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Abstract

In this paper, we analyze the impedance analysis of vertical interconnection through-silicon vias (TSV) that is being

studied for the purpose of improving the degree of integration and an electric feature in 3D IC. Also, it is to improve the
performance and the degree of integration of the three-dimensional integrated circuit system which can exceed the limits of
conventional two-dimensional a IC. In the future, TSV technology in full-chip 3-dimensional integrated circuit system design
is very important, and a study on the electrical characteristics of the TSV for high-density and high-bandwidth system
design is very important. Therefore, we study analyze the impedance influence of the TSV in accordance with the distance
and frequency in a multiple TSV-to-TSV for the purpose of designing a full-chip three-dimensional IC. The results of this

study also are applicable to semiconductor process tools and designed for the manufacture of a full-chip 3D IC.
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I. Introduction
Recently, the chips have been developing as the
ICs that having a high

high-speed, and economical efficiency in accordance
[1]

integration, low-power,
with industries, markets, and technology trends

This is made possible by the state-of-the-art
semiconductor process technology, design tools, and
SoC(System on a Chip)
addition, they have been designed in 3D IC and is
developed by a variety of techniques designed to

design technologies. In
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increase the density and efficiency of the chip. In
order to design the 3D IC, the TSV is used through
the entire silicon layer(silicon substrate) for the
purpose of connecting a signal among the layers.
Among these coupling problems in multiple TSV-
to-TSVs, it is emerging as the most difficult problem,
and many studies have been made to solve them.
However, TSV-to-TSV coupling in full-chip 3D IC
design is to be considered important in the design
because it can be a cause to generate a large noise.
On the other hand,
full-chip 3D IC for the low-power chip, high-density

in order to design a 3D

and high reliability, it must be analyzed and be
guaranteed to be correctly interpreting elements in
the multiple TSV-to-TSVs. These elements can be

problems that consist of the coupling, thermal,
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electromagnetic, power delivery, and mechanical issues.

So, TSV-to-TSV related research for applications
in 3D IC design has been working in the area that is
coupling, thermal, electromagnetic, power delivery,
and mechanical issues. In paper™ and [3], coupling
model in the multiple TSV-to-TSVs were analyzed
by applying a multiple TSV coupling circuit models,
a simplified circuit model. Also, in paper 2 and ™
they analyzed for the coupling analysis based on
S-parameters, the termination condition of port, and
the frequency analysis of the impedance of the three
channels according to the frequency domain(low
frequency region, middle frequency range, and high
frequency region).

On the other hand, they interpreted the coupling
effects in accordance with the gate size and crosstalk
value corresponding to the distance between the
TSVs. However, these interpretations were analyzed
only in design tools.

Therefore, we performed an impedance analysis
technique in the multiple TSV-to-TSV circuit models

4 and ™ for the purpose of applying

based on paper "
it to the process and the design environment.

Also, the results of this study can be applied as
parameters of the process and the design environment

for designing and manufacturing a full-chip 3D IC.

II. TSV—to—TSV Circuit Modeling of
Full—Chip 3D IC

A. The TSV Structure in 3D IC

In order to design a 3D IC chip it must be
designed in consideration of the number of problems
that is, coupling, thermal, and electromagnetic etc.
existing inside chip.

The TSV does not use in a 2D IC, but it mainly
used in order to increase the degree of integration in
3D IC, and it present a lot of coupling among the
TSVs. So the coupling should be considered as one
of the most important elements in the 3D IC design.

Further, TSV-to-TSV coupling can cause a lot of
noise. Also, metalized via in 3D IC is usually used

CHS (multiple) TSV—to—TSVel YmE A i
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A =

copper(o, =5.8x10"S/m), the metallic material of the
insulator(dielectric) layer is used by a silicon oxide
(0, =4). TFig. 1 the structure of the
TSV-to-TSV in 3D ICs, and Fig. 2 shows equivalent
circuit of the multiple TSV-to-TSVs in 3D IC
architecture.
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Fig. 1. The structure of the TSV in 3D IC (for example

memory, processor, RF, MEMS, and interposers))
[1-3)

B. The Electrical Characteristics of the Multiple
TSV—-to—TSVs

In 3D IC, the impedance value of the TSV is
influenced differently in each frequency range by the
R, L, C value which exists between two TSV
channels. Therefore, the impedance of the channel
the
element(lumped circuit) at each frequency.

The impedance analysis among TSV-to-TSVs
should be electrical characteristics based on physical
structures which made of TSV insulator, the silicon
layer, the bumps, and the /O drive.

In Fig. 3, Eq. (1) is modeled to a silicon oxide
insulation layer between the TSV and the silicon

can be estimated by interpreting circuit

layer into the capacitor.

H | 7fpo
Rt&”l} 27T O—, (1)
Ho Py
L, 7ln( R),z—n (2)
Mo PPy L
Ly %ln( PR )i, j=mn,iz j 3
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Where, P,, is the distance between the center to
center and between the TSV # and TSV #0, P;; is
the distance between the TSV# and TSV #.

TeE g H

In[(R+ T)/R]

Coi = 4)

Where €0 is the dielectric constant in free space,
[Lsi]

self-inductance loop, and Lsijj is mutual inductance-

1s a silicone matrix inductance, Lsii 1is

loop. This can be determined by formula (5).

|

Silicon capacitance that is Csi of Eq. (7) can be
obtained from the relationship of Eq. (6).

Pi()

L R+ T

),

si,di

o H (
= —In

el PiPj
Lsi,di - 2’]T ln[ P,, (R+ T) (6)
CSI = MOEOGSiHQ[Lsi]7 ! (7)
The C,; used here is defined by the Eq. (8).
[ 1“\T 1
Z C'lk. - 012 - ClN
k=1
1“\T
[Cil=] —Cn Z Cor -+ — Oy ®
k=1
1“\T
- LN - CNQ Z C'Nk,
L k=1

When C,; calculated by Eq. (5) to Eq. (7), conductance
matrix Gsi is calculated by the Eq. (9).

)

II. The Impedance of the Multiple
TSV—to—TSVs

In a multiple TSV-to-TSV circuit models of the
3D IC structure, TSV around is composed of the
silicon layer, the bumps, and an insulator and TSV

channel is a very high impedance to form a channel.

s3] =X H53H M7
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Fig. 2. Multiple TSV-to-TSVs equivalent circuit in a 3D

IC architecture! ¥

Fig. 3(a) is impedance model of TSV-to-TSV
circuit that have four ports, and Fig. 3(h) is to
analyze impedance between TSV-to-TSVs. In Fig.
3(b), when applying Kirchhoff’s Law to interpret the
impedance of the circuit can be obtained a relational
expression for V; and V;. Relationship of current i,,
iy, and i3 in Fig. 3(b) is the same as Eq. (10)
through Eq. (14).

iy iy =i, (10
- V1;)V2 (11
. % 12)
i\ Vij Vi (13)
VlZ:)VQ %: VZ: Vi (14)

Also, the impedance Z can he described by Eq.
(15) and Eg. (16) in the Fig. 3(0). In a multiple
TSV-to-TSVs circuit model of the 3D IC structure,

TSV around is composed of the silicon layer.

ZCB’ump(Z(lsi, // ZRsi, + ZZCTS‘.)

— 15
7 Z(‘si // ZRsi, + ZCB’ump + ZZCTS‘. ( )
1 1 1 1 Vin

S AE AR A 16
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On the other, Relationship of current i, i,, and i;
in Fig. 3(b) can be described as Eq. (17) through Eq.
(21). Eq. (22) is relationship between V, and V, for

current i, i,, and i;.

iy Fis=1iy (17
124
iy = Z; (18)
v,
iy = —> (19)
4
V,—V;
/L'3 = 1Z - (20)
“h 1 V-1
“Zt 7"z (21)
- Vl+(—i+i+i)v2:0 (22)
ZS 3 4 5

é clean up on both sides of Eq.

(22), it is as in Eq. (23) with respect to ¥; and V5.

When multiplied by

% Z
T+ 241

2
7z (23)

o oo

When expressing the Eq. (14) and (23) in the matrix is
as Eq. (24).

Vi Vin
L_Q_L_Fi’ _ b 1
L 4 4 Z 4
7z z = (24)
Zy ||V, 0

When write the Eq. (23) again, it is as shown in Eq.

(25).
.

Substituting the Eq. (23) in Eq. (16) and organized
by the V, is the Eq. (26).

Faral

% 4
— 41

727 (25)

.

Z5+ZB+1
EARA

1 1
%7

L

in

Z (26)

+

V=g =
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Eq. (27) is a summary of Z by multiplying the
both sides of Eq. (26) and Eq. (29) provides a
summary of the Eq. (27). Here, in order to simplify
the Equation, it leaves « and b as in Eq. (30) and Eq.
(31), V, may finally be written as Eq. (31). Where Z
1s the impedance of the TSV channels of the
simplified model, this is the same with Eq. (31). Also
we can be seen that Eq. (3.20) can be describe the
impedance as a function of between the TSV
impedance( %, Z,, Z,) the  driver
condition(7) as well as the channel(Z). Eq. (31) is a
simplified Eq. (30) for Z.

terminal and

P S | O Y IS B )
121 ZZ Zg) Z3 Z4 2 ZS 2 in
1 1 1 5 2 4 _
Lol + 20 2oy + 2, 20\ | — 2,2 + Zn Zi Z
Zlgg 1443 144 4445 3O+Z:;Z4_1
%42, %2, %
V=V, )
LU+ LG5\~ 45+ 55
Z( 44,7, 2z, AAE
4
Z: b (30)
V,=V. X 1 3D
2 in ((,Lfb)

The following Eq. (32) through Eq. (35) are a
formula for calculating the impedance respectively in
the port of Fig. 3(a).

Zy=R,,+iX; 1., =R, +i21fL,,, = /R, + X} 100
where, X, =2nfL,,, (32)
ZBZQ( - L )+ St ( ! )
7f Crgy R2+ X} 2rf Gy,
where, X, = 1 (33)
2nfC,

Zp,=R,, +iX; 10 =R, +i27fL,,, = /R, + X 100
where, X, =2nfL,,, (34)
Zp=2,+Zy+ 7, (35)
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Table 1. 3D IC parameters for simulation.

s |
pa—o{ 7z, }—

(b)

(Z)—r2

Parameters Values
g/ (TSV radius) 25pm
L7 {TSV height) 7Bum

€, (dielectric constant of in air)

8.854187 X 10" 2 F/m

€,ile; =11.9¢)

11.9 < 8.854187 < 10" 2 F/

213 4 ZEE zZhH= TSV-o-TSV FZ2ZE ((a)
TSV-to-TSV 229 dudA ZHl (h) 470 =
Eof| M TSV-o-TSV Atolo] mEA 34~

Fig. 3. TSV-to-TSVs circuit model with four port (@)
Impedance model of TSV-to-TSV circuit, (b)
impedance analysis between TSV-to-TSV in the
four port)'

IV. Simulations and Results

A. Simulation Environments and methods

The simulation was performed to calculate the
impedance between the channels in accordance with the
conditions of Table 1 in the circuit model of Fig. 3.

B. Channel Impedance Analysis

Interpreting the channel impedance with respect to
frequency is calculated a change in the impedance
value according to the change in frequency to a high
frequency region in the low frequency region.

Fig. 4 is the detail dimensions in a cross—
sectional view of the 3D IC that applied our

simulation condition.

Toump (bump radius > 50um

lbu mp (bump helght) 10um

e, (dielectric constant of linear) | 4

a(scaling factor) 24pm

d(pitch between TSVs) 10pm
t,..(insulator thickness) 0.5um

py; (conductivity of silicon) 11.99m

Lysy 10pH

Ry 50ms?

Lo (permeability in free space) | 47 x 1077 H/m
o (copper conductivity) 5.8x107S/m

C. Simulation Results
were performed to analyze the
to the

frequency change between two TSVs using the

Simulations
impedance according distance and the
parameters in Table 1. Table 2 is a variation of the
impedance with respect to the frequency change, and
Table 3 is an impedance changes according to the
distance hetween the TSV-to-TSVs.

Fig. 5 shows result of performing in each 1GHz,
2GHz, 4GHz, 8GHz, 10GHz. Also, the value of
components are Lyg,=10pH, Rpg,=0.0512, Crg,=
100fF, C,,=200pF, R,;=1002, Cp,,, =0. The
distance between TSV-to-TSV is 10um,
40pm, 80um, and 100um.

20pm,
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As the frequency increases, the simulation results
shown in Fig. 4 can be seen that the noise of victim
increased. Impedance can be seen that give more
influence on the high frequency domain.

In addition, C, is a factor determined by the
distance change. The distance change between the
TSVs at a low frequency range(under 1GHz) does
not have a significant effect on the impedance. This
key element of the coupling is Cpg, and Cyg, is due
to the TSV distance hardly changes.

In an intermediate frequency range(2GHz, 4GHz),
impedance in accordance with the distance between
two TSVs changes little effect on the impedance of
the aggressor. This is because C, and R, are
factors affecting Cig. In the high frequency region(
8GHz, 10GHz) a distance change between the TSV
showed the greatest effect on the impedance of the
other channel. This is because it is a major factor in
the channel impedance effect.

In addition, the impedance variation with frequency
change has a value higher impedance at higher
frequency range in the low frequency region, And
impedance according to the distance between the
TSV-to-TSVs showed that the smaller the distance

value is smaller impedance.

(a) (b)

(c) (d
a8 5 Fubo| ek AduEHA(@) 1GHz, (b)) 2GH:,
(€ 4GHz, (d) 8GHz)
Fig. 5. Impedance according to the frequency((a@) 1GHz,

(b) 2GHz, (¢) 4GHz, (d) 8 GHz)
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Table 2. Impedance changes according to the frequency
change.
Freq. x 1 X 2 X 4 X 8 X 10
(KQ) 095 191 381 773 953
3
Table 3. Impedance changes in TSV-to-TSV distance.
Dist. X1 X2 X 4 X 8 X 10
D (KQ) 10.49 11.44 13.35 17.16 19.07

VII. CONCLUSIONS

In this paper, on the basis of a result of the paper
2 and ¥ for the purpose of applying the full-chip 3D
IC design, we analyzed the impedance effect among
the TSVs according to input frequency and analyzed
impedance of the TSV-to-TSV in a multiple TSV-
to-TSVs in order to use as parameter of 3D IC
design.

In the simulation results, impedance of aggressor
TSV in a multiple TSV-to-TSVs increased the
impedance among the TSV-to-TSVs at a higher
frequency range rather than at a low frequency
region. Also, impedance of the victim TSV increased
impedance depending on the distance among the
TSV-to-TSVs at the same conditions.

Therefore, the results of this study also are
applicable to the semiconductor process tools and the
manufacture of a full-chip 3D IC.

Based on the studied results so far, in the future,
well be carried out more research on the coupling,
the thermal, the electromagnetic, the power delivery,
and the mechanical issues in a full-chip 3D IC
design. And they can use as the design parameters
of the full-chip 3D IC.
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