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ABSTRACT

A methodology is proposed to characterize TSV induced
noise coupling in three-dimensional (3D) integrated circuits.
Different substrate biasing schemes (such as a single sub-
strate contact versus regularly placed substrate contacts)
and TSV fabrication methods (such as via-first and via-last)
are considered. A compact m model is proposed to efficiently
estimate the coupling noise at a victim transistor. Each ad-
mittance within the compact model is approximated with
a closed-form expression consisting of logarithmic functions.
The methodology is validated using a 3D transmission line
matrix (3D-TLM) method, demonstrating, on average, 4.8%
error. The compact model and the closed-form expressions
are utilized to better understand TSV induced noise as a
function of multiple parameters such as TSV type and place-
ment of substrate contacts.

Categories and Subject Descriptors

B.7.m [Integrated Circuits]: [Miscellaneous]
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1. INTRODUCTION

Three-dimensional (3D) integrated circuits (ICs) address
some of the critical issues encountered in planar technologies
such as the adverse effects of global interconnects [1]. Fur-
thermore, heterogeneous integration of diverse circuits and
materials is facilitated. Through silicon via (TSV) based
3D technology is among the most promising vertical inte-
gration technologies due to relatively high density vertical
interconnects [2]. International Technology Roadmap for
Semiconductors identifies three phases for the application of
3D technology: (1) memory stacks, (2) processor-memory
stacks, and (3) heterogeneous 3D integration with sensing
and communication blocks.

An important challenge in each of these applications is
to ensure system wide signal integrity. In addition to tra-
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ditional noise coupling and propagation mechanisms such
as crosstalk, power supply noise, and substrate coupling,
3D circuits also suffer from TSV induced noise coupling [3].
Specifically, during a signal transition within a TSV, noise
couples into the substrate due to both dielectric and deple-
tion capacitances. The coupling noise propagates through-
out the substrate and affects the reliability of nearby tran-
sistors. This issue is exacerbated for T'SVs that carry signals
with high switching activity factors and fast transitions such
as clock signals.

Existing works have investigated the effect of TSV geome-
try and substrate type on noise propagation [4]. The efficacy
of traditional techniques (such as guard rings) in reducing
TSV induced noise has also been investigated [5]. These
studies, however, do not consider different substrate biasing
schemes and distinct TSV fabrication methods. Further-
more, computationally expensive approaches (such as 3D
electromagnetic extraction) are utilized, prohibiting the use
of these approaches for fast evaluation of different physical
structures during the early stages of TSV floorplanning.

The primary contributions of this paper are: (1) a com-
pact model and a closed-form expression for each admit-
tance within this model are developed to efficiently estimate
TSV induced noise at a victim transistor, (2) these mod-
els (validated using a 3D transmission line matrix method)
are sufficiently flexible to consider different substrate bias-
ing schemes and both via-first and via-last TSV character-
istics, and (3) design guidelines are provided to reduce TSV
induced noise based on the results obtained from these mod-
els.

The rest of the paper is organized as follows. A highly
distributed electrical model (used as a reference) to analyze
noise injection and propagation is described in Section 2.
A compact ™ model is proposed in Section 3 for efficient
estimation of TSV induced noise at a victim transistor. To
consider different substrate biasing schemes and TSV types,
each admittance within the compact model is expressed in
Section 4 as a function of multiple physical parameters. The
results are discussed and design guidelines are provided in
Section 5. Finally, the paper is concluded in Section 6.

2. DISTRIBUTED MODEL FOR
TSV INDUCED NOISE COUPLING

The TSV and substrate models are provided, respectively,
in Sections 2.1 and 2.2. These models are based on discretiz-
ing the physical structure into unit cells and modeling each
unit cell with lumped parasitic impedances. Also referred to
as 3D transmission line matrix method (3D-TLM) [6], the



Suby
A

Substrate contact Victim node,

Suby TSV i
g — &
ds

Sub,

Figure 1: Physical structure discretized based on
3D TLM method to analyze TSV induced noise cou-

pling.
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Figure 2: TSV representations: (a) cross-section of
a TSV consisting of a conductive material and di-
electric layer, (b) electrical model of a unit cell TSV
used for discretization.

accuracy of this technique has been previously verified by
comparing the results with 3D field solvers [5] and experi-
mental data [7]. This distributed model is used as a reference
in this paper to validate the proposed compact model (see
Section 3) and closed-form expressions (see Section 4).

2.1 TSV Model

A typical TSV is represented as a cylinder with a diameter
and depth, as illustrated in Fig. 2(a). The two primary
components of a TSV are (1) conductive filling material such
as polysilicon (for via-first TSVs), tungsten (for via-middle
TSVs), and copper (for both via-middle and via-last TSVs),
(2) a dielectric layer that surrounds the conductive part to
prevent the filling material from diffusing into the silicon [8].
In this study, noise coupling analysis is achieved for both
via-first and via-last T'SVs.

A TSV unit cell consisting of a parasitic resistance R,
parasitic inductance L¥ and capacitance to substrate Cf*
is illustrated in Fig. 2(b) [9]. The z and y dimensions of the
unit cell are both equal to W + 2t,, as determined by the
TSV diameter W and thickness of the oxide layer t,;. The
z dimension is equal to Hynit as determined by the TSV
height and the required resolution in the transmission line
matrix method.

Considering the skin effect, the unit TSV resistance R
is determined by [10]

unt 1 sv,unt sV, UuN%
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Figure 3: Distributed model of a substrate network
where each unit cell is represented by six resistances
and capacitances.
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where f is the frequency and py is the permeability of the
filling material. The unit TSV inductance L{7* is

2Hunit + \/(W/2)2 + (2Hun7,t)2

(4)

6tsv =

unit 1 Ho
L 5 o [2Hunie In( W )+
(W/2 = \/(W/2)? + (2Hunit)?)], (5)

where p, is vacuum permeability. The unit TSV capacitance
Ot is determined from the cylindrical capacitor formula

as [11]
unit __ 1 271-601]{u'n,it
b5 = T Wiatteg |’
4 In(WhZtles )

(6)

where €, is the oxide permittivity.

2.2 Substrate Model

A lightly doped bulk type substrate is assumed. Note that
an epi type substrate with a heavily doped bulk beneath the
lightly doped silicon layer typically produces greater noise
coupling and is therefore less applicable to 3D heterogeneous
integration where circuits with distinct electrical character-
istics coexist.

A similar discretization technique is applied to model the
lightly doped substrate. A unit substrate cell consisting of
six parallel RC admittances is illustrated in Fig. 3. Referring
to this figure, the three substrate resistances Rs1, Rs2, and
Rs3 are, respectively,

o 1 pst

Rsl — §d1d27 (7)
o 1 psdQ

Rs2 - 2 d1d37 (8)
o 1 psdl

Rs3 - 2 d2d37 (9)

where ps is the substrate resistivity. Similarly, the three
substrate capacitances Cs1, Cs2, and Cs3 are, respectively,

oy = 220102 (10)
ds

Cuy = 2%’ (11)
da



Figure 4: Compact © model to efficiently estimate
the noise at the victim node in the presence of a
TSV and substrate contacts.
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dp

where €5 is the dielectric permittivity of silicon.

The TSV and the substrate unit cells are combined to pro-
duce a highly distributed mesh based on 3D TLM. Substrate
contacts are also considered in the model to properly bias the
substrate. Despite the reasonable accuracy achieved by this
model [5, 7], the computational complexity is significantly
high, particularly when the dimensions of the unit cells are
small. This issue is exacerbated as the distance between the
TSV and victim transistor increases. Furthermore, the num-
ber and location of the substrate contacts play an important
role in characterizing the TSV safe zone. Reanalysis of the
distributed structure when these characteristics change is
computationally prohibitive. A compact model is proposed
to alleviate these limitations, as described in the following
section.

Cus =2 (12)

3. COMPACT 11 MODEL FOR EFFICIENT
TSV NOISE COUPLING ANALYSIS

A two-port, linear time-invariant network can be gener-
ally characterized with four admittances: Y11(jw), Yi2(jw),
Y21 (jw), and Y22 (jw). Utilizing this characteristic, the pro-
posed compact model consists of a single cell TSV and an
equivalent two-port m network to model noise propagation,
as depicted in Fig. 4. Each electrical element within the
7 network consists of a parallel RC circuit, producing an
admittance (1/R) + jwC. These admittances are obtained
from the distributed model (based on 3D TLM) described
in the previous section. Specifically, the four Y (jw) param-
eters of the distributed mesh is obtained through an AC
analysis. The resistances and capacitances of the m network
are determined such that the four Y (jw) parameters of the
two networks are equal. According to this procedure, the
Y (jw) parameters of the 7 network Yiup(jw), Yihq(jw), and

g
Yina(jw) are determined as follows:

o Yiu(jw) = (1/Rsup) + jwCsup = Ya1(jw): represents
the equivalent substrate admittance between the TSV
and victim transistor.

L4 Yglnd(jw) = (I/Rénd) +jWC;7Ld = Y11(jOJ) - YQl(jw):
represents the equivalent substrate admittance between
the TSV and ground node.
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Figure 5: Comparison of the proposed compact
model with high complexity distributed mesh for
both via-first and via-last TSVs. The solid line rep-
resents noise at the victim node obtained from dis-
tributed mesh whereas the dashed line represents
noise at the victim node obtained from the compact
7 model.

o Yina(jw) = (1/Rjna) + jwCina = Yoo (jw) = Ya1(jw):
represents the equivalent substrate admittance between
the victim node and ground node.

Note that Y11, Y21, and Yi2 are obtained by simulating the
distributed mesh. Also note that a single RC' value is cho-
sen for each admittance since the variation of the resistance
and capacitance with frequency is negligible in the frequency
range of interest. Specifically, the maximum change is less
than 0.1% up to 100 GHz.

The accuracy of the compact model is demonstrated by
comparing the transfer function of the compact model with
the transfer function of the distributed mesh with signifi-
cantly higher complexity. Assuming a lightly doped sub-
strate (with 10 Qcm resistivity and 103.4x107*2 F/m abso-
lute permittivity), the two transfer functions are compared
in Fig. 5 for both via-first and via-last TSVs. In the dis-
tributed model, the dimensions Lsyub, Wsub, and Hgqyp of the
unit substrate cell are, respectively, 1 ym, 1 ym, and 1.25
pm. The distance between the TSV and victim node is 10
pm and a single substrate contact is placed between the two
ports. The overall length of the substrate is 100 pm. The
height of the substrate (determined by the TSV height) is
10 pm for a via-first TSV and 50 pum for a via-last TSV.
Alternatively, the width of the substrate (partly determined
by the TSV diameter) is 5 pm for a via-first TSV and 12
pm for a via-last TSV. Note that via-last TSVs have greater
dimensions as compared to via-first TSVs, significantly af-
fecting the noise at the victim node, as further discussed in
Section 5.

Comparison of Complexity: For a via-first TSV, the x
and y dimensions of the unit TSV cell are both equal to
4.4 pm (W + 2to, where W = 4 and to, = 0.2), whereas
the z dimension is 1 pm. Alternatively, for a via-last TSV,
the z and y dimensions of the unit TSV cell are equal to
10.4 pm (W + 2to, where W = 10 and to, = 0.2) and
the z dimension is 5 ym. In the distributed model with a
via-first TSV, these dimensions produce 48,080 number of
circuit elements (resistance, capacitance, and inductance).
For a via-last TSV, this number increases to 576,080 due to
greater y and z dimensions of the substrate. Alternatively,
the compact pi model contains only 11 number of elements
for both via-first and via-last TSVs.

Comparison of Accuracy: As illustrated in Fig. 5, noise



Table 1: Fitting coefficients for the function F' that approximates the admittances within the compact model
(see Fig. 4) for each case. The function F is given by (13).

Fitti flicient
Cases Admittances A B whne c(c:)c cmn]:s) E Average error (%)
Raup = 1000/ F (k) | 27.09 0 0 T0.08 | 5.11 6.6
Coup = F (aF) 326.7 0.41 0.48 -17.26 | -67.55 2.8
Case 1 [ R; , = 1000/F (kQ) | 28.31 0 0 -8.14 1.98 1.9
C;nd = F (aF) 301.3 -0.28 0.66 -96.94 30.09 1.6
R ,a=F (k2) 45.91 2.30 3.08 -218.3 154.9 9.6
and = 1000/F (aF) 8.05 0.28 0.29 -20.39 12.49 10.4
Rsup = 1000/ F (k) 29.18 0.28 0.38 1.34 -11.78 8.3
Caup = F (aF) 317.1 | 2.99 1.24 142 | -127.6 10.8
Case 2 Rfmd = 1000/F (kQ) [ 69.24 | -0.046 1.97 -35.05 4.73 0.7
C;nd = F (aF) 758.5 -0.49 21.13 -380.8 51.33 0.7
Roa = 1000/ F (k) 9.50 -0.19 -0.99 -1.95 9.31 1.6
and = F (aF) 106.4 -2.05 -10.99 | -20.83 100.7 1.6
R, = 1000/F (kQ) | 27.35 | -0.082 | 0.036 | -2.11 | -1.12 2.4
Csup = F (aF) 296.6 -0.89 0.83 -20.78 | -13.12 1.9
Case 3 [ R, , = 1000/F (k) | 36.16 | 0.028 | 0.39 | -10.16 | 1.18 2.4
Cl i =F (ab) 235.6 | -1.18 | -2.16 | -61.86 | 51.91 6.9
RZ_, = 1000/F (kQ) | 1157 | 0.11 | -0.19 | 4.43 | -5.86 1.6
and = F (aF) 129.1 1.18 -2.22 49.1 -65.23 10.9
Rsup = 1000/ F (k) 24.41 0.13 0.42 1.69 -8.36 8.5
Couy, = F (aF) 265.3 | 1.40 467 | 17.88 | -91.2 7.2
Case 4 | R., ,=1000/F (kQ) | 117.6 | -0.03 | 0.40 | -35.66 | 3.64 0.3
C’;nd = F (aF) 998 0.03 -68.78 37.31 32.11 2.9
and = 1000/F (k) | 14.56 -0.01 -0.73 -3.49 5.93 2.4
and = F (aF) 162 -0.13 -8.17 -37.74 64.26 2.5
coupling due .to TSVS is accurately e:stlmated by the com- Substrate Wi
pact model with negligible error within the frequency range . TG node
of interest. Note that the noise magnitude at the victim 2 B
node is higher for via-last TSVs due to higher TSV capac- R
itance and greater substrate dimensions. This difference is d
more than 20 dB at low frequencies and decreases to ap-
i . . (a)
proximately 4 dB in the gigahertz range.

The proposed compact model supports the analysis of Substrate Victim
TSV induced coupling noise. To be able to consider the ef- d, dzcontacts node
fect of various design parameters on coupling noise, each RC | = =
element within the compact model is expressed as a func- .
tion of two physical distances, as described in the following d,

section.

4. TSV SAFE ZONE CHARACTERIZATION

To determine TSV safe zone, the dependence of TSV in-
duced noise on design parameters such as distance between
TSV and victim node, and the number and location of sub-
strate contacts should be characterized. Two substrate bias-
ing schemes are considered. In the first scheme, as depicted
in Fig. 6(a), a single substrate contact is placed between the
TSV and victim node. The physical distance between the
TSV and victim node is di and the distance between the
TSV and substrate contact is d2. In the second scheme, as
depicted in Fig. 6(b), substrate contacts are regularly placed
between the TSV and victim node. In this case, d2 refers
to the distance between each substrate contact. The sec-
ond scenario is considered since substrate contacts can be
regularly placed in an automated manner based on latch-
up constraints of the technology. These two scenarios are
separately investigated for both via-first and via-last TSVs,
producing four different cases, as summarized below:

e Case 1: via-first TSV with a single substrate contact
between TSV and victim node

e Case 2: via-first TSV with regularly placed substrate
contacts between TSV and victim node

74

(b)
Figure 6: The two substrate biasing schemes used
to characterize noise coupling: (a) single substrate
contact between a TSV and victim node, (b) regular
placement of the substrate contacts between a TSV
and victim node.

e Case 3: via-last TSV with a single substrate contact
between TSV and victim node

e Case 4: via-last TSV with regularly placed substrate
contacts between TSV and victim node

For each case, the Y (jw) parameters of the m network are
characterized as a function of d; and d». To evaluate these
dependencies, AC analyses of the distributed mesh (based
on 3D TLM) described in Section 2 are performed at dif-
ferent d; and ds. The data obtained in this step are used
to generate a 3D surface for each resistance and capacitance
within Yiu(jw), Y a(jw), and Y, 4(jw). This surface is
approximated with a logarithmic function using a 3D least
square regression analysis. The logarithmic function F' used
to approximate the admittances of the 7w network as a func-
tion of the physical distances di and ds is

F(dl,dz):A+Bd1+Cd2+Dlnd2+Elnd1, (13)
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Figure 7: Comparison of the data obtained from the analysis of the distributed mesh with the function F' that
approximates these data: (a) resistance Ry, of the Y;,;(jw) with a via-first TSV and a single substrate contact
(case 1), (b) capacitance C,; of the Y, (jw) with a via-first TSV and a single substrate contact, (c) resistance
Rsup of the Y, (jw) with a via-last TSV and regularly placed substrate contacts, and (d) capacitance Cy,; of
the Yiup(jw) with a via-last TSV and regularly placed substrate contacts.

where A, B, C, D, and E are fitting coefficients. Note that
both the resistance (in kilo Qs) and capacitance (in atto
Farads) of each Y (jw) within the ™ network are represented
by the function F'. Also note that the distances di and da
are in pm. Since the 7 network has three admittances each
consisting of a parallel RC' circuit, six logarithmic functions
are developed for each case, producing a total of 24 func-
tions. The fitting coefficients for each function are listed in
Table 1.

As an example, the resistance Rg,, and capacitance Cisyp
of the Ysus(jw) are plotted, respectively, in Figs. 7(a) and
7(b) for a via-first TSV with a single substrate contact (case
1). The same parameters are plotted for a via-last TSV
with regularly placed substrate contacts (case 4) in, respec-
tively, Figs. 7(c) and 7(d). The dotted points represent
the data obtained from the analysis of the distributed mesh
and the surface represents the function F' that approximates
these data. The procedure is similar for other cases and the
RC elements of the remaining admittances (Y, 4(jw) and
Ygna(jw)) within the compact model. Note that in all cases,
d; is greater than ds since substrate contacts are placed be-
tween the TSV and victim node.

The sufficient accuracy of the fitting method is demon-
strated by quantifying the average percent error (as com-
pared to the distributed mesh based on 3D TLM) for each
resistance and capacitance within the m network. These val-
ues are listed in the last column of Table 1. For case 1 and
case 3 (a single substrate contact exists between the TSV
and victim node), di (distance between TSV and victim
node) varies from 4 pm to 55 pm and ds (distance between
TSV and substrate contact) varies from 2 ym to 33 um. Al-
ternatively, for case 2 and case 4 (multiple substrate contacts
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are regularly placed between the TSV and victim node), di
varies from 4 pm to 44 pm and do (distance between two
substrate contacts) varies from 2 pym to 8 um. Note that
the maximum average error is slightly over 10% for certain
resistances and capacitances. This error, however, does not
significantly affect the electrical characteristics (and noise
estimation at the victim node) since the maximum error oc-
curs at the extreme cases when the resistance is sufficiently
large and capacitance is sufficiently small. Also note that
the average error over four cases is 4.8%.

The proposed model and the function F' can be used to
efficiently characterize TSV-to-transistor noise coupling for
(1) different design parameters such as the distance between
TSV and the victim transistor, number and location of sub-
strate contacts and (2) different TSV fabrication technolo-
gies such as via-first and via-last.

5. DESIGN GUIDELINES

Peak-to-peak noise at the victim transistor due to TSV
activity is analyzed using (13) and the compact model illus-
trated in Fig. 4. This noise is depicted in Figs. 8(a) and 8(b)
as a function of d2 when d; is constant at 30 pum.

According to Fig. 8(a), where a single substrate contact
exists between the TSV and victim node, switching noise
is reduced as the substrate contact is placed closer to the
victim node as opposed to the TSV. This characteristic is
due to TSV height and distributed TSV capacitance to sub-
strate. Thus, a single substrate contact closer to the TSV is
not sufficiently effective. Note that based on Fig. 8(a), this
characteristic is stronger in via-last TSVs since the height of
a via-last TSV is five times greater than a via-first TSV. In
traditional 2D circuits, it is typically a physical design deci-



©

\\‘\‘\\ii
J

Peak-to-Peak Noise (mV)
Peak-to-Peak Noise (mV)

Peak-to-Peak Noise (mV)

~

o

[—=—Ccase 2
|—®—Case 4|

[—=—Case 1
\’\‘\‘\‘\‘\‘:\ii

Peak-to-Peak Noise (mV)

15 20

d, (um)

(d)

10

15 20 25

d, (pm)

()

10

Figure 8: TSV induced switching noise at the victim node: (a) as a function of d; at constant d; for case 1
and case 3, (b) as a function of d> at constant d; for case 2 and case 4, (c) as a function of d; at constant ds
for case 1 and case 3, and (d) as a function of d; at constant d> for case 2 and case 4.

sion to place the substrate contacts (or guard rings) around
an aggressor noise source or around a sensitive victim block.
In 3D circuits where TSVs are primary source of switch-
ing noise, placing the substrate contacts closer to the victim
block is more advantageous, as demonstrated in Fig. 8(a).

According to Fig. 8(b), where multiple, regularly placed
substrate contacts exist between the TSV and victim node,
switching noise is significantly less as compared to Fig. 8(a)
and is further reduced as d2 decreases, i.e., number of sub-
strate contacts increases. Also note that in both figures,
switching noise due to via-last TSVs is significantly greater
than via-first TSVs since the diameter is larger and height
is longer.

Peak-to-peak switching noise at the victim transistor is
shown in Figs. 8(c) and 8(d) as a function of d; when ds is
constant at 4 pm. As illustrated in Fig. 8(c), when only a
single substrate contact exists, placing the victim transistor
farther from the switching TSV is an effective method for
via-first TSVs. Alternatively, for via-last TSVs, the noise
exhibits low sensitivity to the distance between TSV and
victim transistor. This phenomenon is due to longer height
(therefore smaller substrate resistances) and larger diameter
(therefore larger capacitances) of via-last TSVs.

According to Fig. 8(d), when multiple substrate contacts
are regularly placed, increasing the physical distance be-
tween the switching TSV and victim transistor is helpful
for both via-first and via-last TSVs. In this case, the ef-
fective impedance between the TSV and substrate contact
becomes significantly lower since the number of substrate
contacts increases as dp is increased.

6. CONCLUSIONS

TSV-to-transistor noise coupling has been evaluated and
quantified in 3D ICs. A compact m model has been pro-
posed to estimate noise at the victim transistor as a func-
tion of different substrate biasing schemes (single substrate
contact versus multiple, regularly placed substrate contacts)
and TSV fabrication methods (via-first versus via-last). A
closed-form expression has been developed to approximate
each admittance within the 7 model with a logarithmic func-
tion. Both the compact model and the closed-form expres-
sion have been validated using a 3D transmission line matrix
method with an average error of 4.8%. These expressions
and the model have been utilized to better understand the
effect of different physical parameters on noise for both via-
first and via-last TSVs.
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