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Experimental Modeling, Repeatability Investigation
and Optimization of Microwave Bond Wire
Interconnects
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Abstract—We present the first comprehensive experimental and electromagnetic models were developed for each configura-
characterization of bond wire interconnects at microwave fre- tion. A sensitivity analysis is also experimentally performed to
quencies which includes a repeatability study, modeling and gy,qy the effects of fabrication tolerances which include wire

optimization. Wire bond interconnects with two different bond | th dl heights to the int t ’ A
types (ball-crescent and wedge), two different loop types (tight and engihs and loop heignts 1o the intérconnect performance.

loose) and two different lengths (15 and 25 mils), were fabricated Study based on the sensitivity analysis results is then performed
and experimentally investigated. We report the performance and to determine which configurations show more repeatable and
repeatability comparison of these configurations and develop an petter performance and its effect on the variation in the model
electromagnetic as well as a simple wide band lumped-element 53 meter. Finally, a novel ribbon bond interconnect architec-

equivalent circuit model to 40 GHz. A novel ribbon bond intercon- t . dt d th flecti d by the hiah
nect topology has also been proposed and experimentally tested'!l® 1S Proposed to reduce the reflection caused by the hig

demonstrating 65% less reflection compared to the conventional characteristic impedance typically encountered in the conven-

bond wire or ribbon configuration. tional ribbon and bond-wire configuration. Measurement results
Index Terms—Bond wires, electrical modeling, microwave, mi- of this new tgpology show more than 65% less reflection find
crowave packaging. comparable insertion loss when compared to the conventional

multiple wires and single ribbon configurations.

|. INTRODUCTION ll. DESIGN OF EXPERIMENTS

D ESPITE the emergence of new packaging and intercon-picrostrip bond wire test structures with a single one-mil di-
nect technologies, wire-bonding remains the dominagieter gold wire were manually fabricated using thermosonic
conventional low cost, high reliability and high manufacturgsg and wedge bonders [1] on 10 mils thick Probe Point™ mi-
bility chip connection technology [1]. When used in packagegqstrip to coplanar waveguide on alumina substrates [11]. Such
microwave integrated circuits, wire bonds exhibit parasitig configuration is desirable to enable on-wafer measurement
effects that impact the module performance. Bonding Wifgsing air coplanar probes. The wire-bond performance was in-
on air used as interconnect in a microwave module exhibits,gstigated as a function of lengths, bond shapes (wedge and ball
high characteristic impedance [2] due to large inductance [3escent) and loop heights (tight and loose). Several ball-cres-
caused by a typically thin wire diameter and small capacitanggnt and wedge-wedge test structures fabricated with tight and
due to small air dielectric constant between the wire and tig,se wire loops and different lengths (15 and 25 mils) were
ground plane. In addition, radiation loss due to discontinuimaced on a gold plated brass used as a ground plane. For both
[4] caused by wire bends on both ends of the wire, becomgsng styles, the tight loop configuration is approximately 20
significant, particularly in the millimeter wave frequency ranggjls high above the ground plane, while the maximum height of
[3]. Therefore, accurate high frequency characterization tige |oose loop wire is approximately 40 mils above the ground
critical to prevent considerable performance degradation.  pjane. The wire length mentioned here is approximately equal to
Experimental [5], [6] and numerical [3], [7], [8] characteri-the distance between the two adapters where the wire is bonded
zation typically neglect the variation in wire bond parameteggssuming the wire is tightly bonded. In the tight loop configu-
such as the loop height or assume a particular configuration.riffion, the wire was made as straight as possible. For loose loop
this paper, a comprehensive characterization of wire bond bnfiguration, the wire height is higher than that of the tight loop
terconnects on air connecting two microstrip lines as a functiednfiguration and therefore, the wire length is longer. For both
of lengths, loop heights (tight and loose loops) and bond typggses, the wires were bonded as close to the microstrip edge as
(ball-crescent and wedge) is presented. Wide-band electrigaksible such that the wire lengths are approximately the dis-
Manuscript received September 10, 2000; revised November 1, 2001. TH&ICE between the two adapters.
work was supported by NSF Career Award PRC ECS-9623964 and the NSFThe adapters were attached on a gold-plated brass used
PO et casoszusa, 5.8 010U plane sing  conducive epory afer wih th
N.. G. Cafaro is with the FIorida’CorﬁymunicatYions Research Léboratory, MmicrOStrip ends of the adapters are wirebonded. TRL calibra-
torola Labs, Plantation, FL 33322 USA. tion [9], [10], [12] was performed from 1.5 GHz to 40 GHz
J. Laskarand M. M. Tentzeris are with the Packaging Research Center, Schgplye-embed the adapters and establish the reference plane at

of Electrical and Computer Engineering, Georgia Institute of Technology, At . .
lanta, GA 30332-0250 USA (e-mail: gt8147a@prism.gatech.edu). Ahe microstrip ends. of the adapter so that the measured result
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Fig. 1. Test board containing bond wire test structures. 10+
. . . . m 20
Manufacturing tools used to fabricate microelectronicc i
packaging interconnects have certain precision that affec” .30 ]
the quality of the interconnects. Therefore, there are inhere i
nonidealities, tolerances and variations on the fabricated inte . 1.8
connects whose effects need to be carefully investigated. Giv i .
the fabrication tolerance, an investigation must be conducted 6o & ‘ o
examine the effects on the interconnect performance especis 0 5 10 15 20 925 B30 35 40
at high frequencies. There is also a need to characterize qual Frequency, GHz

tatively and predict the changes in pgr.formance given the Upe%r. 2. Magnitude of; andS»; of ten 15 mil (top) and 25 mil (bottom) tight
and lower bound of tolerance specified by the manufactur@p ball-crescent wire bonds.

The wire bonders have an inherent tolerance on the length
of wire they can bond onto the substrate, the location of the Figs. 2 and 3. The maximum variation 6f;, AS;; for the
bonds, as well as the loop height of the wire bond. The effects and 25 mil tight ball crescent wires is 0.8 dB and 0.6 dB, re-
of the variations of these parameters on the performance of fyctively, while that of the loose loop is 1 dB and 0.9 dB for
interconnects are studied in detail. “the 15 and 25 mil wires, respectively. The fact that the loose
To investigate the effect of fabrication tolerance to the winga|| crescent is less repeatable can be observed more clearly by
bond performance, several identical structures for each conf}gmng the maximum variation of the insertion 108sS; . The
uration were fabricated. There are a total of eight groups Wiﬁght loop exhibits 0.6 dBAS,; for both wire lengths while the
different configuration as functions of lengths (15 and 25 milsjygse loop shows 0.9 dB and 1 dBS»; for the 15 and 25 mil
loop heights (tight and loose) and bond types (ball-crescent apgle |engths, respectively, at 40 GHz. Therefore, the loose loop
wedge). For each configuration, ten identical samples were faq|-crescent exhibits an average of 0.25 dB mars;; and

ricated to determine the variation in performance as well as &5 4B moreAS,; compared to the tight loop counterpart.
best and worst case performance. All the test samples were fab-

ricated using microstrip to coplanar waveguide adapters on e wedge Wire Bonds
same gold plated brass used as a ground plane and therefor - . .
there are a total of 80 wire bond test samples to be character?he performance variation of the wedge wire bonds is shown

ized. Fig. 1 shows the photograph of the metalized board Figs. 4 and 5. The Ioo;e loop °9”ﬁ9uf"’.‘“°” s alsq slightly
which the test samples were attached. To ensure that the lim s repeatable than the tight loop, in addition to showing larger

tion set by the measurement test set does not affect the measmﬁﬁrtion loss. As indicated in Fig. 4, the tightloop (?cemrcl)nstrated
data significantly, multiple measurements have been conducfeq 4B and 0.8 dB aA51;, 1.5dB and 0.6 dB aASy, forthe 15

to verify the repeatability of the measurement data and the @1d 25 Mil wires, respectively. The loose loop shows 2 dB and
tegrity of the measuring equipment. 0.8dB ofAS;;,1.6dBand0.8dB alAS,; forthe 15 and 25 mil

wedge wires, respectively as shown in Fig. 5. While €, ;
performance between the tight and loose loop is comparable,
the loose loop wedge wires exhibit an average of 0.15 dB more
A. Ball-Crescent Wire Bonds AS5; than the tight loop.

Figs. 2 and 3 show the measured magnitud&,gfand.Ss;
of the 15 and 25 mil ball-crescent test structures with tight a
loose loop configurations, respectively. As expected, the loose~rom the information ofAS;; and AS,; derived from
loop wires, in addition to exhibiting more loss, is also less ré-ig. 2-5, it can be concluded that the wedge bond wire, despite
peatable by looking at the maximum variation%f; and.Sy;  its suitability for fine-pitch bonding, is less repeatable for short

Ill. EXPERIMENTAL RESULTS

g Comparison of Ball-Crescent and Wedge Wire Bonds
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Fig. 3. Magnitude ofS;; and Sz, of ten 15 mil (top) and 25 mil (bottom) Fig. 5. Magnitude ofS;; andS2; of ten 15 mil (top) and 25 mil (bottom)
loose loop ball-crescent wire bonds. loose loop wedge wire bonds.
0 [~ e e 0
: f : == AS,; for tight and loose loop configurations, respectively. On
— AN -1 the other hand, the wedge wires show 1.5 dB and 1.&dB;
§§ for the tight and loose loop configurations, respectively. For the
o 4 0, 25 mil wires, the ball-crescent shows 0.6 dB and 1 AB,;
= i “~1Q for the tight and loose loops respectively, while the wedge
o .5 @ demonstrates 0.6 dB and 0.8 dBS»; for tight and loose loop
; configurations, respectively. Therefore, for longer wires, which
a0t ' 1.8 in this case is demonstrated by 25 mil wires, the repeatability
i ; of wedge wire bonds is comparable to that of ball crescent.
[P SR S SO DURUE DS SR BUDUE BUTER SO Detailed summary of the performance variation of the eight
0 5 10 15 20 25 30 35 40 groups of test structures is provided in Table I.
Frequency, GHz The ball bonder has the advantage to establish tight loop and
0 == aa A RS SN RARAN Sanan e 0 short wire bond connection easier since the capillary does not
i ‘ ) have to be lifted up further once the ball bond has been gener-
-10 [ 7 12 ated and thus, allowing immediate stretching of the wire to be
X }\) §§, > bonded at the other end. The wedge bonder, however, requires
o -20°© / = 4 o certain height before the wire can be stretched to the other end.
s ; 1 =  The variation of height prior to stretching is a major source of
P 30 -6 ©  wider range of performance variation exhibited by the wedge as
'; compared to ball-crescent wire bonds.
-S40 & -8
IV. ELECTROMAGNETIC AND LUMPED ELEMENT
50 - - , coecin ] 90 ELECTRICAL MODEL
0 5 10 15 20 25 30 35 40 _ .
Frequency, GHz A number of electromagnetic (EM) models for wire bonds
Fig.4. Magnitude ob1; andS3; of ten 15 mil (top) and 25 mil (bottom) tight have .been developed and CL.IStom numencal.tec.hmques have
loop wedge wire bonds. been implemented for analysis and characterization. EM sim-

ulations using custom finite difference in time domain [7], en-
wires, which is true for both tight and loose loop configurationfianced method of moments [3] and method of line [8] algo-
For the 15 mil wires, the ball-crescent shows 0.6 dB and 0.9 @diBhms have been performed. We have developed a new EM
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TABLE |
PERFORMANCE VARIATION SUMMARY OF VARIOUS BOND-WIRE
INTERCONNECTTEST STRUCTURES

Bond shape Length | Loop Height | AS;ymax | ASyymax | AS;ymax | ASymax
(mils) (dB) (dB) (degrees) | (degrees)

Ball-crescent 15 Tight 0.8 0.6 11 7

Ball-crescent 25 Tight 0.6 0.6 4 6

Ball-crescent 15 Loose 1 0.9 6 5

Ball-crescent 25 Loosc 0.9 1 8 6

Wedge 15 Tight 2.5 1.5 12 14

Wedge 25 Tight 0.8 0.6 11 6

Wedge 15 Loose 2 1.6 14 14

Wedge 25 Loose 0.8 0.8 3.5 6

. . . . . (a) 8D VIEW
model for wire bond and simulated using a commercially avai

able full-wave EM simulator by method of moment (MoM)
[13], [14]. This model is implemented for two different wire
bond lengths; 15 and 25 mils. The approximated geometry o ,
tight-loop wire bond is illustrated in Fig. 6(a). — et
In this figure, hs and hy, indicate the thickness of the mi- Miorostrlp Bond wire
crostrip substrate onto which the wire is bonded and the wi
height above the ground plane, respectively. Fig. 6(b) sho (b) TOP VIEW
the top view schematic drawing of the wire bond model impl&I\:_ig 6. Approximated geometry to (a) model wirebond implemented for (b)
mented in the EM simulator [13]. The model consists of tWg,ow simuiation.
gold strips in air connected by vias at their edges. Each strip is
divided into small subsections whose size can be adjusted d L L R L
pending on the desired accuracy. Wire bends at both ends of t'"Put POt Output port
wires are also modeled as edge vias. c c
The small triangles in Fig. 6(b) are the locations of the via: T T
connecting the two strips along the periphery of the strips a =
well as vias to model the wire bend at both ends of the strips.
For loose loop wire bonds, a more complicated EM model is rEig- 7. Circuit schematic of wire bond electrical model.
quired since the wire height above the ground is not constant and
this variation needs to be taken into account. Other full 3-D Elgerformance for each configuration. The valuesL6fand C
simulators utilizing finite element and transmission line matrii Fig. 7 are independent of the length of the wire bond or the
[18], [19] algorithms are more suitable to simulate loose lodponding process. Their values obtained from the optimization
wire bonds since they allow more flexibility to draw 3-D ge-are 0.05 nH and 17.5 fF, respectively. The valuedfare 0.2
ometries. and 0.322 for 15 and 25 mil wires, respectively. Since varia-
For practical applications such as that in circuit design incaien in both phase and magnitude of insertion loss is of more
porating parasitic effects caused by the wire bonds connectingaticular interest for most applications, specifically where the
microwave integrated circuit to package pins, a simple, accuratgput magnitude and phase are critical, such as in balance-un-
and scalable lumped element model for wire bond is desirdshlance (balun), power combiner (divider) and phase shifter cir-
Some research related to lumped element wire bond modelimgts, more weight is put on the insertion loss to provide better
[16] involves rigorous analysis based on the segmentation of timatch to the measured results during the optimization [15]. The
wire to derive the per unit length wire inductance. We proposeMoM simulations for tight loop wires show a good agreement
simple electrical wire model shown in Fig. 7. This model is suito the measured results as indicated in Figs. 8 and 9 for the
able for short wires and consists of an ideal indudtan series ball-crescent configuration. The simulated insertion loss is ap-
with a resistorR representing the wire inductance and loss dygoximately the median between the best and worst case perfor-
to metallization as well as radiation loss at the wire bends nexance for each wire length. Even though the MoM simulation
spectively. The capacit@” at the input and output ports repre+esults are only superimposed with the measured results for the
sents the combination of substrate capacitance between thelmil-crescent wire bonds, it is apparent that the results also lie in
crostrip line onto which the wire is bonded to the ground plarthe median between the best and worst case insertion loss per-
and the wire capacitance to ground. This is assumed to be ctarmance for the wedge wire bonds by comparison of the EM
stant since all wires are bonded on the microstrip lines with idesimulation results in Figs. 8 and 9 to the measured results in
tical configuration. The inductak’ at the input and output port Figs. 4 and 5.
represents end inductance caused by the bonds and is assum¥driation caused by fabrication tolerances causes changes in
to be constant as well for every configuration [17]. the values of the lumped element model shown in Fig. 7. Since
The values of the lumped elements in Fig. 7 are optimizéde bond shapes (both ball-crescent and wedge) are assumed to
[15] using Agilent’s Microwave Design System (MDS) opti-be identical, the element representing the parasitic due to the
mization engine to match the best and worse case wire bdmhds which are the end inductantéand capacitancé€' in

Edge vias

Microstrip
on alumina
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Fig. 9. Measured and modeled best and worst case insertion loss for 25 mil
Fig. 8. Measured and modeled best and worst case insertion loss for 15 tigiht ball-crescent wire bond.
tight ball-crescent wire bond.

V. A NEw RIBBON BOND INTERCONNECTTOPOLOGY

Fig. 7 for all wire lengths are constant. The only parameter gond wire interconnects can be analyzed as a lossy transmis-
change due to fabrication tolerance is the wire inductaiice gign line whose characteristic impedance is given by

Table Il shows the summary of lower and upper bound wire in-

ductancel. for each configuration as well as the change in wire R+ jwL

inductance indicated bxx I in the last column. The trends ob- Zo = m 1)
served in the performance variation summarized in Table | are

reflected in Table Il. As discussed in Section lll, the loose looghere R, L, G and C are the series resistance, series induc-
type is less repeatable than the tight loop wire bonds. Thetance, shunt conductance and shunt capacitance per unit length
fore, there is more variation in wire inductance for loose loogf the transmission line, respectively. It is desirable to obtain a
wire bonds as demonstrated by the larger valu&éffor the low loss, 502 matched bond-wire interconnects, since the typ-
loose loop configuration of both ball-crescent and wedge coieal input and output impedance of most microwave systems are
figurations in Table Il. Similarly, as previously stated, ball-cre$50<2. As mentioned in Section I, conventional bond wire con-
cent wire bonds are more repeatable and consequently have figggation exhibits high characteristic impedance due to ldrge
change in wire inductance compared to the wedge configuemd small” in (1). Multiple bond wires placed in parallel [20],
tion. This can be verified by comparing an averdge of 0.055 [21] reduceR and L and therefore, lower th&, and the inser-

nH and 0.09 nH for tight and loose ball-crescent, respectivelytion loss. A further improvement can be accomplished by the
anaverag@ L of 0.11 nH and 0.12 nH for tight and loose wedgese of a ribbon bond which can eliminate the capacitive and mu-
wire bonds, respectively. The measured and modeled insertiaal inductive coupling [21] typically present in the multi-wire
losses for the 15 and 25 mil tight ball-crescent wire bonds a@pology. We propose a new ribbon bond interconnect traversing
given in Figs. 10 and 11, respectively. over air bent to close proximity to the ground plane. Such a
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TABLE 1l 0 L L L L B B
WIRE INDUCTANCE VARIATION OF VARIOUS BOND-WIRE INTERCONNECT r S b
CONFIGURATIONS r b
Bond shape Length | Loop Height | Lmin Lmax AL 2 - N e 1
(mils) (nH) (nH) (nH) r Ss T
Ball-crescent 15 Tight 0.38 0.44 0.06 | \ :
Ball-crescent 25 Tight 0.60 0.65 0.05 -4 N
Ball-crescent 15 Loose 045 054  ]0.09 © L N \ i
Ball-crescent 25 Loose 0.74 0.83 0.09 © L N \ h h
Wedge 15 | Tisht 0.30 045 |0.15 ok ) Q\\ ]
Wedge 25 Tight 0.53 0.60 0.07 -6 : ]
Wedge 15 Loose 0.42 0.58 0.16 r \\;
Wedge 25 Loose 0.77 0.86 0.09 r ~
-8
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0 Io-% RS
@ - ST S el A
g [ \Q\ Fig. 11. Measured and modeled best and worst case insertion loss for 25 mil
3 L T loose wedge wire bond.
& 00 [ '
9 - 4 the adapters as shown in Fig. 12(a). The gold ball-crescent type
« b _ . . . . .
£ i ] bond wires have a diameter of 1 mil and are fabricated using a
o | 4 thermosonic bonder. The second configuration (Type 2) shown
150 i in Fig. 12(b) is the same Type 1 except a 10 mil wide and 1 mil
L Measurement | thick arching gold ribbon was used to connect the microstrip
- ““"M"de" 41 lines on the adapters. The third structure (Type 3) shown in
20 Lo lbov o bee i bve it oo, Fig. 12(c) is the same as Type 2 but in this case, the ribbon was
0 5 10 15 20 25 30 385 40 bent toward the ground plane as it traverses over air so that
Frequency, GHz the height over the ground plane is much less than that of the

first two configurations. A two-mil thick microscope film was
Fig. 10. Measured and modeled best and worst case insertion loss for 15gled as a spacer gauge placed between the two adapters where
loose wedge wire bond. the Type 3 ribbon was bonded as illustrated in the side view
schematic in Fig. 12(c). It was used to control the ribbon height
topology has a small ribbon height above the ground plane aalgbve the ground plane and more importantly, to ensure that
therefore, yields a large?. In addition, a large ribbon width hasthe bonding process is repeatable. Once the ribbon was bonded,
a much les<.. A combination of the two effects significantly re-the microscope film was then removed. Thinner substrates such
duce theZ, of the interconnect. as a silicon substrate with thickness as thin as gr8can be
We fabricated three different test structures to investigate ansed as a spacer to enable the ribbon to be pulled even closer
compare experimentally the performance of this new dowte the ground plane. The wires and ribbon were bonded as
ward-bent ribbon topology. The first test structure (Type XJosely as possible to the end of the microstrip portion of the
consists of three arching wires bonded to the microstrip edgeaufapters. We performed TRL calibration from 1.5 GHz to 40
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Microstrip on alumina

substrate //%Arching bond wires
|¢ 10 mils

77777 7777 Ground Plane

4—15 mils —|

(a) Type 1

Arching ribbon wire

7N

TS TTT 7"Ground Plane

(b) Type 2

Downward-bent
ribbon wire

~Ground Plane

two-mil high spacer for height control
(removed after bonding)

(c) Type 3

Fig. 12. Top view photographs (left column) and side view schematics (right column) of wire and ribbon bond test structures. (a) Type 1: Threexjméd bond
arching on air. (b) Type 2: A single gold ribbon arching on air. (c) Type 3: A single gold ribbon bent to close proximity to the ground plane.

GHz to de-embed the adapters and established the reference 0
plane at the microstrip end of the adapter so that the measured ]
result contains only the structures under test. $hgarameter 10 T P
measurement of the test samples was then performed using _ - e
HP8510B network analyzer after the calibration. 1 , //
Figs. 13 and 14 show the measurement results of the three B 20 4
test structures. As indicated in Fig. 13, the return loss perfor- = - /7
mance of Type 3 is superior to the other two types. A max- @ .30 17
imum improvement of more than 5 dB is observed at 40 GHz. i /
Both Type 1 and Type 2 exhibit a return loss of 5 dB and 6 ] ‘ )
dB, respectively at 40 GHz as compared to more than 10 dB B s C B N Type 1}
for Type 3. This corresponds to more than 65% reduction in the j , '_”‘%gg % ;
reflected power. Additional conductor and radiation loss is ex- e S
pected to occur in Type 3 due to a longer ribbon required to o &5 10 15 20 25 30 35 40
be bent closer to the ground plane as well as the discontinu- Frequency, GHz
ities caused by the additional bending at both ends of the ribbon.
However, this additional loss mechanism does not consideraBi?- 13. Measured return loss of the three wire and ribbon bond test structures.
degrade the insertion loss compared to both arching ribbon and
multiple wire topologies. As observed from Fig. 14, Type 3 exas the spacer, closer gap to the ground plane can be achieved
hibits a maximum of 6% more insertion loss compared to the obtain a larger capacitance per unit length of the ribbon and
two other types. With the use of a;fn thick Silicon substrate thereby, lowering theZ, and improving the return loss further.
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VI. CONCLUSION (18]

This paper thoroughly investigates the performance variation
. . . : . [19
of different styles of wire bond interconnections typically used
in microwave integrated circuits in terms of bond shapes, loofeo]
height and wire lengths using both experimental and simula-
tion approaches. From a repeatability study, we demonstrate th b
the loose loop and the wedge type are less repeatable than the
tight loop and the ball-crescent type, respectively. Also, a simple
wide-band lumped-element model has been developed and ver-
ified with the measurement results to 40 GHz. The quantitative
repeatability information presented in this paper is important in
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