Pure Au)
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Fig. 9. Cross-talk simulation results (1.0 mil diameter and 2000 pm
wire length with Pure Cu, Pure Ag, Pure Au)
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Fig. 10. Cross-talk simulation results (0.8 mil diameter and 3000 pm
wire length with Pure Cu, Pure Ag and Pure Au)

$31

dB
:
N
]
|
|

-60 LI L L O L B B BB RO
] 5 10 15 20 25 30 35 40

freq, GHz
Fig. 11. Cross-talk simulation results with different wire materials
(1.0mil diameter and 3000 um wire length with Pure Cu, Pure Ag
and Pure Au)

3. MEASUREMENT RESULTS

As mentioned before, a wire bonded substrate was
implemented. From the measurement of implemented
substrate, S-parameters were obtained by VNA. The
measurement environment and implemented substrate
are shown in Fig. 12.

Fig. 12 Measurement environment and implemented substrate

For section 1 structures, measurement results are
shown in Table 3. Wires of different lengths and
diameters were measured to observe the effect on
overall inductance values at different frequencies. The
short, thick wires had low inductance values as
expected. In addition, there was no significant
difference in the values of inductance between the
wires of different materials.

Table 3. Measurement results of Section 1 (Unit : nH)

Frequency 1GHz
Length
) 500 1500 3000
Diameter 06 | o8 1 06 | os 1 06 08 1
(mil)
Ag88% 088 | os4 | os2 | 174 | 165 | 150 | 310 | 296 | 283
A96% 087 | osa | o83 | 175 | 165 | 160 | 310 | 204 | 284
AU2N) 086 | 083 | oso | 171 | 161 | 15 | 301 | 288 | 275
Pd
. 086 | oss | os2 | 173 | 163 | 155 | 303 | 278 | 202
doped Cu
Pd Cu 086 | osa | os2 | 172 | 164 | 157 | 304 | 289 | 276
Frequency 5GHz
Ag88% 088 | osa | osi | 1s4 | 174 | e | 367 | 349 | 332
A96% 087 | 083 | os2 | 186 | 174 | 1es | 366 | 343 | 33
AUZN) 086 | 083 | oso | 18t | 171 | e | 356 | 340 | 321
Pd
. 086 | oss | os2 | 183 | 173 | 1e | 361 | 326 | 305
doped Cu
Pd Cu 087 | oss | os2 | 183 | 174 | 1es | 364 | 343 | 326
Frequency 10GHz
Ag88% 097 | 093 | o0s9 | 248 | 228 | 222 | 1037 | 864 | 846
A96% 096 | 092 | oo | 257 | 233 | 218 | 1004 | 958 | 82
AW2N) 095 | 091 | oss | 242 | 223 | 213 | 939 | 840 | 725
bd 094 | 093 | 090 | 249 | 231 | 215 | 1070 | 809 | 720
doped Cu
Pd Cu 095 | 093 | 090 | 251 | 234 | 220 | 137 | 97 | 851




Figures. 13, 14, 15 and 16 show the measured
magnitude of S11 and S21 for Section 2 structures.
These figures include present data for all test materials.
The trace width 0.2 mm shows 3.03 dB and 3.27 dB
AS21 for wire to wire transition structures at 10 GHz.
On the other hand, the microstrip line shows 0.27 dB
and 0.34 dB AS21 at the same frequency. The trace
width 0.1 mm shows 1.02 dB and 1.10 dB AS21 for
wire to wire transition structures at 10 GHz. On the
other hand, the microstrip line shows 0.69 dB and 0.79
dB AS21 at the same frequency. Therefore, a large
amount of insertion loss existed from the discontinuity
of transmission line. It clearly indicates that microstip
line is better than wire to wire transmission line
transition, especially for wider traces.
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Fig. 13. Measurement results of wire to wire transition (trace width
0.2 mm with Au(2N), Pd coated Cu, Ag 96%, Ag 88% and Pd doped
Cu)
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Fig. 14. Measurement results of microstrip line (trace width 0.2 mm
with Au(2N), Pd coated Cu, Ag 96%, Ag 88% and Pd doped Cu)
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Fig. 15. Measurement results of wire to wire transition (trace width
0.1 mm with Au(2N), Pd coated Cu, Ag 96%, Ag 88% and Pd doped
Cu) .
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Fig. 16. Measurement results of microstrip line (trace width 0.1 mm
with Au(2N), Pd coated Cu, Ag 96%, Ag 88% and Pd doped Cu)

As mentioned earlier, Section 3 structures were used
for the cross-talk study. Figures 17, 18, 19 and 20
provide the measurement results. It is necessary to
compare each wire characteristic. The results illustrate
the S-parameters of these cross-talk models. It was
observed from the measured S41 and S31 curves that
the cross-talk of these wire models were slightly
different due to the variation of long wire sag. At a wire
to wire distance of 0.5 mm, the cross-talk effect was
not significant.
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Fig. 17. Cross-talk measurement results with different wire materials
(0.8mil diameter and 2000 pm wire length with Au(2N), Pd coated
Cu, Ag 96%, Ag 88% and Pd doped Cu)
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Fig. 18. Cross-talk measurement results with different wire materials
(0.8mil diameter and 3000 pm wire length with Au(2N), Pd coated
Cu, Ag 96%, Ag 88% and Pd doped Cu)
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Fig. 19. Cross-talk measurement results with different wire materials
(1.0mil diameter and 2000 pm wire length with Au(2N), Pd coated
Cu, Ag 96%, Ag 88% and Pd doped Cu)

4. CONCLUSIONS

This paper thoroughly investigates the performance
variation of different materials, lengths and diameters

of wires. Simulations have been conducted for each
type of materials. The following conclusions can be
drawn from the simulation and measurement results.
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Fig. 20. Cross-talk measurement results with different wire materials
(1.0mil diameter and 3000 pm wire length with Au(2N), Pd coated
Cu, Ag 96%, Ag 88% and Pd doped Cu)

1. Inductance and S-parameter trends are almost the
same among different wire materials.

2. When frequency is over 5 GHz and wire length is
over 1.5mm, inductance rapidly increases.

3. Discontinuity of transmission line can interfere with
the signal flow.

4. When the wire to wire distance is 0.5 mm, cross-talk
of the wire is not sensitive to wire length and diameter.
5. Electrical responses are about the same from wires
of different materials.
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