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Abstract—A robust physical design of 3-D IC requires inves-
tigation on through-silicon via (TSV). The large temperatures
and stress gradients can severely affect TSV delay with large
variation. The traditional physical model treats TSV as a resistor
with linear electrical–thermal dependence, which ignores the fun-
damental device physics. In this paper, a physics-based electrical–
thermal–mechanical delay model is developed for signal TSVs in
3-D IC. With consideration of liner material and also stress, a
nonlinear model is established between electrical delay with tem-
perature and stress. Moreover, sensitivity analysis is performed
to relate the reduction of temperature and stress gradients with
respect to dummy TSVs insertion. Taking the design of 3-D
clock tree as a case study, we have formulated a nonlinear
optimization problem for clock-skew reduction. By allocating
dummy TSVs to reduce the temperature and stress gradients,
the clock skew introduced by signal TSVs and drivers can be
minimized. A number of 3-D clock-tree benchmarks are utilized
in experiments. We have observed that with the use of dummy
TSV insertion, clock skew can be reduced by 61.3% on average
when the accurate nonlinear electrical–thermal–mechanical delay
model is applied.

Index Terms—Clock-skew reduction, electrical–thermal–
mechanical coupling, nonlinear MOSCAP, stress gradient,
temperature gradient, thermal TSV, through-silicon via (TSV),
TSV stress.

I. Introduction

3 -D INTEGRATED circuits (3-D ICs) have regained the
interest for big bandwidth in the design of many-core

microprocessor server. The utilization of through-silicon vias
(TSVs) in 3-D IC can significantly reduce the latency and
power dissipation in global interconnect such as memory buses
and also clock trees [1]–[18]. However, one robust 3-D IC
design requires a careful examination of TSVs in which elec-
trical states such as delays are coupled from multiple physical
domains. First, thermal reliability is one primary concern since
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heat sink has a long distance for the top layer. Moreover,
dynamic voltage and frequency scaling of many-core can result
in highly nonuniform power density. As such, there exists a
large temperature gradient that can result in delay variation of
TSV by electrical–thermal coupling. What is more, because
coefficients of thermal expansion (CTE) of TSV material
and substrate material are different, large mechanical stress
can be introduced, which in turn leads to delay variation of
driver by electrical–mechanical coupling. Since delay variation
introduces skew for delay sensitive clock-tree design, a robust
physical design in 3-D IC with TSVs thereby needs to consider
optimization from coupled electrical, mechanical, and thermal
domains.

The design of clock tree is primarily involved with reduc-
tion of delay difference at different sinks, known as skew
[19]–[26]. Compared to clock tree in 2-D IC, the one in
3-D IC will experience much larger temperatures and stress
gradients both vertically and horizontally. As signal TSVs
are deployed to route 3-D clock tree over the entire 3-D
chip, such nonuniform temperature differences can lead to a
significant clock skew by electrical–thermal coupling of signal
TSVs [24]–[26]. Such an electrical–thermal coupling becomes
nonlinear when liner material is considered. Moreover, the
TSV-induced stress also affects the mobility and delay of
drivers, which further worsens the clock skew over the entire
3-D chip by electrical–mechanical coupling of drivers [10]. As
such, the traditional clock-tree design methods [19]–[21] with-
out considering temperature and stress gradients will become
inaccurate and unreliable. The thermal-aware 3-D clock-tree
synthesis has been discussed in [4] considering thermal profile.
A 3-D embedding method was developed in [17] to reduce
the wire length. Further optimization in [11] is developed
to reduce power and slew rate. However, previous methods
only conduct the clock network optimization based on linear
or nonlinear electrical–thermal–mechanical coupling, ignoring
the TSV physical model and hence is not accurate. As such,
there is no specific problem formulated for clock-tree design
based on the reduction of both thermal and stress gradients in
3-D IC.

In this paper, based on recent measurement results in
[6], [8], [10], [12], and [13], a nonlinear electrical–thermal–
mechanical delay model is developed for 3-D clock-tree
design. Further, sensitivity analysis is performed for dummy
TSV density with respect to reduction of temperature or stress
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Fig. 1. Simplified TSV fabrication procedure.

gradient. Based on accurate TSV models, a reliable 3-D clock-
tree design is formulated by dummy TSVs insertion to balance
the clock skew by reducing temperature and stress gradient,
with consideration of nonlinear electrical–thermal–mechanical
delay model. A nonlinear programming-based optimization is
developed and implemented to determine the allocation of
dummy TSVs. Experimental results show that with insertion of
a reasonable number of dummy TSVs, the average clock skew
can be reduced by 61.3% for clock-tree benchmarks in [27]
in 3-D design [11]. Compared to clock-tree design by linear
delay model, our approach by nonlinear delay model reduces
clock skew further by 12.2% under same thermal conditions
and same TSV density.

The rest of this paper is organized as follows. The reli-
able 3-D clock-tree design problem formulation is discussed
in Section II. Modeling of signal TSVs and drivers under
electrical–thermal–mechanical coupling is discussed in Sec-
tion III, and the dummy TSV model and the sensitivity study
are discussed in Section IV. Section V discusses the nonlinear
electrical–thermal–mechanical delay and skew model. Non-
linear optimization for reduction of clock skew is presented
in Section VI. Numerical experimental results for modeling
and optimization are presented in Section VII. The paper is
concluded in Section VIII.

II. 3-D Reliable Clock-Tree Design Problem

Many approaches have been applied in 2-D clock-tree
designs to reduce clock skew such as buffer sizing [4], merging
point adjustment [22], and wire-length balancing [21]. Due to
nonuniform power densities by many-core microprocessors,
there is a large nonuniform temperature gradient. Moreover, a
large stress gradient is induced by TSVs during annealing.
Accordingly, the 3-D clock tree will experience significant
clock skew under large temperature and stress gradients with
a new problem formulation required.

A. TSV Fabrication

An accurate physical model of TSV needs a detailed in-
vestigation on its fabrication. As shown in Fig. 1, TSVs are
used as vertical interconnections between stacked dies for
providing electrical interconnect as well as heat dissipation.
To perform these functions, the materials used for TSVs
should have good electrical conductivity as well as thermal
conductivity. Tungsten (W), poly-silicon, and copper (Cu) can
be considered as TSV fill materials. Due to low resistivity
and cost, copper is the widely used material for TSV fill [10].
To fabricate TSVs, TSV etching is performed by deep ion
reactive etching (DRIE), laser or chemical etching, etc. After
the etching is performed, the liner material is deposited to
prevent ion particle diffusion. After forming the liner layer, the
TSV material, such as copper or tungsten, is filled in the etched
region at high temperature. After annealing to low temperature,

Fig. 2. 3-D clock-tree distribution network at different tiers. (a) Clock tree
with 14 TSV bundle locations in an H-tree. (b) Clock tree with 28 TSV bundle
locations in an H-tree. (c) Layer configuration under nonuniform temperature
distribution.

the substrate is thinned and the current layer can be aligned and
integrated with other layers. Due to the existence of liner and
also the annealing, the physical TSV model becomes electrical,
thermal, and mechanical coupled.

B. Problem Formulation

3-D clock tree, as shown in Fig. 2, makes use of TSV for
vertical interconnections, which can have significant delay. As
such, in 3-D clock-tree design, unlike 2-D clock-tree synthesis,
the impact of TSV also needs to be considered. Stacking of
dies in vertical direction in 3-D design increases the overall
temperature and also the temperature gradient, due to the
increased and nonuniform power density and heat-dissipation
path. Due to the temperature gradient, the device character-
istics also vary because of electrical–thermal coupling. The
temperature distribution on a 3-D clock tree is shown in Fig. 2.
Normally, RC delay DRC for the traditional TSV is modeled
as RC-interconnect by a linear electrical–thermal coupling

RT = R0(1 + α · δT ); DRC = R0C0(1 + α · δT ) (1)

where RT is thermal-dependent resistance, R0 represents resis-
tance at room temperature, C0 represents capacitance at room
temperature, δT is the difference of the operating temperature
T and room temperature T0. In addition, note that α is the
temperature-dependent coefficient for resistance, whose value
is experimentally determined.

However, due the existence of liner material around TSV-
fill, it forms a nonlinear MOSCAP that can significantly
affect TSV delay. According to the measurement results in
[8], the contribution of second-order temperature-dependent
contribution in MOSCAP model is increased to 30% of the
overall TSV capacitance at 150 °C. As such, TSV needs to
be characterized as a capacitor with nonlinear temperature-
dependent instead of linear temperature-dependent resistor.
What is more, TSVs exert mechanical stress on the silicon
substrate due to mismatched CTEs. The impact of stress can
affect mobility and delay of driver. Eventually, one needs a
nonlinear electrical–thermal–mechanical coupled delay model
in 3-D IC.

By considering all the aforementioned effects, delay at each
clock sink i of one 3-D clock tree needs to be modeled as a
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Fig. 3. (a) Signal TSV and dummy TSV in 3-D IC. (b) 3-D view of TSV.
(c) Equivalent RC circuit of TSV.

nonlinear model of temperature and stress gradient �. Thus,
delay at sink i can be modeled as δDi=f(�). Clock skew
S is defined as the maximal difference between two clock
sinks. Note that by adding dummy TSVs, one can balance the
temperature and stress gradient and can further reduce delay
and skew. As such, we have the following problem formulation
toward reliable 3-D clock-tree design under temperature and
stress gradient.

Problem 1: For a presynthesized zero-skew 3-D clock tree
with NS sinks, using signal TSVs for intertier connections, the
clock skew S needs to be estimated by considering position
and number of TSVs, i.e., temperature and stress gradient �,
and by considering nonlinear electrical–thermal–mechanical
coupling. A large number of dummy TSVs can be inserted
to minimize S under �

S = max : |δDi − δDj|, 0 ≤ i, j ≤ NS (2)

where δDi and δDj are delays from sinks i and j, respectively.
In order to solve this problem, electrical, thermal, and

mechanical couplings are initially studied in Section III. Then,
a sensitivity analysis is performed to study the reduction
of temperature gradient and stress gradient when adding
dummy TSVs in Section IV. A nonlinear electrical–thermal–
mechanical coupled delay model is derived to calculate clock-
tree delay and skew in Section V. Finally, a nonlinear opti-
mization is deployed to further minimize the clock skew under
nonuniform temperature and stress gradient in Section VI.
Note the presynthesized zero-skew 3-D clock tree is based on
the work [11] to consider wire length and driver but without
considering electrical–thermal–mechanical coupling.

III. 3-D Nonlinear

Electrical−Thermal−Mechanical Coupling

A. Signal TSV Model

The TSV utilized for interlayer signal connection is called
signal TSV, which connects clock tree at two different layers.
In the previous 3-D clock-tree synthesis [4], [11], [22], vias
are electrically modeled with a simple RC-delay model with
only resistance (R) as linearly temperature dependent and
capacitance (C) as constant. Due to the existence of liner,
there is a nonlinear dependence on temperature. An electrical–
thermal model of a single signal TSV is thereby studied in this
section. Note that the mechanical stress to signal TSVs is too
small to be considered.

Fig. 4. (a) Typical C–V curve of nonlinear MOSCAP model for signal TSV.
(b) Exertion of stress on transistors/drivers in unit square grid.

1) Nonlinear MOSCAP Model: Due to the existence
of liner in TSVs, a MOS-capacitor (MOSCAP) is formed
between signal TSV and substrate. This nonlinear capacitance
depends on biasing voltage (VBIAS) as well as temperature [8].
The difference in work function between metal material of
TSV and substrate results in the existence of depletion region.
The radius of the depletion region varies with biasing voltage
and temperature, resulting in nonlinear capacitance. Typical
C–V curve of TSV is shown in Fig. 4(a) and can be divided
into accumulation, depletion, and inversion regions separated
by flat-band voltage (VFB) and threshold voltage (VT ). For
higher frequencies (> 1MHz) the inversion region can be
further divided into deep-depletion and inversion regions.

As such, the RC-delay parameters of TSV with dependence
on temperature can be modeled as

RT =
ρh

πr2
metal

;
1

CT

=
1

Cox
+

1

Cdep
(3)

with

Cox =
2πεoxh

ln( rox
rmetal

)
; Cdep =

2πεsih

ln( rdep

rox
)

(4)

where RT and CT represent the temperature-dependent resis-
tance and capacitance of TSV, respectively. Cox and Cdep are
liner and depletion region capacitances of TSV, respectively.
TSV height is represented by h. ρ is the resistivity of metal
material of TSV. εox and εsi are dielectric constants of silicon
dioxide and silicon, respectively. rmetal, rox, and rdep are
the outer radii of TSV metal, silicon, and depletion region,
respectively. Since the thermal conductivity of liner (SiO2) is
100 times lower than the silicon substrate, liner prevents the
dissipation of heat from the substrate and results in hotspot at
signal TSVs. As shown by measured results in [8], the TSV
capacitance can approach liner capacitance at high temperature
due to the existence of hotspot and nonlinear temperature
dependence.

2) Electrical–Thermal Coupling: At higher frequencies in
deep-depletion region, the signal TSV C–V curve tends to be
flat with changing VBIAS. However, the deep-depletion region
capacitance of TSV still varies nonlinearly with temperature
due to rdep. The resistance of TSV can be modeled as linearly
dependent with temperature, as given in (1). The nonlinear
temperature-dependent capacitance of TSV based on measure-
ment results from fabricated testing TSVs [8] can be given by

CT = C0 + β1T + β2T
2 (5)
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where CT and C0 are temperature-varying TSV capacitance
and capacitance at zero temperature. T is the temperature. β1

and β2 are the first- and second-order temperature-dependent
coefficients of CT , which are determined experimentally and
reported in [8]. The nonlinear variation of capacitance is
different from the traditional via characterization, which is
modeled as linear variants with temperature. However, as
shown in this paper, the nonlinearity in TSVs can be observed
mainly due to the existence of liner material. As such, the
nonlinear electrical–thermal coupling of signal TSV can bring
significant impact on delay when using TSVs in 3-D clock
tree.

B. Driver Model

TSVs can further exert mechanical stress on the device
layer. This mechanical stress has impact on the mobility and
delay of drivers. As TSV density can be nonuniform across
the chip, it results in stress gradient and can further introduce
delay variation or skew.

1) Thermal–Mechanical Coupling: TSV material and de-
vice layer have different CTEs. In addition, they can have dif-
ferent temperatures during the time of operation. The different
temperatures lead to difference in the amount of expansion of
TSV and the substrate, resulting in mechanical stress. The
mechanical stress exerted by multiple TSVs on substrate can
be found by principle of superposition [10] by

σi = −B
T
α

2
(
Ri

ri

)2

σ = −
n∑

i=1

σi = −Bn
α
T

2
(
R

r
)2

n = ηA

(6)

where σi is the stress from ith TSV, B is the biaxial modulus,

α is CTE difference between TSV material and substrate as a
constant, 
T is the annealing temperature difference, Ri is the
radius of ith TSV, ri represents the distance of a transistor or
a driver from the center of TSV, and n represents the number
of TSVs with a TSV density of η in area A. For simplicity,
all TSVs are considered to be of the same radius R, and the
drivers are approximated with the same distance r from center
of TSVs. As such, we can observe a thermal–mechanical
dependence to characterize the mechanical stress between TSV
and the substrate. In thermal–mechanical coupling, the main
focus is on exertion of stress with respect to temperature and
TSV density.

2) Electrical–Mechanical Coupling: Exerted mechanical
stress from TSVs will affect the carrier mobility of drivers
[10], [12]. Higher the amount of exerted stress from TSV,
stress impact on carrier mobility will be high. This variation
of mobility will affect the electrical delay of drivers. Variation
in carrier mobility due to exerted mechanical stress can be
given by [10], [12]

δμ

μ
= −� × σ; m = −�x (7)

where δμ

μ
is the ratio of mobility variation, � is the tensor of

piezoresistive coefficients, and σ represents mechanical stress.
Note that m represents the maximum value of � among all
the directions (x, y, z), in order to capture its most significant
impact on transistor. For example, �x is used to represent

Fig. 5. (a) 3-D heat-removal path by dummy TSVs. (b) 3-D view of dummy
TSV insertion.

the value of the maximum value in tensor �. The value of
m indicates the enhancement factor along the direction that
results in the maximum stress. It can be different for pMOS
and nMOS devices, and can result in a different amount of
mobility variations [10], [12]. The ratio of mobilities with and
without stress can be calculated as

μs

μ
= 1 +

δμ

μ
= 1 + mσ (8)

where μs and μ represent the mobility of charge carriers with
and without impact of stress; δμ

μ
is the mobility variation ratio.

As the amount that the stress exerted increases, the ratio of
mobility with and without stress also increases. This variation
in mobility results in a change of the source resistance of one
driver. The variation of source resistance with mobility can be
given by

RM
D =

RD

1 + δμ

μ

=
RD

1 + mσ
(9)

where RM
D is the driver resistance with impact of stress, and RD

is the driver resistance without impact of stress. As such, when
the TSV density is different, the impact of exerted mechanical
stress on the driver delay can be different, which further affects
the clock-tree delay. Note that there is a thermal–mechanical
coupling discussed previously, which can further worsen the
delay dependence on both thermal and mechanical couplings.

IV. 3-D Dummy TSV Insertion and Sensitivity

In the previous section, modeling of signal TSV and driver
is studied under electrical–thermal–mechanical coupling. The
characterization of dummy TSVs is equally important to
determine the relation between the reduction of thermal and
stress gradient with the dummy TSV insertion density.

A. Dummy TSV Insertion Density

TSV utilized for interlayer insertion but without signal
connection is called dummy TSV. As dummy TSV is filled
with metal material Cu with good thermal conductivity of
400 W/mK, it can provide the heat dissipation path vertically
to balance the temperature gradient. What is more, adding
dummy TSVs can balance the density of TSV distribution,
which also helps to reduce the stress gradient.
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1) Reduction of Thermal Gradient: For a chip-level ther-
mal analysis, single dummy TSV impact is not effective.
Dummy TSVs are modeled in terms of local density as shown
in Fig. 5, where dummy TSVs occupy an area of ηA on a
regular chip area A. Considering the vertical heat dissipation,
the total thermal conductivity λ is given by

λ = ηλTSV + (1 − η)λ0;

= (η + δη)λTSV + (1 − (η + δη))λ0; δn = δηA
(10)

where initial thermal conductivity is λ0, initial TSV density
is η, change of TSV density is δη, and change of TSVs is δn

with respect to initial number of TSVs n.
As such, the temperature gradient reduction with a change

of δη TSV density is given by

δT = T − T0 =
P · l

Aλ0
· δη

λ
λTSV−λ0

+ η + δη
(11)

where P is the heat power flowing from chip to heat sink,
and l is the length of heat-transfer path distance with a chip
area of A. From (11), one can observe that as δη approaches
or becomes larger than λ/(λTSV − λ0) + η, the reduction in
temperature due to dummy TSVs becomes saturated.

2) Reduction of Stress Gradient: Considering a square
having four TSVs at its four corners, all transistors inside that
particular square will experience stress from all four TSVs.
The stress contour from TSVs and its impact on the neighbor
transistors are shown in Fig. 4(b). The stress on each of the
transistor from different TSVs can be calculated by (6). What
is more, it can be observed that there will be a reduction
of stress gradient with insertion of dummy TSVs at proper
locations. The stress gradient reduction δσ caused by TSV
density difference can be given as

δσ = −B
α
T

2
(
R

r
)2δn = −B
α
T

2
(
R

r
)2δηA (12)

where δn represents the additional number of TSVs added
and δη represents a change in TSV density due to insertion
of additional TSVs. When the density becomes more uniform,
the stress gradient also becomes smaller.

B. Sensitivity of Temperature Gradient Reduction

As can be observed from (11), at a certain dummy TSV
density, the reduction in temperature gradient tends to saturate.
Sensitivity of temperature gradient reduction with respect to
the dummy TSV density can be given by

∂T

∂η
=

P · l

Aλ0
· η0

(η0 + η)2
; η0 =

λ0

λTSV + λ0
. (13)

From (13), it can be clearly concluded that, when the
dummy TSV density η is smaller than its saturation value, η0,
i.e., η � η0, the sensitivity of temperature gradient with
dummy TSV density remains almost constant; and as η � η0,
the sensitivity approaches zero, implying that reduction of
temperature tends to saturate. Thus, temperature sensitivity
function with dependence on dummy TSV density can be used
during the optimization of dummy TSV insertion.

C. Sensitivity of Stress Gradient Reduction

From (14), one can observe that the stress gradient reduction
depends on the TSV density. The sensitivity of stress gradient
reduction with respect to TSV density is given by

∂σ

∂η
= −B
α
TA

2
(
R

r
)2. (14)

The stress gradient reduction sensitivity may look as inde-
pendent from TSV density, but depends on radius of TSV
and area, which has impact on TSV density. For a particular
TSV density, within given area, TSVs greater than a particular
radius cannot be inserted. When the radius of TSV becomes
very small compared to the distance, the stress gradient tends
to saturate early compared to TSVs with larger radius, due
to smaller mechanical stress from TSV. All these sensitivity
analysis will be deployed in the optimization of clock-skew
reduction in the later part of this paper.

V. 3-D Nonlinear Delay Model

The effect of temperature and stress on electrical parameters
can be utilized for a detailed delay analysis when including
signal TSV. Moreover, one can further study the delay sensi-
tivity with respect to dummy TSV insertion density as well.
In this section, the delay modeling in 3-D IC is developed
based on electrical–thermal coupling, electrical–mechanical
coupling, and eventually electrical–thermal–mechanical cou-
pling. Its sensitivity is also derived with respect to dummy
TSV density. As shown in Fig. 6, the 3-D delay model for
clock tree includes driver, 2-D wire, and 3-D signal TSV.

A. Delay Model With Electrical–Thermal Coupling

Temperature has a major impact on signal TSV nonlin-
ear MOSCAP capacitance according to (3). By considering
nonlinear electrical–thermal coupling from signal TSV as in
(5), the signal delay DTSV1 for clock tree shown in Fig. 6 is
calculated as

DTSV1 = Rinαβ2T
3 + Rin[(1 − αT0)β2 + αβ1]T 2

+ [α(D0 + RinC0) + (1 − αT0)Rinβ1]T

+ (1 − αT0)(RinC0 + D0)

Rin =
RD

SD

+ Sw1Rw1 +
RT

2ST

;

D0 =
1

2
(S2

w1Rw1Cw1 + Sw2Rw2SLCL)

+ (
RT

ST

+ Sw1Rw1 +
Sw2Rw2

2
)(Sw2Cw2 + SLCL)

+
RD

SD

(Sw1Cw1 + Sw2Cw2SLCL + SDCP )

(15)

where Rin is the total resistance counted from TSV capacitor,
CT is the total capacitance counted from the input, CL is the
load capacitance, α is the temperature-dependent coefficient
of RT , β1, β2 are the first-order and second-order temperature-
dependent coefficients of CT , and T represents the tempera-
ture. Note that D0 is the delay of the circuit shown in Fig. 6(b)
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Fig. 6. Delay model of 3-D clock tree with nonlinear electrical–thermal–mechanical coupled model. (a) 3-D TSV clock tree with buffer. (b) Delay model
with nonlinear electrical-thermal-mechanical coupling.

TABLE I

Physical Parameters Used in TSV Modeling

TABLE II

Electrical Parameters Used in TSV Modeling

TABLE III

Thermal Parameters Used in TSV Modeling

without TSV; and all other parameters can be found from
Tables II to III.

In the calculation of delay with electrical–thermal coupling,
the impacts of horizontal metal wires and buffers on delay are
also considered. The nonlinearity in the delay mainly arises
from nonlinear temperature-dependent TSV capacitor, while
horizontal metal wire is modeled as a linear temperature-
dependent resistor. Majority of the delay is contributed by the
signal TSV.

B. Delay Model With Electrical–Mechanical Coupling

In this section, the impact of mechanical stress on the
transistors or drivers is further considered. The mechanical
stress from TSVs has nonnegligible impact on the driver

resistance according to (9). The clock-tree delay DTSV2 with
electrical–mechanical coupling is then calculated as

DTSV2 =
Dσ

1 + mσ
+ Dw;

Dσ =
RD

SD

[CPSD + Sw1Cw1 + ST C0 + Sw2Cw2 + SLCL];

Dw = Sw1Rw1[
Sw1Cw1

2
+ ST C0 + Sw2Cw2 + SLCL]

+ Sw2Cw2[
Sw2Cw2

2
+

R0

ST

] +
R0C0

2

(16)

where Dσ and Dw are stress-dependent delay and independent
delay, respectively. RD is the driver resistance without impact
of stress, and R0 and C0 are the temperature-independent TSV
resistance and capacitance, respectively. All other parameters
can be found from Tables II to IV. One can observe that
Dσ is composed of stress-dependent and stress-independent
components. Majority of the stress affected part is to the driver.

C. Delay Model With Electrical–Thermal–Mechanical Cou-
pling

Till now, the delay models have been studied by consider-
ing electrical–thermal and electrical–mechanical coupling one
by one. Considering all the couplings, one can develop an
accurate TSV modeling to the delay and skew in 3-D clock-
tree design. The clock-tree delay DTSV considering electrical–
thermal–mechanical coupling is given by

DTSV = Dc + D(T ) + D(σ) + D(T, σ)

Dc = D0 − Dσ + R0C0(1 + αT0)

− R0(Sw2Cw2 + SLCL)αT0

ST

;

D(σ) =
RD

SD(1 + mσ)
[SDCP + Sw1Cw1 + ST C0

+ SLCL + Sw2Cw2];

D(T ) = R0αβ2T
3 + R0[(1 − αT0)β2 + αβ1]T 2

+ [R0β1(1 − αT0) + αR0C0 + Sw1Rw1ST β1

+
R0α(Sw2Cw2 + SLCL)

ST

]T ;

D(T, σ) =
RD

SD(1 + mσ)
[ST β1T + ST β2T

2]

(17)

where Dc is a constant delay composed of D0 and Dσ given in
(15) and (16); D(T ) is the delay as a function of temperature
only; D(σ) represents the delay as a function of stress only;
and D(T, σ) is the delay as a function of both temperature and
stress. All other parameters can be found from Tables II–IV.
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TABLE IV

Mechanical Parameters Used in TSV Modeling

As a summary, delay is quite in contrast with 2-D case
that has only linear dependence on temperature. The main
reason for nonlinearity arises from the nonlinear signal TSV
MOSCAP capacitance with respect to temperature.

D. Delay Sensitivity With Respect to Temperature and Stress
Gradient

Till now, the impact of different couplings on delays and
its dependence with stress and temperature have been studied.
With one further step, we show the delay sensitivity with
respect to temperature gradient and stress gradient.

The impact of the temperature and stress gradient on delay
as variation or clock skew can be given by

S = Sc + D(δT ) + D(δσ) + D(δT, δσ) (18)

with

Sc = Dc + [R0β1 + αR0C0 + Sw1Rw1ST β1

+
R0α(Sw2Cw2 + SLCL)

ST

]T0 + R0β2T
2
0

D(δT ) = [(R0β1 + αR0C0 + Sw1Rw1ST β1

+
R0α(Sw2Cw2 + SLCL)

ST

) + [2R0(β2 + αβ1)T0

+ R0αβ2T
2
0 ]δT + [2R0αβ2T0 + R0(β2 + αβ1)](δT )2

+ R0αβ2(δT )3

D(δσ) = − RD

SD(1 + mσ0)2
[(SDCP + Sw1Cw1 + ST C0

+ SLCL + Sw2Cw2) + ST β1T0 + ST β2T
2
0 ]mδσ

D(δT, δσ) = − RD

SD(1 + mσ0)2
[(ST β1 + 2T0)δT

+ ST β2(δT )2]mδσ

T = T0 + δT ; σ = σ0 + δσ.

Here, δT and δσ represent temperature and stress gradients,
respectively. Sc is the temperature and stress gradient indepen-
dent coefficient, with Dc representing the constant delay given
in (17). D(δT ) and D(δσ) represent dependence on temper-
ature and stress gradients, respectively. D(δT, δσ) represents
dependence on both temperature and stress gradients. T0 and

σ0 represent initial room temperature and stress, respectively.
All other parameters can be found from Tables II–IV.

From (18), the temperature gradient has a major impact on
the clock-skew sensitivity compared to stress gradient. The
nonlinear terms from temperature and its gradient have a major
impact on clock skew than that from stress gradient, which is
verified by the experiment. When inserting dummy TSVs to
reduce the temperature and stress gradient, one can observe the
corresponding clock-skew reduction, which can be deployed
for the optimization flow as discussed in the next section.

VI. 3-D Clock-Skew Reduction by Nonlinear

Optimization

The nonlinear electrical–thermal–mechanical coupling
transforms the 3-D clock-skew reduction problem into a
nonlinear optimization problem. In this part, a nonlinear
programming based algorithm is developed for insertion of
dummy TSVs to reduce the clock skew. Before optimization
is performed, sensitivity of clock skew with respect to dummy
TSV density needs to be discussed.

The nonlinear optimization of 3-D clock tree in this paper
is performed at microarchitecture level by dividing each layer
into M × N grids. If one TSV passes through a grid gi,
the delay contributed by that grid needs to be calculated by
the developed coupled electrical–thermal–mechanical model.
Generally, temperature has much higher impact than stress.
Moreover, the linear delay from horizontal metal wires and
buffers is also considered in (19). As such, based on (18), the
skew from individual grid i becomes

Si =

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

Sc + [w1δTi + w2(δTi)2 + w3(δTi)3]
+[s0 + s1δTi + s2(δTi)2]δσi :
3D signal TSVs

z0 + z1δTi : 2D wires

(19)

with

w1 = 2R0(β2 + αβ1)T0 + [R0β1 + αR0C0

+ Sw1Rw1ST β1 +
R0α(Sw2Cw2 + SLCL)

ST

]

w2 = 2R0αβ2T0 + R0(β2 + αβ1)w3 = R0β2

(20)

and

s0 = − mRD

SD(1 + mσ0)2
[(SDCP + Sw1Cw1 + ST C0

+ SLCL + Sw2Cw2) + ST β1T0 + ST β2T
2
0 ]

s1 = − mRD

SD(1 + mσ0)2
[ST β1 + 2ST β2T0];

s2 = − mRD

SD(1 + mσ0)2
ST β2

z0 = R0C0 z1 = R0C0α

(21)

where wi and si are the skew coefficients in presence of
TSV; z0 and z1 are the skew coefficients in the absence of
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TSV; δTi and δσi represent temperature and stress gradients
in the ith grid, respectively. Sc is the temperature- and stress-
independent coefficient of clock skew and given in (18). Other
parameters can be found from Table II–IV.

A. Clock-Skew Sensitivity With Respect to Dummy TSV Den-
sity

The sensitivity of the clock skew with respect to dummy
TSV density plays an important role during the optimization.
From (19), the sensitivity of clock skew in the ith grid can be
derived as follows:

∂Si

∂ηi

= (Si
T,T + Si

T,σ) · ∂T

∂η
+ (Si

σ,σ + Si
σ,T ) · ∂σ

∂η
(22)

with

Si
T,T = w1 + 2w2δTi + 3w3(δTi)

2

Si
T,σ = (s1 + 2s2δTi)δσi

Si
σ,σ = s0; Si

σ,T = s0 + s1δTi + s2(δTi)
2.

Here, Si
T,T and Si

T,σ represent the temperature and temperature-
stress gradient coefficients for temperature sensitivity in ith
grid; Si

σ,σ and Si
σ,T represent the stress and stress-temperature

gradient coefficients for stress sensitivity in ith grid; and si

and wi are the skew coefficients in the presence of TSV
and are given in (19). The clock-skew sensitivity depends
on the temperature and stress gradient sensitivities, which
are eventually related to dummy TSV density, and can be
determined from (13) and (14).

Based on the calculation of clock-skew sensitivities, the
updated temperature and stress by the updated dummy TSV
density ηi, in the ith grid can be given by

T new
i = Ti + γi

T Piηi; σnew
i = σi + γi

σηi (23)

where γi
T and γi

σ are temperature and stress gradients sensi-
tivity in the ith grid with respect to the dummy TSV density,
and are given by ∂Ti/∂ηi and ∂σi/∂ηi determined from (13)
and (14), respectively.

Moreover, Ti and σi represent temperature and stress in ith
grid; and Pi and ηi are the heat power density and TSV density
in ith grid. Based on the updated values of temperature and
stress, by updating TSV density, the skew and its sensitivity
values in (19) and (22) can be updated.

B. Nonlinear Optimization

Clock-tree branch Bk is a set of grids that branch k, passes
through, Bk ={gi | branch k passes gi}, with gi representing
ith grid. Therefore, the clock skew of a clock-tree branch is
the sum of skews from all the grids it passes through

S =
∑
i∈Bk

Si (24)

where Si represents the skew from ith grid among set Bk.
Based on the derived sensitivity and skew function, a nonlinear
optimization can be performed as follows.

Substituting (19), (22), and (23) into (24), the clock-tree
branch skew S converts to a quadratic function of inserted

TABLE V

Notations Used in Nonlinear Optimization

dummy TSV density ηi. By considering clock skew from each
grid, one can represent clock skew into a matrix form as

S = c + fTx +
1

2
x

T
Hx (25)

with

c = Sc; f =

⎛⎜⎜⎝
f0

f1
...

f(M×N)

⎞⎟⎟⎠ ; x =

⎛⎜⎜⎝
η0

η1
...

η(M×N)

⎞⎟⎟⎠ ;

fi =

⎧⎨⎩ (Si
T,T + Si

T,σ)λi
T + (Si

σ,σ + Si
σ,T )γi

σ

if i ∈ Bk;

0 : else;

H =

⎛⎜⎜⎝
H0,0 H0,0 · · · H0,Ns

H1,0 H1,1 · · · H1,Ns

...
...

. . .
...

H(M×N),0 H(M×N),2 · · · H(M×N),Ns

⎞⎟⎟⎠

Hi,j =

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

(6w3δTjγ
j
T + 2w2γ

j
T + s1γ

j
σ + 2s2δTj

+2s2δ
i
σγ

j
T + 2s2δTiγ

j
σ)γi

T

+(s1γ
j
T + 2s2δTiγ

j
T )γi

σ :
if i, j ∈ Bk;

0 : else.

Here, c represents the zero-order coefficient of clock skew;
f and H represent the linear and nonlinear coefficients of
clock skew; x represents the dummy TSV density vector; Ns

represents the total number of sinks; and M × N is the total
number of grids; γi

T and γi
σ are temperature and stress gradient

sensitivities in ith grid given by (23).
Since clock skew is the difference in delay between two

clock sinks, the problem thus becomes to minimize the skew
variance over all clock-tree branches Bk, i.e., to minimize
variance of S in (25)

min : f (S) =
1

Ns − 1

Ns∑
k=1

(S − S̄)2 (26)

where S represents the clock skew for Bk clock tree branches,
and S̄ represents the average skew of S for Ns sinks.
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As such, f (S) becomes a quadratic function of x, given by

S̄ =
1

Ns

C∑
k=1

S = c̄ + f̄ Tx +
1

2
x

T
H̄x. (27)

where c and c̄ represent the zero-order coefficient of clock
skew and its mean, respectively; f and f̄ represent the linear
coefficient vector of clock skew and its mean, respectively;
and H and H̄ represent the nonlinear coefficient matrix of
clock skew and its mean, respectively.

Substituting (27) into (26), the original problem can be
rewritten as one polynomial function by

Problem 2:

min : f (x) =
1

Ns − 1

Ns∑
k=1

(ĉ2 + 2ĉf̂ Tx

+ xT (f̂ f̂ T + ĉĤk)x

+ f̂ Tx
T
xĤkx +

1

4
x

T
Ĥkxx

T
Ĥx)

(28)

where ĉ = c - c̄, f̂ = f - f̄ , and Ĥ = H - H̄ . All these values
represent the deviations from their means.

Though the clock skew depends on TSV density matrix x,
neither large number of TSVs nor small number of TSVs can
be inserted, because of design constraints as follows:

lb ≤ x ≤ ub (29)

where lower bound lb is determined by foundry process such
as minimum metal density; and upper bound ub is determined
by the maximum allowed overhead with respect to signal
routing.

C. Conjugate-Gradient Solving

Now the objective to minimize clock skew becomes mini-
mizing (28). This can be done by finding the optimum value of
the dummy TSV density vector x that also satisfies constraints
given in (29). Conjugate-gradient method with line search [28]
can be an efficient method to solve this nonlinear equation with
given constraints.

To remove inequalities in Problem 2, Karush–Kuhn–Tucker
optimization method along with Lagrange penalty factor ξ is
used to reformulate original problem by

Problem 3:

min : f ∗(x) = f (x) + ξh2(x) (30)

with

h(x) =

{
0, lb ≤ x ≤ ub

ϕ >> 0, otherwise
(31)

where f ∗(x) is the objective function by considering bound-
ary conditions, i.e., removing inequalities of f (x); ξ is the
Lagrange penalty factor, which can be determined as the
stationary point of f (x); and ϕ is a weighting parameter.

Conjugate-gradient method iteratively searches for value of
x that can minimize f ∗(x) along the search gradient vector
gk, which points to the direction where lies the greatest rate of
variation of objective function f ∗(x). To achieve a converged
solution, in each iteration k, the search direction vector dk,
which indicates the direction where the objective variable
has to be varied, moves in a negative gradient direction to

minimize the variation. Thus, a new search direction vector
dk+1 can be obtained by linear addition of the previous search
direction vector dk with the current negative search gradient
vector gk.

Therefore, the next search direction vector becomes

dk+1 = −∇f ∗(xk)T +
gT

k+1gk+1

gT
k gk

dk; gk = −∇f ∗(xk) (32)

where dk+1 is the search direction vector. Note that gk and gT
k

are search gradient vectors of xk, determined from the slope
of search vector. Based on the search direction vector dk, and
gradient gk, the optimal value for step size αk is decided to
minimize the function f ∗(xk + αkdk).

The new vector x can be updated based on the previous
direction vector dk by

xk+1 = xk + αkdk; αk =
gT

k gk

gT
k f (x)gk

. (33)

This iterative search for the optimum value of TSV density
vector x stops when the difference in successive approxima-
tions of xk reaches certain threshold. To perform with the
faster convergence and avoid the local minimum, the problem
is solved by starting with some randomly generated approxi-
mation of x0. Once the final value for x is reached, then it can
satisfy (30) and density constraints based on stress and tem-
perature gradients, leading to the reduction of the clock skew.

VII. Experimental Results

The electrical analysis of signal TSVs is performed based
on (3) and (5), and the mechanical analysis is based on (6)
and (9). COMSOL multiphysics simulator [29] is used to
verify the results. A four-layer 3-D IC for clock-tree design is
constructed with each layer having a thickness of 40 μm and
bottom layer having a thickness of 200 μm. They are stacked
vertically, resulting in a total height of 320 μm. The height of
TSV is the same as the thickness of layer. The heat sink is
placed at the bottom with a distributed thermal conductance
of 1.24 × 105W/(K · m2). The IBM clock-tree benchmarks
[27] are used for synthesizing 3-D clock-tree design using the
method in [11]. Each layer in 3-D IC design is considered
to be one Alpha-2 processor, stacked one above other forming
four layers. After forming a zero-skew initial clock tree in 3-D
IC, the dummy TSVs are inserted and clock skew is calculated
with consideration of nonlinear electrical–thermal–mechanical
coupling under temperature and stress gradients. The power
traces and temperature profiles are generated with input of
SPEC2000 [30] by GEM5 [31] and 3-D ACME [32]. The
experiments are run on Intel core-i5 2400 CPU with 3.1-GHz
clock frequency and 8-GB RAM. All optimization procedures
are programmed in C++.

A. Device Modeling

In this section, device modeling for signal TSV, driver, and
impact of dummy TSV insertion are discussed.

1) Signal TSV: Variation of signal TSV capacitance and
delay with respect to temperature is discussed in this part.
The signal TSV is modeled by considering the nonlinear
temperature-dependent capacitance as described in (5). For
a 3-D clock tree shown in Fig. 2, we use TSV of height
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Fig. 7. (a) Variation of TSV capacitance with temperature. (b) Variation of
TSV delay with temperature for different TSV bundles.

40 μm, diameter of 15 μm with a resistance of 44m� at room
temperature. Based on the measured results reported in [8], the
values for coefficients of temperature dependent parameters α,
C0, β1, and β2 in (1) and (5) are used as 0.00125 K1, 88.8 fF,
0.0667 fF/K, and 0.0014 fF/K2, respectively. In addition, for
reliability consideration, a bundle of TSVs are used for signal
distribution instead of one single TSV. TSV bundle is formed
by grouping a few number of TSVs, which are named as T2,
T4, T8, and T10 to represent 2, 4, 8, and 10 TSVs in each
bundle, respectively.

The nonlinear variation of the signal TSV MOSCAP based
on (5) is shown in Fig. 7(a). It can be observed from Fig. 7(a),
at high temperatures, that the TSV capacitance varies non-
linearly due to the existence of liner material. The same is
explained mathematically in (4) and (5). For example, one
signal TSV capacitance at room temperature 25 °C is 87 fF,
at 75 °C is nearly 93 fF, and at 150 °C is 113 fF, which shows
a nonlinear growth.

Experiments with process variations in TSV are carried
out by varying its capacitance with maximum of 10%. The
according variation in delay of signal TSVs is however less
than 3%, and hence is negligible when compared to thermal
or mechanical impact.

To obtain pure signal TSV delay, length of input and output
2-D wires to signal TSV is assumed to be as small as possible.
An inverter in 22-nm CMOS process is used as buffer with
following settings: RD

SD
= 100� and SDCP = SLCL = 2fF .

The nonlinear effects of temperature on RC-delay at different
temperatures for different TSV bundles T2, T4, T8, and T10
are shown in Fig. 7(b). Though the nonlinear temperature-
dependent MOSCAP contributes to a significant amount of
delay, the use of signal TSV bundles can help in reduction of
temperature, thereby reducing the overall skew.

It can be observed from Fig. 7(b) that delay for T8-bundle at
120 °C reaches nearly 100 ps, which is 67% of the half-clock
cycle for a 3.3-GHz multiprocessor. For a normal temperature
of 75 °C, the delay for TSV T8-bundle is nearly 60 ps; and at
the maximum temperature of 200 °C, the delay for T8-bundle
reaches nearly 140 ps, which is nearly 46% of a clock cycles
of 3.3-GHz multiprocessor. This delay is of serious concern if
no cooling is applied.

These results are consistent with the discussion in
Section III-A. It can also be observed that if TSV is modeled
as the traditional linear coupled model, then the calculated de-
lay will be less. For example, for T10-bundle, at a temperature
of nearly 125 °C, the delay with the nonlinear coupled model

Fig. 8. (a) Variation of TSV stress with distance. (b) Variation of TSV stress
with temperature and TSV density.

is nearly 130 ps, whereas with the traditional linear coupled
model, the delay is 120 ps. This difference can bring a big
impact on 3-D clock-tree designs.

2) Driver: TSV can exert stress with impact on the
mobility and delay of driver. The impact of mechanical stress
is mainly on the devices that are on substrate. This mechanical
stress affects the driver resistance by enhancing its mobility.
In the following, the impacts of thermal–mechanical and
electrical–mechanical effects on driver are presented, respec-
tively.

a) Thermal–mechanical impact: The mechanical stress
from TSV is caused by the difference of CTEs between TSV
and substrate. Different layers of 3-D IC have different tem-
peratures, and hence, TSVs and substrate will be at different
temperature, resulting in stress gradient. In this paper, all TSVs
are considered to have a diameter of 15 μm and a density of
400/mm2. The exerted mechanical stress from TSV on device
is given by (6).

By considering the stress from all TSVs, the exerted me-
chanical stress on a driver that is placed inside a square
surrounded by TSVs is shown in Fig. 8(a). It can be observed
that the stress and mobility remains nearly uniform out of
a particular distance, which defines the keep-out zone; but
for area inside, there is a significant variation in stress and
mobility observed. In our experiment, a keep-out zone of 3 μm
is considered.

The coupled impact of TSV density and temperature gradi-
ent on stress is shown in Fig. 8(b). When temperature gradient
increases and at high TSV density, the amount of exerted stress
on the substrate will be high. Thus, to reduce TSV stress on
substrate, temperature gradient has to be reduced as well. What
is more, the amount of stress can be varied when the TSV
density is different. Let us consider a temperature gradient of
150 °C, the stress at a TSV density of 200/mm2 is 28.93 MPa,
and the stress at a TSV density of 400/mm2 is 57.87 MPa,
indicating stress has an impact from temperature gradient as
well as TSV density.

b) Electrical–mechanical impact: The electrical–
mechanical impact on the driver is studied in this part. As the
amount of exerted mechanical stress varies, the deformation in
the lattice structure also varies, resulting in variation of carrier
mobility.

For the purpose of illustration, a single TSV having a
diameter of 15 μm is considered as the source of stress, the
variation in mobility, and delay due to the exerted stress with
different distance is discussed here. Considering a keep-out
zone of 3 μm, inside which variation of mobility and delay
with distance for a 22-nm metal gate pMOS and a nMOS
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Fig. 9. (a) Variation of nMOS/pMOS carrier mobility with distance under
TSV stress. (b) Variation of driver delay with distance under TSV stress.

Fig. 10. Temperature gradient reduction in four-layer 3-D clock tree with
dummy TSVs under different power densities.

placed on substrate is shown in Fig. 9(a). The delay of one
according driver is shown in Fig. 9(b). Note that all simulations
are carried out in a SPICE simulator [33].

Moreover, one can have the following observations from
Fig. 9(a). The amount of stress exerted varies with the distance.
In addition, with same amount of stress, the variation in hole
mobility is higher than electron mobility. For example, for a
distance of 2 μm, there is a variation of nearly 4% and 1.8%
in mobilities of holes and electrons, respectively.

What is more, the variation of delay of the driver in the
presence of mechanical stress is shown in Fig. 9(b). It can be
observed that as the distance increases, the variation in delay
decreases as the exerted stress decreases with distance. There
is a decrease of just 1.6% delay at a distance of 4 μm, whereas
nearly 3.7% at a distance of 1 μm. So if the keep-out zone
is increased, there will be less stress experience with small
variation of mobility and delay.

3) Dummy TSV: The reduction of temperature and stress
gradient with the insertion of dummy TSVs is presented in
this section.

a) Temperature gradient reduction: In this paper, each
layer is provided with the same power density of P , which
serves as the heat source. The study is performed for different
values with P = {6, 80, 115}W/m2. In the experiment, temper-
ature at each layer is collected without dummy TSVs initially.
Note that the liner material of dummy TSV is Si3N4, of which
the thickness is 200 nm. Based on the formed temperature
distribution, dummy TSVs are inserted with density upper and
lower bounds discussed in Section VI-C.

The temperature reduction in each layer with the insertion
of dummy TSVs is shown in Fig. 10. It can be observed that

Fig. 11. (a) Setup of TSV distributions for stress gradient calculation.
(b) Variation of stress gradient reduction with TSV density and temperature
gradient.

Fig. 12. Signal delay of one single TSV under different technologies.

the reduction in temperature initially increases but tends to
saturate as a particular limit is reached. This is consistent with
the discussion in Section IV-A. It can also be observed that
reduction in temperature for the bottom layer, i.e., layer three
is less than other layers. As it is close to heat sink, insertion
of dummy TSV does not make a big difference compared
to other layers. In addition, the maximum inserted dummy
density observed is 400/mm2 with the maximum temperature
reduction of nearly 50 °C in layer 0, i.e., the top layer.

b) Stress gradient reduction: Note that stress and stress
gradient depends on both TSV density and temperature gradi-
ent. Stress gradient at different temperature gradients and TSV
densities can be found in Fig. 11. As shown in Fig. 11(a),
a block B having a constant TSV density of 400/mm2 is
considered. Another block A has a temperature gradient of
180 °C and its TSV density can be varied. The stress gradient
between the two blocks is shown in Fig. 11(b). It can be
observed that as TSV density is increased, the stress gradient
tends to decrease. The stress gradient reduction for the same
setup but with a temperature gradient of 250 °C is also plotted.

B. Delay With Electrical–Thermal–Mechanical Coupling

The delay of clock tree by considering nonlinear electrical–
thermal–mechanical coupling is presented in this section.
Considering a zero-skew 3-D clock tree shown in Fig. 6(b),
the variation of delay on a single signal TSV with drivers in
different technologies is presented in Fig. 12.

In Fig. 12, delay values are shown for a single TSV of
15 μm diameter having buffers at both ends placed at 3 μm
distance from TSV [see Fig. 6(a)]. One can observe that one
signal TSV adds up the delay by nearly four times, which
indicates that the TSV delay is comparable to the minimum
sized driver delay. As signal TSV is modeled as a nonlinear
MOSCAP with nonlinear temperature-dependent, the delay in-
creases with temperature significantly when electrical–thermal
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Fig. 13. Distribution of clock-skew reduction before and after insertion of
dummy TSVs.

coupling is considered. It can be observed that the delay can
increase by nearly 15% for all technologies when temperature
is increased at 200 °C. Then, with the electrical–mechanical
coupling considered, the delay with stress gradient at a ref-
erence temperature of 75 °C is calculated, which is found
to be of 9% lower than the delay without insertion of TSV
as stress enhances mobility. By considering all these effects,
there is approximately 10% delay variation introduced at
200 °C.

C. Skew Reduction by Nonlinear Optimization

The nonlinear optimization of clock-skew reduction for
3-D clock-tree design by the insertion of dummy TSVs is
presented in this section. With the help of 3-D ACME, a
3-D IC thermal simulator based on Hotspot [34], tempera-
ture distribution at each layer can be obtained. Moreover,
average temperature based on SPEC2000 benchmarks are
taken to avoid application specific temperature distribution [4].
To reduce the area overhead caused by dummy TSVs, the
dummy TSV insertion density is limited to 7% of the total
area. Note that all benchmarks are presynthesized to four-
tier 3-D clock tree by [11] considering the wire length and
buffer.

As clock skew is the difference in delay between two sinks,
the variation of clock skew with TSVs of one 3-D H-tree
is shown in Fig. 13. It can be observed from Fig. 13 that
the initial clock skew without insertion of dummy TSVs is
higher than the clock skew after insertion of dummy TSVs.
For example, for a row grid 16 and column grid 24, having
dummy TSV inserted results in a clock-skew reduction of
nearly 17 ps.

For the same 3-D H-tree example discussed previously,
Fig. 14 shows the clock skew for different TSV bundles pre-
sented. Here, orig represents the value of clock skew without
insertion of dummy TSVs. It can be observed that by modeling
electrical–thermal and electrical–mechanical impacts during
clock-skew reduction, one can observe the clock-skew reduc-
tion of 51–53%. With the consideration of all the impacts, i.e.,
electrical–thermal–mechanical-coupled model, there can be a
reduction of nearly 64% in the overall clock skew, which is
desired.

Next, a 3-D clock tree from the IBM benchmark r5 is
studied. The 3-D clock tree after insertion of dummy TSVs is
shown in Fig. 15 with TSVs in each layer indicated by solid
dots. Dummy TSV insertion is performed under nonlinear

Fig. 14. Comparison of clock-skew reduction with different coupled mod-
elings.

Fig. 15. 3-D clock tree after insertion of dummy TSV (black dots) with
balanced clock skews for (a) Tier 0, (b) Tier 1, (c) Tier 2, and (d) Tier 3.

optimization presented in Section VI such that clock skew is
reduced under an optimized dummy TSV insertion. One can
observe that a large number of TSVs are inserted in the top
layer, i.e., tier 0 compared to other layers since the top layer
is farthest one from the heat sink.

Finally, the comparison of clock skew for different bench-
marks before and after insertion of dummy TSVs is shown in
Table VI with a detailed summary, which shows the impact
of 3-D electrical–thermal–mechanical-coupled delay model
and also the insertion of dummy TSVs to reduce gradient.
Clock-skew values are reported in picoseconds. The runtime
is in seconds when performing optimization of insertion of
dummy TSVs based on linear and nonlinear modeling. Differ-
ent clock-tree benchmarks and their corresponding numbers
of buffers and TSVs are presented in Table VI. The delay
models with consideration of nonlinear electrical–thermal–
mechanical–thermal impacts result in clock-skew reduction by
61.3% on an average, listed under nonlin column, compared
to clock skew without the insertion of dummy TSVs, listed
under orig column. Note that the reduced clock skew by
linear modeling is listed under lin column with 49.1% clock-
skew reduction compared to orig. The runtime on average
for nonlinear optimization is 611 s and is 238 s for linear
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TABLE VI

3-D Clock-Skew Reduction by Linear and Nonlinear Delay

Models

optimization. Although it seems to be time consuming for
the nonlinear method, the effective reduction in clock skew
is 12.2% larger in the nonlinear method than in the linear
method.

VIII. Conclusion

There is an emerging need for robust 3-D IC design
when using TSVs. The signal TSVs utilized for interlayer
signal connections act as MOSCAPs varying nonlinearly with
temperature due to liner material. What is more, TSVs exert
stress on drivers which modify mobility and delay. There-
fore, the nonuniform temperature and stress introduce large
delay variation. In this paper, nonlinear electrical–thermal–
mechanical delay model was developed. Moreover, insertion
of dummy TSVs was utilized to balance temperature and stress
gradients for 3-D clock tree with clock-skew reduction. A
nonlinear programming problem was formulated to determine
the optimum dummy TSV density guided by sensitivity of
clock-skew reduction. A number of 3-D clock-tree benchmarks
were used to verify the model and also the optimization.
The results showed a reduction of clock skew by 61.3% on
average when nonlinear electrical–thermal–mechanical delay
model was applied.
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