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Abstract—This paper introduces a fully analytical and physical
model capable of extracting high-frequency series impedance of
through-silicon vias (TSVs) in 3-D integrated chips with consid-
eration of the eddy currents in the surrounding Si substrate and
coupling with horizontal interconnects. The model employs the
vertical-to-vertical and horizontal-to-vertical 3D vector potential
Green’s function in layered media and is concise and sufficiently
accurate in the entire range of interest for both the frequency
and the center-to-center distance between TSVs. Along with the
series impedances between horizontal wires, which are extracted
from the discrete complex image method, as well as the TSV and
horizontal wire capacitance values, the total loop impedance can
be obtained. Our approach is verified against a full-wave finite-
element-method electromagnetic solver High Frequency Structure
Simulator, and it shows good accuracy (< 7% error) in the entire
frequency range examined (up to 100 GHz). Given the fact that
the formulated TSV series impedance model is purely analytical,
the model could be efficiently used for system-level interconnect
impedance extraction in emerging 3-D integrated systems.

Index Terms—Analytical impedance modeling, eddy cur-
rents, Green’s function, high frequency, interconnect, quasi-
magnetostatic, substrate effects, through-silicon via (TSV), 3-D
integrated circuits.

1. INTRODUCTION

HREE-DIMENSIONAL integrated chips (3-D ICs),

where multiple active layers or substrates are vertically
stacked on top of each other and interconnected using “short”
vertical links, have been shown to reduce on-chip global in-
terconnect lengths and thereby alleviate delay and power con-
sumption problems [1]. Three-dimensional ICs also facilitate
the integration of dissimilar technologies (digital, analog, radio-
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Fig. 1. Schematic view of a 3-D IC.

frequency circuits, etc) or materials (Si, III-V, or graphene) on
different active layers [1], [2]. As shown in Fig. 1, the inter-
connects in 3-D ICs include horizontal wires, short vias, and
through-silicon vias (TSVs). The TSVs that are high-aspect-
ratio vertical interconnects, providing connectivity between
active layers, constitute a key component for 3-D ICs.

While fabrication technologies for TSVs have progressed
[3]-[6], accurate and efficient TSV impedance evaluation is
required for performance evaluation of circuits and systems
built in 3-D ICs and for design optimization of 3-D IC intercon-
nects, including TSVs. Unfortunately, all published approaches
are either inaccurate, or inefficient, or present poor scalability.
For example, impedance models provided in [7] and [8] do not
even consider the substrate eddy-current effect. Some empirical
models for TSV impedance are provided in [9], and the authors
claim to have taken into account the substrate loss. However,
there is no parameter representing the silicon conductivity in
their model, which implies that their empirical formulas lack
generality. Full-wave finite-element-method (FEM) simulations
[10] are accurate but very slow and memory intensive, and
as such, they are not suitable for large-scale analysis and de-
sign optimization. Physical impedance/admittance transmission
line models for the TSVs are developed in [11] and [12]
with consideration of the substrate alternating-current conduc-
tion and eddy currents. However, the models assume a 2D
configuration, or in other words, the models, particularly the
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series impedance models, are only accurate when the TSV
height is much larger than the center-to-center (c2c) distance
between TSVs. Finally, similar to the approach taken by re-
searchers for horizontal interconnects [13]-[18], one can also
employ numerical methodologies in computational electromag-
netics to analyze TSVs [19]. However, this is still far from
achieving the same efficiency as analytical models.

In this paper, a 3D physical model of TSV series impedance
with the inclusion of substrate eddy-current effects and horizon-
tal interconnects to TSV coupling is obtained step by step. The
model is proved to cause tolerable errors in any practical situa-
tion, whereas its tremendous advantage is obvious, i.e., concise
equations for TSV series impedance can be obtained. The loop
impedance is obtained and verified against a full-wave FEM
software (High Frequency Structure Simulator (HFSS) [20]) by
embedding the model into the loop impedance extraction of an
interconnect loop containing both TSVs and horizontal wires.

II. THREE-DIMENSIONAL VECTOR POTENTIAL
GREEN’S FUNCTION

Up to 100 GHz, the electromagnetic (EM) quarter wave-
length in SiOy is greater than 0.37 mm, which is much
greater than the TSV dimension (~30 pm). Therefore, quasi-
magnetostatic and quasi-electrostatic approaches can be em-
ployed. In 3D quasi-magnetostatic approximation, the vector
potential in layered media at any (z,y, z) due to a monopole
current source at (2, 1/, z’) can be expressed as

A(z,y,2) = po <§A(w,y7 sy, 2); T (2, Z’)> (1)

where 1 is the vacuum permeability (the permeability values
in silicon, copper, and SiO5 are almost the same as in vacuum);
“(;)” is the space integration operator, which captures the entire
space integration of sources at various (/. 3/, 2'); J (¢, 1/, 2') is
the current density at (', ¢/, 2'); G (x,y, z; 2/, 1/, 2) is called
the space-domain vector potential Green’s function, which is a
second-order tensor [21], i.e

GA 0 0
GY=1| 0 G o0 |. 2
Gp G Ga

The components in G* can be transformed from the spectral-
. N . =A
domain vector potential Green’s function G
A
Gi(Ap, 2,2)
A
=Gy, (Ap,2,2))

= zi/éfu(x,z,z’)Jo(A -Ap)Ad A (3a)
vis
0
G?Z(Ap,z7z’)
17
= Z—/sz(/\,z,z’)Jo(/\-Ap)/\d/\ (3b)
vy
0
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GA(Ap. ¢, 2,2)

JCOS / GA (N 2, 2) (- Ap)ad A (Be)

0

G\ (Dp.¢,2,7)
jsm / (A2, 210 Ap)Ad A (3d)

0

where Ap = \/(z/ — )2 + (y' — y)? is the horizontal distance
between the source and observation points; ¢ is the angle of the
line from the source to the observation point with respect to the
x-axis, or in other words, cos(¢) = (2’ — x)/Ap and sin(¢) =
(y —y)/Ap; A is the horizontal component of wave vector

k(A= /k2+ k2);! GA, G2, and G2 are the components
in QA representing horizontal-to-horizontal (h2h) interaction,

vertical-to-vertical (v2v) interaction, and horizontal-to-vertical
(h2v) interaction, respectively; and Jy and J; are the zeroth-
and first-order Bessel functions of the first type, respectively.
The expressions for Guu, G;“Z, and GA can be obtained from
the transmission line Green’s functions of a layered media [21].

The Green’s function tensor in (2) is not symmetric with re-
spect to the source and observation points, resulting in vertical-
to-horizontal (v2h) interaction (which is 0) not being equal
to h2v interaction, which violates reciprocity requirements. To
account for reciprocity, one recipe [21] includes a correction
factor C® to the second-order Green tensor, making it sym-
metric with respect to the source and observation points and
satisfying the boundary conditions [13], [22],2

GA 0 Elon
gA and C® _ 0 G;ly Gg’: (4)
GA G G +GY

c?® o o S (YA () c®
where G, (z,y,z;2', Y, ') = G (2, Y, 25 2, y, 2), Gy, (,

y,za Y, 2) = G (@Y, s .y, 2), and Go(2,y, 2527,y

)+ GG (x,y, 57y, 2 ) =Ga (el Y, 22, y, 2) +GS (2
/ !

v, 2w,y 2).

In a typical interconnect structure in 3-D ICs (e.g., a TSV-
horizontal wire loop shown in Fig. 2), both the TSVs and hor-
izontal wires are required. However, the complexities involved
in extracting the self and mutual series impedance of h2h, v2v,
and h2v are quite different.

'Some terminology definitions used in this paper are different from those in
[21] but are consistent with [14] and/or [16]: X in this paper is the same as k),
in [21]; o; in this paper is the same as jweyieg in [21]; and ~; in this paper is
the same as jk; in [21].

2The two sets of vector potential Green’s function are not contradictory. G
is essentially a magnetic dyadic Green’s function (according to [21, eq. (38)],
whereas G4 and o®
the terms related to C'® arise from part of the electrical scalar potential when
both horizontal and vertical current components are present [21], [22]. QA and
GAandC®

is a mixed potential dyadic Green’s function, in which

are equivalent in the sense that the double loop integration of the
source and observation points (or mutual loop impedance divided by jwpug) is
the same.
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Fig. 2. Cross-sectional view of a TSV horizontal wire loop.

A. Extraction of the h2h Component of Vector Potential
Green’s Functions

The space-domain G2 and G’y“y can be analytically obtained
from the well-known discrete complex image method (DCIM)
approximation of Gfu, when the source and observation points
are in the same layer or in a different layer but with the
same complex effective conductivity o; = 0; pc + jwe; [w is
the radial frequency; o; pc and ¢; are the direct-current (DC)
conductivity and the dielectric permittivity of the layer where
the observation point lies].! In DCIM, G4 can be approxi-

uu

mated as the sum of several exponentials divided by /A% + 2
[13]-[18], where ~; = \/jwuooil. The space-domain Green’s
function can then be analytically obtained from the integration

Jo(A- Ap)Ad A =
VAT +97 oA A Ap? + f(z,2)?
)

where f(z, 2) is a function of z and 2/, independent of \. Typ-
ical f(z,2') includes z + 2z’ + constant, —(z + z’) + constant,
z — z' + constant, 2z’ — z + constant, and |z — 2’|. When ~; can
be ignored [14], [16], (5) can be simplified as

76\/A2+'yf~f(z72’) e ViV AP +f(2,2)?
0

/ S M T AN A= 1/V/AR T Gz, 7.
0

(6)

Comparing (5) and (6), the exponential term is the only dif-
ference. However, this exponential term makes the computa-
tion much more expensive when calculating the series mutual
impedance between two horizontal lines, which is the double
integration of (5) or (6) along the source and observation
horizontal lines. The analytical expression of the integration of
(6) can be found, whereas that of (5) cannot be, i.e., [ [1/
V(Azo+ycot(9))2+(y—y)2+ f(2, 2/)2dy'dy is analytically
solvable, whereas ff(ef%\/(Aﬂco-i-yCot(¢))2+(yfy’)2+f(z7Z’)2/
V(Azg +ycot(9))? + (y — y)? + f(z,2)?)dy'dy is not.
Fortunately, both the source and observation lines of horizon-
tal wires in 3-D ICs lie on dielectric layers, indicating that (6)
instead of (5) can be used (since ; in (5) can be ignored).
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B. Dilemma in Extraction of v2v and h2v Components of
Vector Potential Tensor Green’s Functions

The previous subsection illustrates how the DCIM can be ef-
ficiently used for h2h series impedance extraction. However, for
v2v and h2v, this approach is neither efficient nor necessary, due
to the following reasons: 1) if extraction of v2v and h2v needs
the same level of accuracy as h2h, the underlying complexity
of v2v and h2v is much higher than h2h, since the expressions
for v2v and h2v are significantly more complicated; 2) the
calculation of the series impedance using the aforementioned
method would not be very efficient, since the line integration of
(5) instead of (6) is required (due to the fact that the TSVs are
embedded within a lossy Si substrate), whereas the analytical
expression of the line integration of (5) does not exist; and
3) unlike horizontal wires, TSV height is much smaller than the
length of long horizontal wires; therefore, the contribution of
TSV series impedance in a circuit is usually not as important
as that of long horizontal wires.> In other words, TSV is a
rather complicated structure that demands less accuracy level
than that required for horizontal wires. Can we build some
approximate methods, using first-order estimation, to avoid
expensive extraction methodologies of TSV series impedance?
The answer is affirmative as we illustrate, in detail, in the next
few subsections.

III. APPROXIMATION AND EXTRACTION OF v2v AND
h2v SELF AND MUTUAL SERIES IMPEDANCE

Section II-B stated that it is not as efficient to extract
the v2v and h2v self and mutual series impedances, if an
accurate methodology similar to that for h2h is employed.
However, if judicious approximations are made, the v2v and
h2v quasi-magnetostatic self and mutual series impedances can
be obtained purely analytically. Here, the approximations are
justified and explained, and the final analytical expression is
obtained.

A. Approximation 1: The Effect of Lower Substrate
Is Neglected

Unlike the upper (thin-Si) substrate that surrounds the TSVs,
the lower substrate has much weaker influence (via eddy cur-
rents) on the TSV series impedance, since it is relatively farther
away from the TSVs. For the first-order evaluation of the eddy-
current effect on the TSV series impedance, the lower substrate
can be neglected. Fig. 3 shows a simplified version of the
structure in Fig. 2.

3The statement that the horizontal wires can have much larger series
impedance than TSVs is relevant to the impedances in real circuits where
the horizontal wires can be much longer than TSVs. In the test cases, to
demonstrate our TSV impedance model, we will use a wide range of length
of the horizontal wires. For example, in Fig. 7, the c2c horizontal wire length
d varies from 14 to 50 pum. When d = 14 pm, the v2v 4+ h2v impedance is
more dominant than the h2h impedance. Therefore, the test cases can capture
the error of our v2v + h2v model pretty well.
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Fig. 3. (a) Cross-sectional view and (b) top view of a TSV horizontal wire

loop (without consideration of the lower substrate).

B. Approximation 2: The Total Series Impedance of TSVs Can
Be Treated as the Sum of Inner and Outer TSV Impedances,
Whereas the Proximity Effect Between Two TSVs Can

Be Neglected

When two cylindrical TSVs are close to each other and
both of them carry high-frequency current, the current density
distribution in one TSV is no longer azimuthal due to the
proximity effect. The side effect of azimuthal symmetry break-
up is that the inner and outer impedances cannot be separated.
However, according to [12], when the c2c distance d between
TSVs is six times the TSV radius rrgy, the proximity effect
can be ignored (as confirmed by the 2D model developed in
[11] and [12], which agrees well with a 2D FEM simulator,
i.e., Maxwell Student Version (SV) [23]). Since the proximity
effect becomes even weaker as d further increases, while the
minimum d is around 6rgy,* the proximity effect can be
generally neglected.

The total series impedance of TSVs can be treated as the sum
of inner and outer TSV series impedances,5 ie.,

ZTSV = Zinner + Zouter- (7)

Given the high aspect ratio of TSVs, the 2D model in [11] and
[12] can be used for the inner series impedance, i.e.,

(1—=7)-Jo((1 = j)rrsv/dmetal) - hrsv
Ometal * 27TTTSV§metal . J1 ((l - j)rTSV/émetal)

Zinner -

where oypetal 1S the conductivity of TSV metal; hrgy is the
TSV height; Jo and J; are the zeroth- and first-order Bessel
functions of the first kind, respectively; and dyeta) 1S the skin
depth, i.e.,

6metal =V Z/WNOUmeta]- (9)

On the other hand, the 2D model developed in [11] and [12] for
the outer series impedance is no longer valid if d is not much
smaller than hrgy .

“The radius of the TSV pad is greater than the TSV itself. Therefore, the
minimum d is not around 4rgv, but around 67r1gv .

5The outer series impedance has two parts, i.e., the one due to the isolation
dielectric and the Si depletion region, and the one due to the Si bulk region. In
the following analysis here, we assume a thin dielectric thickness and a small
depletion width, but we will include the contribution of isolation dielectric and
Si depletion region in Section IV.
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Fig. 4. (a) From a cylinder carrying a uniform z-directional current J, at
the outskirt, one can examine the average z-directional vector potential at the
outskirt of a cylinder in free space, the value of which can be obtained either
from an exact method or from an approximate method that treats the current
as a line current at the center of the cylinder. (b) Ratio of the value from the
approximate method to that from the exact method.
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Fig. 5. Schematic overview of two TSVs showing various geometrical para-
meters used in (11)—(25): (a) the entire view of the structure and (b) the top
view.

C. Approximation 3: The Vector Potential Outside a TSV Due
to the Current Inside the TSV Can Be Treated as Due to a Line
Current at the Center of the TSV

In 2D modeling, this treatment is exact due to the azimuthal
symmetry and Ampere’s circuital law. To verify the validity of
the approximation in 3D, one can examine the average axial
directional vector potential A, at the outskirt of a cylinder in
free space due to the uniform current (along axial direction) at
the outskirt [see the structure shown in Fig. 4(a)]. The ratio of
approximate to exact treatment can be expressed as

Azpprox
Agxaet
AR-2rg AR-27¢
i I {1/\/(2—2’)2 —l—r%} dz'dz

. 0 0
= AR2ro AR2rg (10)
1/2n dy'dz'dz

T | —
0 0 - \/(z—z')2+4r3 sinz(“’ 5Z )

where AR and ro are the aspect ratio and the radius of the
cylinder, respectively, and ¢’ and ¢ are the angular coordi-
nates of the source and observation points in the cylindrical
coordinate system, respectively. The result [shown in Fig. 4(b)]
indicates that as long as AR is not too small (AR > 1.65), this
approximation only induces < 5% error.
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D. Derivation of the TSV Impedances

Given the results in previous subsections, the v2v outer
impedance of Fig. 3(a) is approximately the double integral of
the source (see lines A’'B’ and C'D’ in Fig. 5) and observation
points (see lines AB and CD in Fig. 5)

JWLV2V - ijva +JwLV2V

h/2 h)2

~ 2jwiig / [sz(ro,z,z')foZ(d,z,z')]dz’dz
—h/2—h/2

+jwL, (an

where h is the thickness of the upper substrate surrounding
the TSVs;’ rq is the outer radius of the Si depletion region
or the isolation dielectric region if the Si depletion region

can be neglected (|A’A| = |B'B| = |C'C| = |D'D| = 10)"; d is
the c2c distance between the two TSVs (JA'D/| = \B’C'| =d
and set |AD'| = [BC'| = |A'D| = [B'C| = d); and LS, is the

component due to the C' ® term.

Similarly, the h2v impedance of Fig. 3(a) is approximately
the double integral of the source (see lines B'C’ and D’A’ in
Fig. 5) and observation points (see lines AB and CD in Fig. 5)

h/2 d
JwMhay = 2jwpg / / [GZA;,(Ap7 ¢,z h)2)
~h/2 0

where Ap = /r2 +y?2 —12y'/d, and sin(¢) =
y')/Ap, which gives sin(¢)dy’ = —d Ap and

(rg/2d —

h/2 d
. A B "
jWMh2V ~ 2JwM0 / / Sll’l(d)) [Gzy(Apv ¢a Z, h/z)
—h/2 To
—GA(Ap, 6,2, —h/2)] dApdz. (13)

It is easy to prove the following relationship among the outer
series impedances of v2v (due to C®), h2v, and v2h, i.e.,

—ngv Moy = Myoy. (14)

5The entire equation of (11) repreﬂent% the total v2v outer impedance be-
tween two TSVs, i.e., the 1ntegrat10n of G2 (10, z, ') represents the self term,
whereas that of GZ, (d z, 2') represents the mutual term. The G2 (ro, 2,2")
related term (self-term) originates from the vector potential at the cylindrical
TSV shell due to a unit current inside TSV, which is approximately independent
of the current distribution inside TSV, as long as the approximations in
Sections III-B and III-C are valid. Therefore, we can use the integration of
G2 (ro, z,2'), which is the vector potential due to a unit current source at the
TSV center line, to represent the vector potential due to a unit current with
distribution inside TSV. A similar expression can be found in [8]: if a TSV is in
the free space (no substrate surrounding it), the self-inductance is reduced to (8)
in [8]; if excluding the h/4 term, (8) in [8] represents the self-outer inductance.

THere, we assume that both the horizontal wires are very close to the upper
substrate, implying that Atgy ~ h; we also assume that the TSV radius
rrsv & ro. In real situations, hrgy is slightly greater than A, whereas ro >
rrgv. These effects will be considered in (34)—(37) in the Appendix and in
Section IV.
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Therefore, vav and M,y always cancel out, and they are
consequently not considered in the following paragraphs.
By changing the integration order, (3b) and (11) give

.w o0
kil ~ P22 [ 3a(3r) = Jo(Aa)]
0
h/2 h/2
/ / GA(N, z,2)dz'dzd \.  (15)
~h/2~h/2
Similarly, (3d) and (13) give
) W
JwMnpay = WO/ Jo(Arg) — Jo(Ad)]
0

GA (N z,h/2)| dzd . (16)

\w\;r

(G2 —h/2) -
—h/2

The spectral-domain vector potential Green’s function GA
and Gﬁl can be obtained from the transmission line Green’s

functions of layered media [21],® and the d2'dz integral in (15)
can be expressed as

h/2 h/2
G?z int — / / G;AZ(A, Z, Z,)dZ,dZ
—h/2—h/2

_emt o lhmoh | (L—emh)?
o m3 (1 + e=moh)m?

and the dz integral in (16) can be expressed in (18), shown at
the bottom of the next page, where mg(\) = /A% + jwugosi,
and og; is the complex effective conductivity of Si. In (17),
the first term on the right-hand side is due to the “source,”
which represents the value if the TSVs are surrounded by a
homogeneous Si substrate

~A,source ~ A, homogeneous sub
G =G &

7m0h o
zz,int zz,int (6

1+ moh)/mg
19)

while the second term is due to the “images,” i.e., the reflections
at the boundaries of layered media.

It should be noted that when w — 0, G2 . itself does not

ZZ 11‘1
reduce to the free-space value (G221 *P) ‘yhere
Gt _ (N o)

However, this is not against physical laws because whenw — 0,
GA int — G/ X — (€7 — 1+ Xh) /X%, The implication
from the asymptotic behavior of Gzz int and é;‘t,int is that the

8Due to the limitation of page numbers, detailed derivations of the spectral-
domain vector potential Green’s functions are not shown in this paper.
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partial impedances themselves are not physical, but the loop
impedance is physical (physically, in a quasi-magnetostatic
approach, a segment of current cannot exist by itself, but the
current always forms a loop).

E. Approximation 4: First-Order Analytical Model for
TSV Impedances

From (15)-(18), the v2v + h2v TSV impedance, i.e.,
jwLa,, + jwMya,, can be obtained. However, the calculation
using these equations is not efficient. This is because the
d X\ integrations in (15) and (16) are not analytical, whereas
the numerical d A integration requires an evaluation of Bessel
functions of a wide range of \. Fortunately, first-order approxi-
mations can be made.

The first-order expression of (N}ZAZ’M — JGA LA —
Nfz’fi’fte “PA¢ can be obtained from the following steps: make
a Taylor series of (17) — (j/A) * (18) — (20) at w =0 and
ignore O(w?); apply function “In” and make a series at
A = 0 and ignore O()\?); apply function “exp.” The result is
expressed as

GA . m _ AAfreespace
zz,int Y zz,int
jh4w Jsj 1 13
'“”’*%Xexp (20)\h AN

The approximation is valid as long as the frequency is not too
high. A rule of thumb requires that the damping parameter in
silicon dg; satisfies

Og;i = \/2/w,uo<75i > h/2. (22)
From (15)—(21) and utilizing the integration of (6)
jWLéQV + jth2V
~ K0 {ro + h arcsinh(h/rg) — /73 + hQ}
_J@Ho [d + h arcsinh(h/d) — V@2 + h2]
T
hrw?udosi [ 5 169 12
1 7h2
T <r0 T 300 >
h*w?pdos; 169 /2
— 0 @2 R 23
127 ( 300 ) (23)
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which is a purely analytical expression. The expression implies
that the outer series TSV impedance can be treated as two
separate parts, i.e., Rs,p, (the resistance due to substrate eddy
currents) and jw Louger (Louter 18 the outer inductance), where

h'w?dos; 169, "/
Rsub ~ W Hogs (7“3-1-]12)

127 400
htw?pdos; 169 /2
- — 0=+ —h? 24
127 ( * 400 ) @4)

and

jWLouter ~

JWHo {7‘0 + h arcsinh(h/rg) — \/m}
™

_ Wk [d + harcsinh(h/d) — /d? + hg} .

™

(25)

In addition, Loyter 1S independent of frequency in first order.

The accuracy of (23) is verified by comparing its calculation
results with the results from (15)—(18). The results are shown in
Fig. 6, which illustrates the following statements: 1) While the
surrounding substrate greatly reduces the Lyyyer in the 2D case
and in 3D homogeneous case, it does not have much effect on
layered substrate. This is because in layered substrate, the finite
Si thickness makes the impact of substrate eddy currents on
Louter second-order effect; 2) v2v itself does not reduce to the
case for free space, which is in agreement with the discussion
in the previous subsection; 3) The first-order approximation
gives reasonably good result in the frequency range up to
100 GHz with different c2¢ TSV distances. The small deviation
at high frequencies and large c2c distance is tolerable, since the
significant frequency for large distance signal transport is also
lower.

IV. VERIFICATION AGAINST FULL-WAVE SIMULATION

The impedance in a real 3-D structure includes the v2v +
h2v TSV series impedance, which is discussed in Section III;
the h2h horizontal wire series impedance, which is discussed
in Section II-A; and the capacitance values. As an example, the

h/2
~A _
qujnt -

“h/2

2j [(mO + )\) + (/\ - mo)e—moh] (1 _ e—moh)2

/ [é;‘u(/\,z, —h/2) — GA

(\ 2, h/2)} dz

mo - (mg + A)2(1 + e=m0h) —mg - (mg — A)2(1 + e~mol)e=2moh

(18)
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Fig. 6. TSV outer series impedance from different models: (a) Loyt versus
frequency; (b) Reyp/w versus frequency; (¢) Lout versus d; and (d) Reyp/w
versus d. The data labeled as “3D (v2v + h2v), layered sub” or simply
“v2v + h2v” are obtained from (15)—(18); the data labeled as “3D, 1st order
approximation” or simply “lst order approx.” are obtained from (23); the data
labeled as “3D, v2v, layered sub” are obtained from (15) and (17); the data
labeled as “3D, homogeneous sub” are obtained from (15) and (19); and the
data labeled as “2D model, w/o sub” and “2D model, with sub” are obtained
from the 2D model in [12]. Note that all the labeling of v2v has not considered
the C'® term. The material and geometrical properties used are og; = 10* S/m;
h =25 pm; ro = 2.4 pm; and for (a) and (b), d = 25 pum.

equivalent circuit of a typical structure (see Fig. 7(a)’) is shown
in Fig. 7(b).

In the structure, the h2h series impedance can be obtained
from the quasi-magnetostatic DCIM approximation. Here, an
equivalent rectangular wire with length = d (c2c pad distance)
and effective wire width weg is used so that the DC resistance
of the horizontal wires is maintained

d

- RDC,horizontal
OwireWeff twire

= RDC,rectangular wire 2]%DC,pad

d=2, /12,4~ (Waire/2)?

Owire wwiretwire

\/ Tiad_(“)wire/z)Q
2 1
o | =
wirelwire ) 2 Tpadi y2

(26)

9The loop structures that we have studied are just for test purpose, i.e., to
verify our model, whereas our model is valid for any circuit configuration. Our
paper illustrates that the “partial impedance” approach (see the Appendix) is
valid for both TSVs and horizontal wires: one can separate different compo-
nents of interconnects (including both TSVs and horizontal wires) and build up
the circuit model from the partial impedances. However, to verify our model, a
closed loop must be used because “partial impedance” does not have a physical
meaning itself, unless a loop is formed. In addition, there is always a return
current path for any “signal path.” For example, to transfer the signal from one
chip to another through a TSV, the Vp p or Gnd TSVs will serve as the return
path. In other words, a loop is always there.
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v v

(b)

Fig. 7. (a) A typical structure with two TSVs and two horizontal wires and
(b) its equivalent circuit. Thin Si (upper substrate) thickness is 25 pm; lower
substrate thickness is 500 pm; both Si substrates have resistivity of 0.01 2 - cm
(depletion region can be neglected in such low resistivity or highly doped Si); a
10-pum SiO2 layer is in between the Si substrates; a 1-pm SiO2 layer is on top
of the upper Si substrate; the c2c distance d between Cu TSVs (2.2 uf2 - cm)
varies 14, 25, and 50 pm; TSV metal has a diameter of 4 pm; TSV isolation
dielectric is 0.4 pum SiOg2; the Cu horizontal wires (2.2 p€2 - cm) have 1-pm
height and 1.5-pm distance from the wire center to the upper Si substrate
surface (which indicates c2c TSV height of 28 pm), including 3-pm-width
rectangular wires and 7-pm-diameter pads (from (27), weg varies from 3.80,
3.40, and 3.19 pm when d varies from 14, 25, and 50 pm, respectively).

where rpaq is the radius of TSV pads; and fwire, Wwire, and
Owire are the thickness, width, and conductivity of the horizon-
tal wires, respectively. From (26)

Weft = Wwire

d

d—2, /riad — (Wywire/2)? + Wyire arccos(Wyire /2T pad )

27

The v2v + h2v series impedance can be obtained from
the methodology developed in Section III-E. The outer series
impedance of the whole loop (including both v2v and h2v
components) to TSV 1 in Fig. 7(a) can be obtained from (34)
and (35) with n = 1 (see the Appendix). Note that hpgy instead
of h and rpgy instead of ry should be used in (35) because
of the different boundaries of TSV metal and the Si bulk
region. The inner series impedance of the TSVs can be obtained
from (8).

In addition to the series impedances, the capacitance val-
ues are also required for the final loop impedance extraction,
where their contribution becoming important as the frequency
increases. Due to the low resistivity of the Si substrate in the
example in Fig. 7, the Si substrate can be treated as a good
ground conductor for capacitance extraction. In this situation,
2D capacitance models or simulations are good enough, since
all the wires and TSVs are close to the substrate surface. In this
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Fig. 8. Loop impedance Zjqp, of the structure shown in Fig. 7(a) from both

our approach and HFSS [20] with various c2c distances d between TSVs:
(a) d = 14 pm; (b) d = 25 pm; and (¢) d = 50 pm. (d) Relative error of our
approach against the HFSS result with various d’s, where the relative error is

defined as |ij;;;appr°“h — ZJIESS| /| Z1ESS|.

paper, Maxwell SV [23] is used to extract the capacitance of
horizontal wires, whereas the 2D cylindrical capacitance model
in [11] and [12] is used to calculate the TSV capacitance.

With the series impedances and capacitance values of each
segments and the equivalent circuit shown in Fig. 7(b), the
loop impedance can be obtained. Our calculation results are
compared with a rigorous FEM-based EM solver HFSS [20]
(see Fig. 8). Within the frequency range, our approach shows
< 7% error as compared to HESS.

Although a single loop (as in Fig. 5) is assumed when devel-
oping the approach, the approach is valid for more complicated
structures like the one in Fig. 9(a)°. The reason is explained
in the Appendix. The outer series impedance of the whole
loop (including both v2v and h2v components) to TSV 1 in
Fig. 7(a) can be obtained from (34) and (35) with n = 2 (see
the Appendix).

Using the equivalent circuit shown in Fig. 9(b), the loop
impedance can be obtained. Within the frequency range, our
approach shows < 6% error, as compared to HFSS [20] (see
Fig. 10).

The steps for impedance extraction of TSVs and horizontal
interconnects are summarized in Fig. 11. Note that the series
impedances related to TSVs are extracted from purely analyti-
cal equations.

V. SUMMARY

In this paper, the series impedances of both the horizontal
wires and TSVs in 3-D ICs are investigated. A physical model
with analytical expressions with first-order approximation for
the TSV series impedance is developed from v2v and h2v

IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 58, NO. 10, OCTOBER 2011

Fig. 9. (a) Typical structure with four TSVs and four horizontal wires and
(b) its equivalent circuit. The stack information (geometrical and material
information of the substrates) and interconnect information (z-coordinates,
height, width, and pad size of horizontal wires; diameter and isolation dielectric
of TSVs; and metal conductivity) are the same as in Fig. 7. The Cu TSVs form
a square from top view, with a c2c distance between neighbor TSVs of 25 pm;
from (27), the Cu horizontal wires have an effective width of weg = 3.40 pm.
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Fig. 10. (a) Loop impedance Zqp of the structure shown in Fig. 9(a) from
both our approach and HESS [20]; (b) relative error of our approach against the
HEFSS result (the definition of the relative error is the same as in Fig. 8).



XU et al.: MODEL FOR THE IMPEDANCE OF TSVs CONSIDERING EFFECTS AND COUPLING

3537

¥
| Model validity check |
Y Y Y
Negligible proximity Line First order
effect (separable current approximation
inner and outer treatment
impedances)
[ ¥ 3
I U ) | P Y o e | P e
" sztal ' 2”rY'SV (Smetal vavshzoner l‘02 + 169h2/400 i dz + 1 69h2/400
JO((]_j)rTSV/‘S Ll) Jjou, 2 Jou
. maat) || JO [ 2 +_°-[d—,/d2+h2,
JI ((1 - ])erV /5meml) 277: |:rTSV rTSV w 27[ w
‘ + hyg arcsinh (hyg, /1,5, ) | +hyg arcsinh (hyg, [d) |
X 3 ' X
Capacitance e self 7 mitual h2h impedance
network ‘Zv2v+h2v - Zinner + Zv2v+h2v,auter network from DCIM

RLC solver

| Loop impedance |

Fig. 11.

vector potential Green’s functions. The first-order approxima-
tion shows good accuracy in the entire range of interest of both
the frequency and the c2c distance between TSVs. Along with
the contribution of horizontal wire series impedances (extracted
from DCIM), as well as the capacitance values of TSVs and
horizontal wires, the total impedance is obtained from an RLC'
equivalent circuit. The calculation results of our approach are
contrasted against the full-wave FEM EM solver HESS, result-
ing in maximum deviations smaller than 7% in the frequency
range of interest. Our methodology is attractive for system-level
interconnect impedance extraction in 3-D ICs that is critical for
the performance evaluation and design optimization of 3-D ICs.

APPENDIX
MATHEMATICAL INDUCTION PROOF TO DEMONSTRATE
THAT OUR APPROACH (COMBINING h2v AND v2v
IMPEDANCES) CAN BE USED IN
COMPLICATED WIRE LOOPS

The mathematical induction proof starts from the simplest
wire loop, which contains two TSVs and two horizontal wires,
as shown in Fig. 12(a). In the structure of Fig. 12(a), from (15),
we can define the v2v partial outer series impedance function
zPartial () 5o that

v2v

(28)

v2v

gLy ~ 2 (2550 (o) = 2550 (@)

Similarly, from (16), we can define the h2v partial outer series

. . tial .
impedance function Z7 ", (r1,72) (for upper horizontal

Flowchart of loop impedance extraction with both TSVs and horizontal interconnects in 3-D IC.

@
(@ (b)

Fig. 12.  Schematic figures during the mathematical induction proof; as we
prove (a) the most simple case (wire loop with two TSVs and two horizontal
wires) and the recurrence relation from (b) the case of wire loop with 2n TSVs
and 2n horizontal wires to (c) the case of wire loop with 2n 4 2 TSVs and
2n + 2 horizontal wires, we demonstrate that combining v2v and h2v loop
outer series impedances [see (24) and (25)] is valid for any wire loop.

©)

. . . partial
wire to TSV interaction) and Zlower_h2v

horizontal wire to TSV interaction) so that

(ri,72) (for lower

partial

jWMhQV ~2 (Z§§;231h2v (TO’ d) ~ “lower_h2v (T07 d)) : (29)10

In addition, we can define functions fupper nov(r) and
flower_h2v (’I") so that

Eg;ifih% (’rl 5 TQ) - fupper_hQV (Tl ) - fupper_hQV (7"2)
let))a‘g;a_thV (7’1 s 712) = flower_th (7’1 ) - flower_h2v (TQ)

(30)

10Note that (16) is valid for horizontal wires of any arbitrary curve, not
necessarily straight lines. This can be derived by replacing dy’ with dI’ (the
curve integration variable) in the integral of (12) and following the same
derivation steps of (12) — (13) — (16).
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For the simplest wire loop (two TSVs and two horizontal
wires), if we can consider the impact of the entire loop, includ-
ing the TSVs and horizontal wires on TSV 1 [see Fig. 12(a)],
the total v2v self and mutual outer series impedance can be
expressed as

all_to_1 __ rrpartial partial
Zv2v ~ ZV2V (TO) - ZVZV (d1,2)

(31a)

where d,, ,, is the c2c distance between TSV 7 and v. The total
h2v mutual outer series impedance can be expressed as
Zall_to_l ~ Zpartial

tial
h2v upper__h2v (7’0, d1;2) - ZII:)a\:;c;ih2v(r0’ dl,z)
= fupper_h2v (rO) - fupper_h2v (d1,2)
- (flower_h2v(r0) - flower_h2v(d1,2)) .

Note the similarity of (31a) and (31b): both of them can
be expressed as func(rg) — func(d; 2), where func(r) can be
either Z‘I,);‘!;tlal(r) or fupper_th(r) - flower_hQV (T)

Now, if for a wire loop with 2n TSVs and 2n horizontal
wires, the total v2v self and mutual, as well as h2v mutual outer

series impedances, can be expressed as a similar form, i.e.,

(31b)

v2v v2v v2v

Zall_to_l %Zpartial(ro) + z”: Zpartial(dl 21/71)
v=2

=20 (d2) (322)
v=1

n

11 1
Z}?Q\Tto_ ~ fupper_th(TO) + Z fupper_th (dl,Qu—l)

v=2
- Z fupper_h2v (d1,2u)
v=1
n
- flower_h2v(T0) + Z flower_h2v (d1,2u71)
v=2
- Z flowcr_th (d1,21/) (32]3)
v=1

where we can derive the case of a wire loop with 2n + 2 TSVs
and 2n + 2 horizontal wires, by breaking the last horizontal
wire (from the 2nth TSV to the first TSV) into three horizontal
wires and two TSVs [see Fig. 12(b) and (c)]. Obviously, the
total v2v self and mutual outer series impedance can be ex-
pressed as

n+1
all_to_1 __ rypartial partial
Zv2v ~ Zv2v (TO) + E Zv2v (dLQV*l)
v=2
n+1

= >z N dy ). (330)
v=1

The total h2v mutual outer series impedance can be derived as

n
11 1
Zﬁé;to_ ~ fupper_h2v (TO) + Z fupper_th (dl ,21/71)

v=2

n
- Z fupper_th (dl,Qv)
v=1

- flower_h2v (TO) + Z flower_th (d1,21/71)

v=2

IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 58, NO. 10, OCTOBER 2011

n
- Z flowcr_th (dl,Qu)
v=1

_ Zpartial

partial
+ Zlower_}12v (TO’ d172n) lower_h2v (7”07 d172"+2)

partial
+ Zuppel._h2v(d1,2n+1, di 2n+2)

partial
- Zlower_th (dl 2n+1, dl72n)

n+1
= fupper_th (TO) + Z fupper_th (dl,QV*l)

v=2
n+1

- Z fupper_h2v (d1,2z/)
v=1

n+1

- flower_h2v(ro)+z flower_h2v(d1,21/71)

v=2
n+1

- Z flower_h2v (d1,21/)

v=1

(33b)

From (31a) and (31b), which states the validity of the sim-
plest case (two TSVs and two horizontal wires), and the
recurrence relation from (32a) and (32b) (2n TSVs and 2n
horizontal wires) to (33a) and (33b) (2n + 2 TSVs and 2n + 2
horizontal wires), we can state that for any wire loops with
2n TSVs and 2n horizontal wires [see Fig. 12(b)], Z25-""-!
and Z'5-"°-! have the similar expression of func(rp) +
S, func(dy o,—1) — >0 func(dy 2,,).

Therefore, not only v2v but also h2v contributions can be
reduced to the series impedances among TSVs, regardless of
how the loop is formed (i.e., how the horizontal wires are used
to form the loop). The approach developed in Section III-E,
particularly (24) and (25), can be used for v2v + h2v series
impedance extraction for any wire loops with 2n TSVs and
2n horizontal wires [see Fig. 12(b)]. Therefore, the outer series
impedance of the whole loop to TSV 1 can be expressed as

Re ( Zallto 1, Z}al.l21\7to_1>

v2v
N hiw?udos;
247

169 .\ /2 & 169 .\ /2
2 2 2 2
(i) <2 (tario)

n 169 -1/2
— d? — 1?2
;( L2v 360 )

fIm ( Zall_to_1 n Z;'IlZl;to_l)

(34)

v2v

R~ jwpg /2 [rTsv +hrgy arcsinh(hrgy /rrsv)

- Thsy + hgrsv}

n

+ jwuo/Zw-Z |:d1,21/71 +hrgy arcsinh(hrsy /di 2,-1)

v=2
[ 2 2
— /12,1 ThTgy
n

_ jw/},()/Z’]T-Z [dmy—l—hTsv arcsinh(hrgv/d1 2,)

v=1
Y d%,2u+h%‘SV:| .

(35)
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Note that Argy instead of h and rrgy instead of 7 are used
in (35) because of the different boundaries of TSV metal and the
Si bulk region. Equations (34) and (35) can be extended to the
case of mutual v2v + h2v series impedance extraction between
two wire loops, i.e.,

Re ( Zloop_a_to_b)

v2v+h2v
Wotidos SN 169,,)
* T L (e )
(36)
Jm(Z,5055 ")
2m 2n
~ /230
n=1v=1

h
(—1)7+ [db(n)@(u) + hrgy arcsinh (TSV)
dy(n),a(v)

—%%mm+@W] (37)

where the two loops are named “a” and “b,” which contain 2n
and 2m TSVs, respectively; and db(n),a(y) is the c2c distance
between the nth TSV in loop b and the vth TSV in loop a. Note
that if dy(,)),a(,) = 0 exists [if loop a and b share TSV(s)], the
corresponding dp(,)) a(») should be replaced with 7 in (36) and
rrsgyv in (37), respectively, and TSV inner impedance should be
added.
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