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Abstract—Through Silicon Via (TSV) is an integral part
of 2.5D IC technology leveraged for multi-chip heterogeneous
integration achieving shorter interconnects, faster speed and
lower power consumption in state-of-the-art circuit systems.
These 2.5D ICs use a silicon substrate where there are no ground
contacts unlike traditional 2D ICs or 3D ICs. TSVs in such
electrically floating substrates call for new electrical models as
well as improved parasitic extraction methodology. Therefore, in
this paper an analytical capacitance model for TSVs in a 2.5D
IC is derived and validated. A TSV-to-TSV crosstalk expression
is also validated and further extended to create an accurate 2.5D
IC parasitic extraction framework in addition to design robust
grounding schemes such that TSV-to-TSV crosstalk coupling in
an entire 2.5D IC would be minimal even with floating silicon
substrate. It is shown that regularly distributed large number of
Power and Ground (P/G) TSVs provide an effective shield for
TSV-to-TSV crosstalk coupling and are highly recommended in
2.5D ICs.

Index Terms—2.5D, Through Silicon Via (TSV), Through-
Silicon Interposer (TSI), Compact Modeling

I. INTRODUCTION

THE continuous demand to achieve lower power, higher
performance, along with smaller form-factor for next

generation computing systems such as mobile devices, tablets,
servers pose daunting challenges for system designers [1][2].
While there are several architectural as well as technology
approaches at the system and packaging level being explored,
Through Silicon Via (TSV) based 2.5D Through Silicon
Interposer (TSI) ICs appears to be one of the most efficient
and promising methods to design next generation electronic
systems meeting the requirements in data-rate and power
efficiency. [3] and [4] demonstrate recent high performance
electronic systems implemented using silicon interposer tech-
nology.

A typical 2.5D TSI IC consists of front-side metal pads
(UBMs), front-side fine pitch Cu-damascene [5] or Cu Re-
Distribution Layers (Cu-RDL) [6] for chip-to-chip intercon-
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nects in addition to TSVs, optional back-side Cu-RDL layer
and C4 bumps establishing interconnections to external I/O
interfaces. The silicon substrate in 2.5D TSI ICs is widely
known as passive silicon interposer because there are no active
devices as well as substrate contacts available in the substrate.
As a result silicon substrate is electrically floating unlike a
traditional 2D IC or 3D IC which contains bulk substrate
contacts (usually p+) distributed all over the substrate. It is
well-known that silicon has a finite impedance and hence
switching induced noise in the substrate is likely to transmit to
other similar sensitive nodes in the substrate. If the substrate
is connected to VSS/GND through p+ substrate contacts, such
noise is likely to be eliminated as in typical ICs or 3D-ICs
[7][8].

Resistance, inductance and capacitance of TSV structures
have been studied thoroughly in the literature and it is shown
that TSV capacitance is the most dominant parameter for both
noise and delay analysis [9][10][11]. The existing literature has
modeled TSV capacitance with a grounded substrate contacts
[10][12] in 3D-ICs and this paper derives an analytical TSV
capacitance expression for passive silicon interposers with
floating silicon substrate existing in 2.5D ICs. Illustrating
that the floating silicon substrate behaves as a pseudo-metal
plate, TSV-to-TSV crosstalk (or substrate voltage) behavior
for an array of TSVs is discussed. Subsequently, a TSV based
shielding technique to mitigate the TSV-to-TSV coupling in
2.5D ICs is demonstrated. An analytical expression calculating
the number of P/G TSVs to suppress the TSV-to-TSV coupling
is derived and it is shown that a large number of P/G TSVs in
silicon substrate are recommended to reduce the TSV-to-TSV
crosstalk. An efficient and accurate extraction methodology
for TSV as well as usual Cu-damascene and Cu-RDL wires
is discussed.

The paper is organized as follows: in Section II, an ana-
lytical model for TSV capacitance and peak noise amplitude
in floating silicon substrate is derived while the models are
validated with Sentaurus sDevice simulations in Section III.
Later the parasitic extraction methodology for 2.5D ICs using
TSV compact model and TSV-to-TSV crosstalk and TSV
based shielding methodology is discussed in Section VI.
Section V concludes the paper.

II. ANALYTICAL MODEL FOR TSV CAPACITANCE AND
TSV-TO-TSV CROSSTALK

TSVs are usually arranged as an array in 2.5D TSI and in
Fig. 1 we show top view of four TSVs and their interaction
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Fig. 1. An array of TSVs showing the capacitive coupling to the substrate and
also the substrate equivalent RC model. Considering the substrate resistivity
(1-10 Ω cm) and the interconnect bandwidth (15 GHz) requirement the
substrate can be represented as a resistive network. This diagram is not to
scale.

through the floating silicon substrate. They are capacitively
coupled to the silicon substrate - through Cox and Cdep - and
the substrate is modeled as a finite resistance (Rsub) and a
capacitance (Csub) mesh in X,Y and Z directions. There is
a critical frequency fc, below which the substrate becomes
resistive and above which the substrate is capacitive and fc is
given by: fr = 1

2πρSiεSi
, where ρSi and εSi are Si substrate

resistivity and permittivity (11.9ε0) respectively [13]. A typical
mixed-mode non-epitaxial wafer used in TSI has a resistivity
of 10 Ω.cm, and its fr is 15 GHz.

In application point of view, a signal with rise-time (Tr)
requires a bandwidth of 1

Tr
for accurate interconnect simula-

tion [14] and with Tr = 100 ps the signal spectrum required
is 10 GHz. Therefore, it is accurate to consider the substrate
as pseudo-metal in which the conductivity is related to the
substrate doping concentration [15].

Ctsv Ctsv

CtsvCtsv

Ctsv Ctsv

Silicon Substrate

Fig. 2. Electrical equivalent circuit for Signal and Ground TSVs

Therefore, as shown in the equivalent circuit in Fig. 2,
signal TSVs are connected to a pseudo-metal (substrate) via
a capacitor (Ctsv

1) and this pseudo-metal is also connected
to several ground TSVs via capacitors of Ctsv . Now the
effective signal TSV capacitance with respective to ground
TSVs (Csignal TSV ) is:

Csignal TSV =
NredNg

Nred + Ng
Ctsv, (1)

where Ng is the number of ground TSVs, Nred is the redun-
dancy and Ctsv the capacitance of a single TSV with respect
to a grounded substrate. Analytical modeling of single TSV
has been well documented in the literature [10].

Similarly, when a signal with amplitude Vswing is applied
to a signal TSV, the steady state substrate noise voltage is:

V final
subs =

1
1 + Ng

Vswing. (2)

Typically, there are many switching TSVs (Nsw) present in a
TSI and therefore the substrate voltage can be expressed as:

V final
subs =

αNsw

αNsw + Ng
Vswing, (3)

where α is the switching activity factor. According to (1) and
(3), when number of ground TSVs present in the substrate is
significantly larger compared to switching TSVs, the effective
signal TSV capacitance approaches to Ctsv and also the
steady-state substrate voltage reaches to a significantly lower
value.

The electrical network for an aggressor (node A), combined
GND TSVs (node G) and a victim (node B) in the substrate
forms a star-network with Ctsv , NgCtsv and Ctsv connected at
each node respectively (Fig. 3). From a ∆-Y transformation,
we can derive the peak value of the substrate noise voltage
(middle node, node S) for a signal with rise time Tr as:

Vsubs(t) =





Vfinal

Tr

[
t + (τ1 − τ2)(1− e−

t
τ2 )

]
, t < Tr

Vfinal

Tr

[
Tr − (τ1 − τ2)(1− e

Tr
τ2 )e−

t
τ2

]
, t > Tr

(4)

1Ctsv is the series combination of Cox and Cdep as described in
APPENDIX
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Fig. 3. Electrical network between TSVs. TSVA and TSVB represent
aggressor and victim TSVs respectively and all the GND TSVs are connected
to node G as a combined capacitance (NgCtsv).

where Vfinal = Ctsv

(Ctsv+Cg) , τ1 = RSGCg , and τ2 = (RAS +

RSG) CgCtsv

Cg+Ctsv
. And the peak of value of this noise occurs

when t = Tr, which is given by:

V peak
subs = V final

subs

[
1 +

NgCtsv(RSGNg −RAS)(1− e
−Tr
τ2 )

Tr(1 + Ng)

]
,

(5)
where τ2 = (RAS + RSG)NgCtsv

1+Ng
. It is evident from (5) that

in order to maintain peak noise equal or less than V final
subs ,

RSG ≤ RAS

Ng
, which means RBG ≤ RAB

Ng
; to place ground

TSVs as close as possible to the victim TSVs to suppress
the crosstalk. However, since V peak

subs is directly proportional to
V final

subs , placing significantly higher number of ground TSVs
would effectively reduce the peak noise amplitude.

III. MODEL VALIDATION AND DISCUSSION

A. TSV Capacitance Model

We have built a 3 × 3 TSV array in Sentaurus Sdevice
simulation [16] environment to validate the model (1) pro-
posed in Section II . TSV diameter (2rtsv) with 10 µm, height
(htsv) 100 µm and oxide barrier (SiO2) thickness (tox) 0.5 µm
are considered for the simulation. The substrate doping 1.45×
1015cm−3 equivalent to a resistivity of 10Ωcm; work function
(WF ) of Si 4.7 and density of fixed-charges in Si-SiO2 (Qf )
1×1012 are assumed.

When the substrate is grounded using a p+ contact, the
variation of Ctsv with TSV bias voltage (difference between
TSV voltage and substrate voltage) is shown in Fig. 4. The
estimated Ctsv , from (6) (See APPENDIX), is 145fF when
simulation indicates 148 fF [10].

The middle TSV is treated as the signal TSV and surround-
ing TSVs are grounded. With varying number of ground TSVs,
from 1 to 8, and varying pitch values (from 20 µm to 100 µm),
the capacitance of a signal TSV (without any redundancy,
Nred = 1 in (1), to reduce the complexity of the simulation
model and reduce the time for numerical computations) is
extracted in the maximum depletion region with a TSV bias
voltage from -1V to 2V. The extracted capacitance in fF is

Fig. 4. Variation of TSV capacitance with a grounded silicon substrate with
varying TSV bias voltage.

reported in Table I. The capacitance does not vary with the
TSV pitch and the variation of simulated values is due to the
noise in numerical approximations.

TABLE I
SIGNAL TSV CAPACITANCE MODEL AND SIMULATED RESULTS

Ng Model Pitch in [µm]
(1) 20 40 60 80 100

2 96.73fF 98.4fF 99.6fF 98.3fF 98.4fF 97.6fF
3 108.82fF 112.4fF 112.7fF 111.6fF 112.8fF 109.8fF
4 116.07fF 118.8fF 119.1fF 115.2fF 118.9fF 116.7fF
5 120.91fF 123.6fF 124.2fF 119.9fF 123.8fF 121.5fF
6 124.36fF 127.2fF 127.8fF 123.5fF 128.0fF 124.9fF
7 126.96fF 128.5fF 128.3fF 125.9fF 127.3fF 127.8fF
8 128.97fF 131.0fF 132.1fF 128.1fF 128.6fF 130.3fF

The solid line in Fig. 5 demonstrates the behaviour of
Csignal TSV with Ng as described in (1) in Section II. It is
very well shown that our model in (1) is in agreement with
Sdevice simulations. The trend of increasing number of ground
TSVs (Ng) increases Csignal TSV and approaches to Ctsv is
very well demonstrated in the figure.

Fig. 5. Variation of signal TSV capacitance with respect to number of ground
(Ng) TSVs in a floating silicon substrate.

Shown in Fig. 6 is variation of substrate voltage with one
aggressor signal for different number of GND TSVs in the
substrate . Sentaurus Sdevice mixed-mode simulation results
are accurate to within 93% to V final

subs model proposed in (2).
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Simulations suggest that the noise induced voltage reduces as
the number of ground TSVs increases.
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Fig. 6. Variation V final
subs with number of GND TSVs. Simulation parameters

are same as in Fig. 5

B. TSV-to-TSV Crosstalk and Shielding Methodology
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Fig. 7. TSV Array structure built on Sentaurus Sdevice for simulation

A 4 × 3 array of TSVs as shown in Fig. 7 is considered
for TSV-to-TSV crosstalk simulations. When TSV A is the
aggressor and only TSV B is connected to GND, Fig. 8
shows the worst-case crosstalk waveform of TSVs. Also, the
induced voltage on TSV A3 will show the highest peak voltage
following the ramp. As soon as the aggressor reaches t = Tr

it would start to exponentially decay at a rate defined by the
time constant τ2 and reach to 0.5 V which is defined by
(2). Crosstalk voltage on TSVs A1,A2,A4 and A5 will also
follow the same scenario but the peak value is not higher than
that for TSV A3. However, the voltage induced on TSV B3
exponentially charges up to 0.5 V. Crosstalk voltage on TSVs
B1,B2,B4 and B5 will also charge in a similar fashion as TSV
B3. Therefore, placing a GND TSV in the vicinity of a victim
reduces the peak crosstalk significantly. Further, we have also
seen that increasing TSV pitch from 20 µm to 100 µm reduces
the peak crosstalk on TSV A7 only by 0.036 V, i.e. from 0.647

to 0.611 V and it shows that substrate conducts the noise from
an aggressor to a victim.

Fig. 8. Crosstalk waveform on TSVs A1-A5 and B1-B5 as shown in Fig. 7.

In Fig. 9, we demonstrate that adding two rows of TSVs on
top and bottom of the array shown in Fig. 7 and grounding
them together with TSV B reduces the crosstalk of TSV A3
by 66%, i.e. from 0.638 to 0.278 V.

Fig. 9. Worst-case crosstalk waveform on a TSV and the peak crosstalk
amplitude reduction with many TSVs

Fig. 10. Required number of GND TSVs based on the switching activity
factor for switching TSVs

From (3) we claim that in order to maintain Vsubs at
kVswing , where k < 1, there should be more than α( 1

k−1)Nsw
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power supply TSVs available in the substrate. Fig. 10 elabo-
rates the design guidelines for TSVs in a floating substrate for
various switching activity factors.

IV. TSI DESIGN FLOW AND PARASITIC EXTRACTION
(PEX) METHODOLOGY

TSV extraction is critical for the analysis of vertical in-
terconnections in 2.5D TSI ICs. In case of 3-D ICs, silicon
substrate provides a grounded return path acting as a reference
ground for parasitic extraction of all the components. TSVs are
extracted as a lumped RLC or RC model with substrate acting
as a grounded terminal. In 2.5D TSI ICs, however, the lumped
RLC or RC extraction model of the TSV with floating silicon
substrate (SUB FLOAT) is used as in 2.5D TSI ICs silicon
substrate behaves as a pseudo metallic plate with non-zero
potential. For 2.5D IC extraction, existing 2-D extraction tools
can themselves be modified to surmount 2.5D IC extraction
challenges as described below. A simple illustration of “C
Only” extraction of the BEOL nets along with the resulting
TSV extraction is demonstrated.

The process of building the parasitic extraction (PEX) rule
deck for front side BEOL or RDL interconnects is similar to
traditional 2D interconnects and the characterized RC values
of different routing layers and the via layers are incorporated to
achieve parasitic extraction. However, extraction methodology
for TSV and C4 bump is different and follows a two-step
extraction process that is described in this paper. The two
step extraction methodology consists of a) Extracting TSV
as well as the C4 bumps with respect to the floating silicon
substrate and b) Merging the netlist with other front side
extracted nets with floating silicon as a common node. In an
actual extraction netlist, TSV and C4 bumps are modeled as
lumped RC elements. Front side interconnects are extracted
and merged with TSV and C4 bump extraction using the
floating silicon node. Consider a signal net starting from the
C4 bump point Netp1 and ending on M3 at Netp2 .

Cc4

Rc4
Rtsv

2

Rtsv

2

CoxCoxCox

Cox

CdepCdepCdep

Cdep
Ctsv

NgCtsv

Rw

Cw
Netp1 Netp2

GroundNet

A B

Fig. 11. Signal Line Extraction Model in 2.5D TSI: (A) TSV-C4 bump model
and (B) distributed front-side interconnect model

The ground net is located at M2 with GroundNet as a
terminal. The resulting parasitic extraction model of the Signal
Net is illustrated in Fig. 11. The extracted TSV capacitance
(CTSV ) and C4 bump capacitance (CC4) and NgCtsv are
merged on the floating silicon node using the 2 step extraction
methodology. The front side interconnects are extracted using
the usual 2D extraction methodology.

Fig. 12 consists of typical 2.5D TSI signaling case with a
signal net as well as a ground net traversing vertically through
2.5D TSI. Signal TSV provides an interconnection between
SIGNAL TOPCB I/O at PCB end to SIGNAL TOCHIP
at the micro-bump end while a ground TSV interconnects
VSSA TOPCB I/O at PCB end to the VSSA TOCHIP at
micro-bump end.
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Fig. 12. Schematic for TSI extraction demonstration

Fig. 13. Extracted netlist for the example shown in Fig. 12

Subckt dummyDevice between lines 1 to 3 is a critical
step in enabling the modification of 2-D ICs tools to perform
accurate 2.5D TSI IC extraction. A theoretically insignificant
resistance element with R0 = 10×10−6Ω is inserted for each
micro-bump on the guest die so that the micro-bump to micro-
bump as well as micro-bump to I/O at PCB interconnections
are extracted. The resistance elements are important so that the
micro-bump connection is isolated from the other end with or
without the parasitic elements in between. In practice, all the
micro-bumps of the guest dies will be cascaded with small
resistance values for 2.5D extraction purpose.

Subckt tsv between lines 5 to 9 employs a three terminal
“T” type lumped RC model of the TSV. PLUS and MINUS
are the two terminals representing I/O at PCB and connection
on TOP respectively while substrate terminal represents a
silicon substrate. Two resistance components RUPtsv =
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RDOWNtsv = Rtsv/2 are split at Node TSV GATE and
Ctsv is the TSV to substrate capacitance connecting Node
TSV GATE to the silicon substrate.

The resulting extracted netlist of the layout in Fig. 12
appears between the lines 11 to 30. The netlist has an added
terminal SUB FLOAT representing floating silicon substrate
acting as a pseudo metal.

Lines 16 and 17 show dummyDevices XR C2C 1
and XR C2C 2 extracted for micro-bump terminals for
chip to chip interconnect between node CHIP1 IO
and node CHIP2 IO with an intermediate node
called chip to chip w. This node is connected to the
SUB FLOAT through a capacitance C3 shown in line 29.

dummyDevices XR SIGA and XR V SSA extracted for
micro-bump terminals appear on lines 19 and 22 while the
TSV devices XTSV SIGA and XTSV V SSA extracted
for the signal as well as the ground nets are listed on lines
20 and 23 respectively. The ground TSV XTSV V SSA
interconnects V SSA TOPCB to an intermediate node
vssa in w while the signal TSV XTSV SIGA inter-
connects SIGNAL TOPCB to an intermediate node
siga in w generated automatically during extraction process.
tsv represents a TSV device consisting of the TSV “RC”
values within lines 5 to 9. The most important outcome in TSV
extraction is to point out that both the tsv substrate nodes are
connected to SUB FLOAT representing a floating silicon
substrate. In practice, all the “TSV substrate” nodes will be
connected to the SUB FLOAT terminal in the final netlist.

Lines 27 and 28 represent C1 and C2, the automat-
ically extracted BEOL metal layer capacitances between
nodes vssa in w to SUB FLOAT and siga in w to
SUB FLOAT respectively. It is again important to note that
all the metal layer capacitances to the SUB FLOAT terminal
are extracted to analyze its effect on 2.5D TSI ICs.

Thus, a 2-D IC parasitic extraction tool is modified to extract
the horizontal as well as vertical interconnects in the 2.5D TSI
IC designs accurately.

V. CONCLUSIONS

In this paper, we derive a compact analytical capacitance
model for TSVs in a floating silicon substrate existing in 2.5D
ICs. The model has been validated using numerical simulations
using Sentaurus sDevice. Also, we have presented a model
for TSV-to-TSV voltage coupling through floating silicon sub-
strate. The TSV-to-TSV voltage coupling model is extended to
realize a capacitive shielding methodology to minimize TSV-
to-TSV crosstalk. We recommend distributing large number of
P/G TSVs regularly to effectively aid in shielding the TSV-
to-TSV crosstalk through larger capacitive ground coupling.
Finally, an accurate parasitic extraction methodology for 2.5D
ICs is described.
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APPENDIX

The C-V characteristics of TSV in a p-substrate undergoes
a transition from accumulation region to depletion region as
the TSV bias voltage increases [10]. In the accumulation
mode, capacitance of the TSV comes from the oxide layer
(Cox); in the depletion mode, there is a capacitance from
the depletion layer (Cdep). Usually, the operating voltages are
always positive and therefore the TSV is in depletion mode,
which means capacitance of the TSV is in its minimum value.
The depletion mode capacitance Ctsv .is given by:

Ctsv =
CoxCdep

Cox + Cdep
(6)

where, Cox is the oxide layer capacitance and Cdep the
depletion layer capacitance, and they can be estimated from
2πεoxhtsv

ln(1+ tox
rtsv

) , and 2πεSihtsv

ln
“
1+

tdpl
rtsv+tox

” , respectively. tdpl is the thick-

ness of the depletion layer empirically obtained from (7).

2
kBT

q
ln

(
Nd

ni

)
=

qNa

2εSi

[
− tdpl

2
(2rv + 2db + tdpl)

+(rv + db + tdpl)2ln
(

1 +
tdpl

rv + db

)]
, (7)
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