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Abstract—Bonding wires are extensively used in integrated cir- of bonding wires be correctly extracted and their electrical per-
cuit (IC) packaging and circuit design in RF applications. An ap-  formance be modeled accurately.

proach to fast three-dimensional (3-D) modeling of the geometry In order to model package parasitics, simulation of the in-
for bonding wires in RF circuits and packages is demonstrated. The . . . '
geometry can readily be used to extract electrical parameters such trinsic device _'S compared to th_e measut%qbarameters of a

as inductance and capacitance. An equivalent circuit is presented Packaged device [1]. This modeling approach relies on the accu-
to model the frequency response of bonding wires. To verify simula- racy of the intrinsic device model and requires measurement for
tion accuracy, test structures have been made and measured. Excel-individual devices. For complex 3-D geometries, a new physical
lent agreement between simulated and measured data is achievedy oo js needed to link extraction and the modeling process. A
for frequencies up to 10 GHz. The model is well suited for the : . . .
design and analysis of circuits for cellular phone communication method based on bonding wire geometries has been previously

(i.e., order 2 GHz) and future wireless communication (i.e., order reported in [2]. However, it involves manual measurement of

5 GHz). the wire length; the shape (curvature) of the wires has not been
Index Terms—Geometric modeling, IC packaging, integrated sufficiently considered. Analytical formulae for straight wires
circuit modeling, RF circuit, semiconductor device bonding. are used to estimate the inductance. Since manual measurement

is error prone and 3-D geometry information is not completely
captured, accuracy of this approach is limited. In [3] analytical
formulae are used to calculate the bonding wire’s self and mu-
ECAUSE of growing concerns in high frequency desigripal inductance. But these equations were derived only for one
consideration of parasitic effects for the bonding wires gpecific geometry, shape or curvature of the wires—the method-
essential in integrated circuit (IC) packaging of radio frequen@Jogy is not suited to generalized bonding wire configurations.
(RF) and deep submicron high speed very large scale integrafted general 3-D geometries, automation would be preferred.
(VLSI) circuits. As the frequency moves above several GHz, As circuits become more complex, the package and bonding
the parasitics caused by bonding wires, mainly inductance anes become more complex as well. Fig. 1 shows an SEM
capacitance, can no longer be ignored and require careful mptioto of an RF power transistor; complicated geometry of
eling. To predict the performance of packaged RF power déie package must be taken into account. Capture of sufficient
vices, a compact model, including bonding wires, is desirab@nding wire information depends on accuracy and automa-
for circuit simulation. Bonding wires are sometimes also usdi@n of the 3-D geometry modeling process. In this paper, a
in matching networks in RF ICs. Typically, to achieve gooéast 3-D modeling approach is presented, which extracts the
matching, adjustment of the bonding wires is required througieometry from SEM photos, ultimately leading to extraction
empirical effort, with little or no help from simulation. More- of electrical parameters. The input files for the field solvers,
over, bonding wires are used in implementing high quality factstich as FASTHENRY [4] and FASTCAP [5], can be automat-
(@) inductors as part of functional design of tuning networkisally generated based on this geometry. Electrical parameters
in RF circuits, vis a vis on-chip spiral inductors. Therefore, fofinductance, resistance and capacitance) and equivalent circuits
these applications, it is necessary that the electrical parameggthen obtained for circuit analysis. A carefully designed test
structure has been fabricated and measured. The simulation

. . . . results show excellent agreement with the measured data. The
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Fig. 1. Aprogram is developed to capture the 3-D bonding wire geometry and
to generate input files for field solvers. (© (d)

Fig. 2. Translation of world coordinate system and reference coordinate

Il. A NOVEL GEOMETRY EXTRACTION METHOD system. (a) World coordinate system and reference coordinate system are
aligned. (b) Rotation around x. (c) Rotation around z'. (d) Projections of x’ and

Physically-based simulation of interconnects is possible onfy°n XY plane, uand v are their projections.

when detailed knowledge of 3"_3 geometry is available. In ma@ft’)nship between the two systems is described using transforma-
cases the structures can be dgfmed from planes parallel to thet[&— (rotation) matrices and one scaling matrix. The 3-D space
ord.m.ate planes. Solld.modelmg tools have become popular,inyascribed in the world coordinate, v, z). On the screen, it
deflnln-g SF’Ch geometnes: Th.e most common way of geome}gassumed that theaxis is always pointing to right, thgaxis
capturmg is based on projections of 2D quects frgm reSpeCt'?éealways upright and the axis points toward the user. The ob-
coordinate planesify, yz, andzz). If an object’s projections t0 ja s (honding wires) are described in a user-defined reference
the coordinate planes are known, a 3-D geometry of the Obj%%tem(x’, o, 2'). Fig. 2(a) shows the aligned world and refer-

can be constructed. This makes it possible to construct 3-D @& ~5ordinate systems. By assuming thattiaeis projection
ometries, using conventional mechanical engineering drawigg screen—they plane—is always parallel with theaxis (i.e.

methodology. upright on screen), we do not have rotation arounditiais.

To obtain the geometry of the wires, a new extraction methge +.ansform thery~ system to tha's/ »’ system, we only need
is developed. Even though shape can be controlled by €t rotate thery~ system around the axis and secondly,
bonding machines with high accuracy (and reproducibility), fhtate around the new resulting axis. The rotation around

is difficult to predict the shape of bonding wires in advanceq the new’ axis are plotted in Fig. 2(b) and (c) and the cor-
SEM photos have a large depth of focus and are used to Cap‘ilérgponding matrices can be obtained [6].

the shape of wires. Cqmplete 3-D. |nf9rmat|on. can be obtained|jgars define the reference system by actually specifying the
from several photos with known viewing locations and angleg: andy’ axes projections on the screen in theplane. This is

In practice, however, it is sufficient to use a single properlys, a|ly done by putting the origin on the corner of a device and
positioned photo and to make the extraction unique by addipgsating two projections along two selected edges of the device.
limited assumptions about the geometry. Since SEM photgs ¢yon as the projections are drawn, the anglbgtween the

are pqrtable, using electronic tre_mqurt forma.ts, this ggomegyis and the projection of , and the angled, between the: axis
modeling method can be exploited in modeling a variety ofnq projection off’ are known [see Fig. 2(d)]. The two rotation
wire shapes as long as we have the SEM photos. matrices can be used to derive the relationships betdreeh. .,

~ Aprogram has been written that can display the SEM photQ.anq hased on the fact that (A) theaxis rotation yields the’
including the definition of a reference coordinate system. A SiMis, they axis rotation determines théaxis, and (B) the’ and

plified drawing is superimposed on the photo interactively, arrvi axes can be represented by their projections omttane
by moving the cursor on the screen the necessary depth infor-

mation is captured which emulates 3-D movements and allows tana = & (1)
construction of the 3-D geometry. 7qy

The 3-D space and objects are described in a world coordinate tan 3 = i (2)
system and a user defined reference coordinate system. The ref- "y

erence coordinate system can be considered as a result of where ¢, and g, are the two scalars representing tileaxis
sequential rotations of the world coordinate system. The refarojection on the screenc{ plane)—in other words, vector
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Fig. 3. Extracted 3-D geometry model from the Java program for furthe

electrical simulation. _ y
____H

u = ¢;x + gq,y. Likewise,r, andr, are the components that R—
represent the’ axis projection on the screemyf plane). Vector
V = 7pX + 1Y

With limited assumptions, once we define tHe’ projections
on the screen, a reference system is established which in turn (a)
defines its transformations with the world coordinate systerz
Whatever we draw on the screen can be converted to this syst
through two rotation matrices.

Programmed in Java, the tool can be run across a netwc

shows the user interface of the software used to capture 3-D «
ometry, and the extracted drawing is shown in Fig. 3. The ax
of the reference system can be seen at the corner of the cay
itor's plate. Users can easily choose functions from the mel
shown below the SEM photo (i.e., Fig. 1).

To check the accuracy of the geometry modeling metho

SEM photos are taken from different view angles (e.g.,°18( taiiuatis el i . 7"’”“ o

rotation). Geometries are extracted from one SEM photo. If tt
extracted geometries are rotated 1,80 fit another SEM photo

taken after 180rotation, the extracted geometries fit the secon I
SEM photo reasonably well as shown in Fig. 4. The primar : A fiad i |
error comes from neglecting the perspective factor which is us| ey _ Keepz o

ally small. The comparisons of the measurement and simu :
tion of test structures in Section IV further confirm the accu F
racy of the geometry extraction. One limit of this method coul S5
be the fact that geometry distortion will occur if the SEM photo

: ; o (b)
is taken from an improper viewing angle.

Fig.4. (a) Traces extracted from one angle. (b) Traces extracted from Fig. 4(a)
is rotated 180 and fit the new SEM photo taken after 8@iew angle rotation.
Ill. DESIGN OFTEST STRUCTURE AND MODEL PARAMETER

EXTRACTION o ) ) )
parts of the circuit are problematic, especially at high frequen-

cies (GHz). To verify the accuracy of the modeling approach,
The accurate measurement of bonding wires for an entire RISt structures have been designed, targeted to enhance mea-
circuit is difficult. Parasitics of the chip and coupling from othesurements accuracy. Two SEM photos of three test structures

A. Test Structures and Measurement
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Fig. 5. SEM photo for stra21 test structure.

are shown in Figs. 5 and 6, which are referred as stra2l (tv
straight wires, each being 1 mm long) and curv31 (three curve
wires, each being approximately 1 mm long), respectively. Thic
other is curv22 (two curved wires, each being approximaterFZ 6 SEM bhoto f 31 test struct
mm long). The bonding wires are made of 99.99% gold with a phofoforcuryat fest structure.
diameter of 0.7 mil (17.7&m).

On-wafer testing was performed with a HP8720B

T b

Network Analyzer and Cascade Microtech coplanar GC .- 1 O G
ground-signal-ground (GSG) probes. The measuremer | On-chip Ground |

setup is calibrated using the Cascade Impedance Standa | for Return Current |

Substrate (ISS). The shunt parasitics of the test structure wel I I
de-embedded using open calibration structures fabricate 500 ' ' 500
next to the device under test (DUT) [8]-[10]. An equivalent s | Device I s

circuit for the two-port measurement set-up is shown in Fig. 7. VWV —o= Under =—=0—/\\—
Since the ground paths for return current appears in serie

with the DUT, the parasitic inductance and resistance of thes r\> gﬁffrire
ground paths should be made insignificant compared to thi

. . . . . . On-chip Ground
DUT impedance. Since the on-chip aluminum interconnect is -
G A

for Return Current

|
1
i
|
|

much more resistive than the gold wire, the bonding wire’'s =0
resistance will be totally masked by the ground path resistance N/
To overcome this problem, the return path is implemented
using bonding wires as well in the test structures. As a resudly. 7. An equivalent circuit of a typical on-wafer measurement set-up to
the parasitics due to the return interconnect to the groufstrate the series ground path parasitics.

pad is completely avoided. During these measurements, the

backside of the silicon substrate was grounded through 2 honding wires are then extracted using FASTHENRY. To
testing chuck. Furthermore, the parasitics of the probe pagis:yrately model the skin effect, the resistance is calculated

were de-embedded using open dummy structures. considering the frequency dependence. A similar dependence
is used for the inductance. It is generally assumed that parasitic
B. Equivalent Circuit for the Bonding Wires capacitance is negligible for bonding wires because of its

small diameter. However, if bonding wires are used in higher

Input to the field solvers (i.e., FASTHENRY and FASTCAPJrequency applications (above 6 GHz), the capacitance of the
can be generated automatically based on the construcheshding wires to the substrate and the mutual capacitances
geometries. Self and mutual inductances and resistancesofbbonding wires must be considered for accurate modeling.
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Fig. 8. Equivalent circuit for the bonding wire.
Meshed input to FASTCAP is also supported and can be us 10 T T T T T T

to generate capacitance models as needed.

In addition, in order to compare the simulation results ar
measurement data, contact impedance of the test probes
the bonding wire’s solder balls, which are frequency depende
should be included in the model since it is extremely difficult t
mask or decouple contact resistance in the measurements.
resistance of a straight bonding wire can be estimated as follc

[7]. ?
l
R~ (©)
2nrdo os ORe(S,,) Measurement
where§ is the skin depth and is the conductivity. For gold at s S ™
293 K, o is 2.22,02-cm at high frequencies [114.is the radius --—- Im(S,,) Simulation

of the wire and is its length.R is thus frequency dependent,

owing to 6 where for gold [11]:

0075
i

andf is frequency. The frequency dependent contact resistangg 9. s,, for the stra21 structure: data points are from measurement and

can be deduced from the measured data by subtracting the rdigs from simulation without capacitance included.

tance as expressed in (3) at various frequencies. Regression data

fitting is used to find an analytical expression for the contact re-

sistance. For example, the contact resistance for the stra2l - 10 ‘ ; ' ; ' ‘ : * ' ;

curv22 test structure can be found to be

Reontact () = —0.0053f2 + 0.3888f2 — 1.4735f + 1.0816
©)

To capture the skin effect in simulation, wires are divided int
a number of filaments. Each filament’s height should be small
than the skin depth which is 2.3/ at 1 GHz and varies ac-
cording to (4) for gold material. In our case, eight filament,;
are enough to accommodate the skin effect. More filaments ¢
tail increased computational complexity. The equivalent circt
for the entire test setup, including bonding wires, is shown ORe(S. ) Measurement
Fig. 8; the bonding wire's inductance, resistance, capacitar 95| Am(S, ) Measurement
and contact resistance are all considered. Input and output p i ﬁig“;;m:‘;gﬁ
are added for completeness. :

-1.0 I ) \ 1 . ; | | : 1
0 1 2 3 4 5 6 7 8 9 10

o (4) Frequency (GHz)

IV. COMPARISON OF SIMULATION AND MEASUREMENT T N N T

RESULTS Frequency (GHz)

To avoid the error induced by converting (via processing) the _ _ _
measurement datS-parameters of the generated models WelFég‘ 10. S;, for the curv31l structure without capacitance included.
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O Re(S11) Measurement

A Im{811) Measurement
L — Re(S11) Simulation

050 =~~~ Im{811) Simulation

O Re(S11) Measurement
g A Im(S11) Measurement|
_05 - ——— Re(S511) Simulation
- - -~ im{811) Simulation
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(a) Frequency (GHz)
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05 g
O Re(S12) Measurement
A Im(S12) Measurement]
—— Re(S12) Simulation
4 00 A - - -~ Im(S12) Simulation 1
A
a
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a. .
S A e
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Frequency (GHz)
(b) S
. . 00 10 20 30 40 50 60 70 80 90 100
Fig. 11. S-parameters comparison for stra2l structureS(a)for the stra2l Frequency (GHz)
structure: data points are from measurement and lines from simulation w
capacitance included. (). for the stra21 structure with capacitance included. (b)

Fig. 12. S-parameters comparison for curv22 structure. §a) for the
urv22 structure with capacitance included. @), for the curv22 structure
ith capacitance included.

computed using HP-MDS or HSPICE and then compared
rectly to the measurefi-parameters. In order to compare not
only the magnitudes, but also their phases, real and imaginary

parts are plotted and compared. Only comparing magnitudessbbuld be taken into account. Figs. 11-13 shyw and S

the S-parameters can lead to unconvincing conclusions abaamparisons of all the three structures with the bonding wire
the phase, which is an equally important parameter. Figs. 9-ddpacitances represented by the current model formulation. The
show the comparison between the simulation and measuremagteement is then extended to 10 GHz, substantiating that para-
of S;; of two different structures when only inductance anditic capacitance plays an important role at higher frequencies.
resistance are extracted. Since bonding wires are usually u$ee relative simulation errors of th&-parameters usually are
around several GHz (where radiation is not a problem), the iEmaller than 5%.

sults are plotted up to 10 GHz. The agreement is excellent ugnductance values are also compared between simulations
to 5-6 GHz. From the figures, we can see that the real partasfd measurements at a specific frequency based on the equiva-
S11 increases as frequency increases, which is related to thelest circuit which is shown in Fig. 85-parameters from mea-
sistance increase at higher frequencies. The imaginary parsafement can be converteditoparameters and the inductance
the measurement, which is related to the reactance part, althe wire can be extracted from; of the test structure. Table |
increases up to 6 GHz and then decreases as frequency gbesvs the inductance from the simulations and measurements
higher. While this differs from simulations at higher frequenat 1.1 GHz. The simulation errors are rather small (i.e., below
cies, the capacitance of the bonding wire brings downshe 4%). RF designers usually use approximate analytical formulae
values. To model higher frequency bonding wires, capacitanéer straight wires to estimate bonding wire inductanteand
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TABLE |
100 ! ' " ! ' ' ' ' ' INDUCTANCE COMPARISON AT 1.1 GHz (nH)
Stra2t Curv22 Curv31
050 Measurement 1.377 2.802 1.546
Simulation 1414 2.694 1.533
Simulation Error 2.69% 3.85% 0.84%
Analytical Calculation 1.233 N/A N/A
o 000 Calculation Error 10.5% N/A N/A
C Re(S11) Measuremen
A Im(S11) Measurement] TABLE 1l
-0.50 | Re(S11) Simulation - INDUCTANCE COMPARISON FORTHREE DIFFERENTWIRE SHAPESWITH SAME
- - - - Im(8§11) Simuiation
WIRE LENGTH OF1.515 mm
Straight wire Curved wire IT shape wire
-1.00 L L s - . 2 . + L X Simulation Simulation Error if Simulation Error if
0.0 1.0 20 3.0 4.0 5.0 6.0 7.0 8.0 9.0 100 result (nH) result (nH) straight wire result (nH) straight wire
Frequency (GHz) used used
(@) 100 MHz 1.192 1.011 17.9% 0.814 46.44%
1 GHz 1.160 0.979 18.49% 0.783 48.15%
10 10 GHz 1152 0.970 18.76% 0.775 48.65%
TABLE 1l
05 - MUTUAL INDUCTANCE SIMULATION COMPARISON FORTHREE DIFFERENT
WIRE SHAPESWITH SAME WIRE LENGTH OF 1.515 mm. HE DISTANCE OF
O Re(512) Measurement THE Two WIRES IS 0.3 mm (nH)
A Im(812) Measurement]’
—— Re(S§12) Simulation
wﬁ 00 . - --- Im(812) Simulation J Straight wires Curved wires II shape wires
I S " 100 MHz 0.457 0.305 0.176
TTeAL_ 10 GHz 0.457 0.305 0.176
~ A N
A i
B TK - A
of real wires. If we use these formulae to calculate the curv22
and curv31 structures, the inductance is 3.11 nH for curv22, 1.28
io . _ ) . , ‘ { ’ ‘ . nH for curv31 and the relative erroris 11.0% and 17.2%, respec-
T700 10 20 30 40 50 60 70 80 90 100 tively.
Frequency (GHz) . . .
To investigate the shape dependence of inductance, further
(b) simulations and calculations were made assuming a wire with

the same radius as that of the test structures. Three shapes are

Fig. 13. S-parameters comparison for curv3l structure. for the . . . . . .
J " o l considered: dI configuration, median curve (circle like) and

curv31 structure with capacitance included. (), for the curv31 structure

with capacitance included. straight line, all with the same length of 1.515 mm. The results
are shown in Table Il. It is observed that the difference between
mutual inductancé/ as shown below [7] the straight wire and the two curved wires cannot be ignored.
While the difference are within 18%—-48%; the straight wire es-
1o 21 timation, which circuit designers usually use, actually overesti-
L=~ [_} < [m(-) - 0.75} (6) ) : .
27 - mates the inductance value and causes inaccurate modeling of
the wires. The reason that curved wires have smaller inductance
M~ [@} < [111(2_[) 14 2} (7) s duetothe mutual inductance cancellation of the different seg-
2rd D l ments of a single wire. The generally trend is that the larger cur-

. o ] vature a wire has, the smaller its inductance. Self-inductance of
whereyu is the permeability in free spackthe wire lengthy 5 wire also has frequency dependence because of the skin effect.
the radius of the wire, and) the distance between two wires owever, the resistance has little dependence on wire curvature
The loop inductance of a two-wire structure can be estimatedigge wire length is fixed since the cross section of a wire does

not vary with curvature. In terms of capacitance, the trend is that
Ligop = L1 + Lo — 2M (8) the more curved a wire is, the smaller capacitance it has since it
has a larger distance to the substrate.
whereL; andL- are the wire’s self inductance. Results from an- Examples of mutual inductance dependency on shape of the
alytical calculations for straight lines of bonding wires are alsgwo wires are shown in Table Ill. If the length of the two wires
included for comparison. However, these formulae only appiy kept constant, the more curved wires become, the smaller
for straight wires which is usually not consistent with the shagee mutual inductance. This is because the mutual inductance
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cancellation from different segments of the two different wires[11] C. Belove, Handbook of Modern Electronics and Electrical Engi-
Mutual inductance has little frequency dependency. Calculation ~ neering  New York: Wiley, p. 108.

of mutual inductance without considering wire shape overesti-

mates the mutual inductance. The curvature (or shape) of the

wires makes a difference for a wire’s self and mutual induc-

tances, in turn supporting the need for geometry modeling of

bonding wire inductance. Xiaoning Qi (S'98) received the B.S. and M.S.
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important too. Simulation shows that the shape of bonding

wires is an important factor to bonding wire inductance. The
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