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Abstract— Circuit-level models are developed to determine the
upper bound on the performance of a 3-D IC link with through
silicon vias (TSVs). It is shown that the performance of a
3-D link is limited not only by the on-chip interconnect RC,
driver resistance, and TSV capacitance, but also by the current
carrying capacity of the on-chip wires connecting the TSV to the
input/output (I/0) driver. The models developed in this paper are
used to optimize the I/O driver size, the number of on-chip wires
connecting the TSV to the driver, and the data-rate to maximize
the aggregate bandwidth per unit energy. Furthermore, in order
to maximize the aggregate bandwidth of a 3-D link, it is shown
that splitting the TSV array into smaller subarrays and placing
the I/O drivers closer to the TSVs is better compared with having
large TSV arrays.

Index Terms—3-D integration, bandwidth, electromigration,
interconnect, Joule heating, modeling, optimization, reliability,
technology scaling, through silicon via (TSV).

I. INTRODUCTION

HE economics of Moore’s law has driven the

semiconductor industry for the last five decades,
with improved performance and power efficiency in every
technology generation [1], [2]. However, with the device sizes
shrinking well below 100 nm, the effort required to squeeze the
required performance out of every new technology generation
is rising exponentially. The need to connect a few billion
transistors on a single chip has driven the industry toward
adopting several novel interconnect technologies, such as
double/quad patterning, low-k dielectrics, and so on. However,
improvements in chip performance alone cannot guarantee an
improvement in the overall system performance. For example,
irrespective of how fast a microprocessor carries out its
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computations, it has to wait for data to be fetched from
the different levels of cache or the main memory. Thus,
if the off-chip bandwidth from the main memory to the
processor cannot keep up with the microprocessor speed, the
overall system performance will not improve. Microprocessor
input/output (I/O) bandwidth demands approximately double
every two years [3]. Hence, the conventional chip-to-chip
interconnects, which suffer from significant conductor and
dielectric losses at higher frequencies have become major
bottlenecks in high performance nanoelectronic systems [4].
Without a considerable improvement in the performance and
power of chip-to-chip interconnects, the boost in performance
at the chip level cannot be translated to system-level
improvements. Therefore, many alternative technologies,
including optical interconnects [5], 3-D ICs [6], silicon
interposers [7], and airgap interconnects [8], are being
investigated.

Three dimensional integration aims to minimize the physical
distance between the communicating ICs by stacking them on
top of each other using through silicon vias (TSVs). Although
there have been a significant number of papers on the modeling
and characterization of isolated TSVs or TSV arrays [6],
[9]-[12], it is essential to combine these TSV models with
the models of I/O drivers, receivers, and on-chip interconnects
to accurately estimate the performance of a 3-D IC.
Katti et al. [9] and Bandyopadhyay et al. [10] focused mainly
on estimating the depletion capacitance of TSVs as a function
of TSV bias and frequency. In [6], the focus is primarily
on estimating the circuit parameters such as resistance
and capacitance of various components (redistribution layer,
microbumps, and pads). In [11], curve fitting is used to obtain
capacitance models for TSV arrays. High-frequency models
are developed for TSVs in [12]. Although a system-level
analysis of 3-D ICs is performed in [13], the impact of on-chip
wires on the performance is ignored.

In this paper, we aim to identify the key bottlenecks
that limit the performance of a 3-D IC and understand
the impact of technology scaling. The role of maximum
current density and delay in determining the performance of a
3-D IC are highlighted. Furthermore, based on the circuit
models developed in this paper, optimal placement of the
I/O drivers with respect to the TSVs is determined. In part II
of this paper, the models developed in this paper are validated
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Fig. 1. (a) Schematic of a 3-D IC showing drivers and receivers (I/O circuits),
TSVs, and on-chip interconnects that connect the I/O circuits to the
TSVs (b) Cross section of on-chip interconnect connecting the I/O to the
TSV (c) The circuit model used to predict the Elmore delay of a 3-D IC
link comprising of lumped circuit models for I/O circuits and TSVs, and
distributed RC models for on-chip interconnect.

using TSV capacitance and 3-D link measurements. This
paper has been organized as follows. The circuit models,
limit to the data-rate, and optimization of a 3-D IC are
presented in Section II. In Section III, system-level models
are developed to evaluate the trade-off between on-chip wire
length and TSV density. The results and discussions are
presented in Section I'V. Important conclusions from this paper
are summarized in Section V.

II. MODELING AND DESIGN OF A 3-D IC

In this section, circuit models are developed for a 3-D link
and used to estimate the maximum data-rate that the 3-D link
can support. The data-rate is primarily limited by the
maximum current density that the on-chip interconnects can
handle and the delay of the 3-D link. Furthermore, based on
the maximum data-rate of operation and the energy per bit,
the optimal number of wires connecting the TSV to the I/Os
and the driver size are chosen.

A. Circuit Model

Circuit-level models are developed for 3-D links consisting
of I/O drivers and receivers, transmitter side on-chip
interconnects, TSVs, and receiver side on-chip interconnects,
as shown in Fig. 1(a). The on-chip interconnect between the
TSV and the I/O circuit is comprised of multiple wires, as
shown in Fig. 1(b). In modern process technologies, the upper
limit on the local density of wires imposed by chemical
mechanical polishing determines the maximum width of each
of the wires. In this analysis, the maximum width of each
of the wires is assumed to be 3x the minimum width allowed
for the metal level. The equivalent circuit model for the
3-D link is shown in Fig. 1(c). The I/O driver is modeled as a
resistance connected to the driver capacitance, the receiver is
modeled as a load capacitance, and the on-chip interconnects
are modeled as distributed RC networks. The wires connecting
TSVs to the I/O are connected in parallel by shorting at the
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I/0 and the TSV; as a result, the major component of wire
capacitance is from the parallel plate capacitance to the layers
above and below. The resistance of the wires is estimated using
the effective resistivity model presented in [14]. TSVs are
modeled as capacitances, with their capacitance given by the
maximum depletion capacitance developed in [9]. However,
at high frequencies, and when the substrate in the vicinity
of the TSVs is not connected to ground through substrate taps,
the effective capacitance is reduced, and determined by the
coupling capacitances to the neighboring TSVs, as shown in
Part II of this paper. Important technology parameters such
as supply voltage, driver resistance, gate capacitance, wire
dimensions, and dielectric constant of inter-layer dielectric
are obtained from the International Technology Roadmap for
Semiconductors (ITRS) roadmap [15].

B. Data-Rate Limited by Reliability

Because the TSV is a large capacitive load on the
driver circuit, it draws/dumps a large current during
charging/discharging. As a result, the on-chip interconnect
connecting the I/O driver and the TSV should be designed to
handle large currents. The high current densities in the wires
connecting the TSVs to the I/O driver can cause severe failures
due to electromigration and Joule heating [16]. The rms
current flowing through the on-chip interconnect connecting
the TSV to the driver is given by [17]

dedTRFFmax
Iims = Ty ()
3R,

where Vyq is the supply voltage of the I/O driver, Trr is
the maximum rise/fall time at the output of the I/O driver,
R4y is the driver resistance, and Fpax is the maximum
frequency at which the link can toggle. The projected
maximum current density requirement for several technology
generations is obtained from ITRS projections [15]. In this
analysis, it is assumed that advanced interconnect technologies
to combat electromigration/Joule heating will be developed
by the semiconductor industry to achieve the target set by
the ITRS projections. Assuming 10% — 90% rise/fall time
requirement at the output of the I/O driver, the minimum size
of the I/O driver can be computed as
min

R
Trr = 225— ((Ctsv + ¢rxLix 4 ¢rx Lry) + 2CminSmin)

min

= S = 2~2Rmin(Ctsv +cixLix + crxLyx) )
TrF — 4.4 Riyin Crin

where R is the resistance of a minimum sized driver in the
technology, Cnin is the capacitance at the output node of an I/O
driver formed of minimum sized transistors, Cisy is the TSV
capacitance, Cq; is the capacitance at the I/O node, and ¢y,
¢rxs Ltx, and L, are the wire capacitances and wire lengths
on the transmitter and receiver sides, respectively. Combining
(1) and (2), the maximum current density Jpax iS given by

J _ ded TRF Fmax Srznin (3)
TN 3wer2R?

min




KUMAR et al.: IMPACT OF ON-CHIP INTERCONNECT ON THE PERFORMANCE OF 3-D ICs

where W = N,Wnax 1is the effective wire width,
Wmax = 3 X Whin is the maximum wire width for a given
metal layer, N, is the number of wires, Wi, is the minimum
wire width for the metal layer, and T is the wire thickness.
Therefore, the maximum data-rate limited by reliability that
the on-chip interconnect can handle Fy, re is given by

F _ Finax _ 3 Jmax Wiax Nw T Rmin 2 (4)
drrel VddSmin

2 Tgrr
where N,, is the number of wires with width Wy,x. From (4),
it is clear that the maximum data-rate increases quadratically
with N, at small widths. However, at larger values of N, the
driver size Spi, increases linearly due to the increased top and
bottom capacitances with an increase in the value of N,,; as a
result, the maximum data-rate limited by reliability saturates
at larger widths.

C. Data-Rate Limited by Delay

The circuit model developed earlier is used to estimate the
50% — 50% delay of the 3-D link, given by Elmore delay
model [18]

ta(Lix, Lyx) = 0.69(Ryr + rixLix)Crsy
+ 0.69Rar(cixLix + ¢rxLyx + Crx + Car)
4+ 0.697:xCrx Lix Lyx
+0.38(rxcox LY + rrxcreLY) (5)

where R4 and Cy; are the driver resistance and capacitance,
respectively, Ciy is the capacitance of the TSV, C,, is
the load capacitance at the receiver, ryy, Crx, I'ry, and cpy
are the resistances and capacitances per unit length of the
on-chip interconnects on the transmitter and receiver side,
respectively, and L;, and L,, are the wire lengths on the
transmitter and receiver side. The advantage of using Elmore
delay model is that it can be used to estimate the delay
contributions from different components, and to identify the
most dominant component of delay. From our simulations,
the driver resistance and driver side wire resistance, TSV
capacitance, and driver side wire capacitance dominate the
delay of the 3-D link. Although the rise/fall time at the
receiver input is a more accurate estimate of the maximum
data-rate of the link, the total link delay #; is a good indicator
of the rise/fall time at the receiver. As a result, the maximum
data-rate limited by delay is given by Fgrdel = (1/24).

D. Optimal Design of On-Chip Interconnect

Because the maximum data-rate of the 3-D link is limited
either by reliability or by the delay of the 3-D link, the
effective limit on the data-rate of the 3-D link is given by
the smaller of the two data-rates

Fdr,eff = min(Fdr,rel, Fdr,del)~ (6)

Due to the high current density at smaller N, (the number
of on-chip wires connecting the TSV to the I/O driver), the
data-rate is determined by reliability concerns, and improves
rapidly with an increase in the value of N,,. However, beyond
a certain value of N,, the data-rate is limited by delay.
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Furthermore, the total capacitance increases with an increase
in the value of N,,. As a result, the energy required to transmit
one bit over the channel increases linearly with N,,. To get
the best performance per unit energy supplied to the link,
we maximize the compound metric (Fyr et /EPB) [19], [20],
where EPB is the energy per bit given by (7). By choosing
the optimal number of wires N,, that maximizes the compound
metric, we not only avoid severely limiting the data-rate due
to reliability concerns, but also avoid using a large number
of wires for a small improvement in data-rate

EPB = 0.5Cio V3, (7)
Ciot = Car + Crx + Cisy + CrxLix + CrxLyx. (8)

III. SYSTEM-LEVEL MODELING

In Section II, it was shown that on-chip interconnects can
be critical in determining the performance of 3-D links. In this
section, the trade-off between on-chip interconnect length and
TSV density is studied by comparing the two structures shown
in Fig. 2. The structure in Fig. 2(a) (Structure 1) aims to pack
as many TSVs as possible in a large TSV array, but suffers due
to longer on-chip wires. On the other hand, the structure in
Fig. 2(b) (Structure 2) aims to reduce the on-chip wire length
at the expense of smaller area available for TSVs. Although
Structure 1 is an unlikely structure to be implemented in a
real chip, it gives us an upper limit to how densely TSVs
can be packed. Mathematically, the number of TSVs and the
worst-case on-chip wire lengths for Structures 1 and 2 are
given by

XmaX_KOZ Ymax
Ny = 9
st { D+S “DJFSJ ©

X max Ymax
Ny =M
D+ S H[/0+MD+(M—1)S+2KOZ

(10)
Xmax - Koz
Ly =K0Z+(\‘D7+SJ —1) (D+S) (11)
M—1
Ly = Koz + \‘TJ (D+S) (12)

where |.] is the floor function, Ny; is the number of TSVs in
Structure 1, Xmax Ymax represents the maximum area available
for TSVs, Ko, is the keep-out zone, D and § are the TSV
diameter and spacing, respectively, M is the maximum number
of rows in the TSV array of Structure 2, and Hyo is the height
of I/O cell for a given technology. In this analysis, because
the driver and the receiver are assumed to be inverters, it is
assumed that the I/O cell height is the same as the standard
cell height for the technology node. The aggregate bandwidth
of the two structures is given by

BWi12 = Ny12Fuarett (Ls1,2, Li1,2). (13)

IV. RESULTS AND DISCUSSION

In this section, the models developed in sections II and
IIT are used to compute the upper limits to the performance
of 3-D ICs. Two values of TSV diameter are considered for



2506

(a) Structure 1 (S,)

IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 63, NO. 6, JUNE 2016

(b)Structure 2 (S,)

X XX X
9 @@ @ O
—_—
00000
"X X X X |

I/0

’l” KO"
Vo= i. o
%
2 . - rows
zﬂl

lZKm+MD+(M-l)S

[ Mo

1/0

Fig. 2.

(a) Schematic showing the top view of Structure 1, where TSVs are packed tightly, but on-chip wires are long. (b) Schematic showing the

top view of Structure 2, where the available area is divided into multiple rectangular TSV arrays, with a few rows of standard cells between them

for I/0O placement.

50, N

@ / Current
840 7 density ©
e : limited
£30 : Delay
3 J . / limited
) N ) YR
= 20r . /-- ke
c |7
S 10 ’ ---D=6.5um
a —D=13um

ol

0 100 2 400

00 300
Number of Max width Wires

Fig. 3. Maximum data-rate of a 3-D link limited by the maximum current
density allowed (Fgr re1) and by the delay of the link (Fgr del), as a function
of the number of maximum width wires. TSV diameters of 13 and 6.5 xm are
considered, local on-chip interconnect length of 100 gate pitches is assumed,
and the circuit/interconnect parameters are obtained from the ITRS projections
for the 7.5-nm node.

the analysis, 13 and 6.5 um. The TSV pitch is assumed
to be 2x the TSV diameter, the aspect ratio is assumed to
be 10, the liner thickness is assumed to be 0.38 um, and
the keep-out zone is assumed to be half the diameter. The
TSV diameter of 13 xm and the liner thickness of 0.38 um
correspond to the dimensions demonstrated in part II of this
paper. The technology scaling parameters are derived from
ITRS projections [15]. The on-chip interconnect spacing is
assumed to be equal to the width. The minimum allowed
width of the intermediate interconnect is assumed to be twice
the minimum allowed width of the local interconnect. The
I/O driver size is determined by the rise/fall time requirement
at the driver output, assumed to be 135 ps.

A. Data-Rate Limit of a 3-D IC

The upper bound of the data-rate of a 3-D IC link limited
by reliability concerns and delay, as a function of effective
interconnect width (or equivalently the number of maximum
width wires N,,) is shown in Fig. 3. At smaller N,, the
data-rate limited by the maximum current density is smaller
compared with the data-rate limited by delay. This is because,
at smaller N, the maximum current density limits how fast
the signals can toggle without causing the physical breakdown
of the wires. However, the current density limited data-rate
increases rapidly with N, thus making the delay limited
data-rate dominates at larger widths. At smaller N,, the
product of driver side wire resistance and TSV capacitance
dominates the delay of the 3-D link; hence, the delay improves
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Fig. 4.  Effective maximum data-rate of a 3-D link (Fyy eff), derived from
Fig. 3 for local interconnects, and similarly for intermediate interconnects.
TSV diameters of 13 and 6.5 um are considered, and the circuit/interconnect
parameters are obtained from the ITRS projections for the 7.5-nm node.

2 : D=6.5um i
2 N ---Intermediate
@1000 —Local
A
3 | ~
= -
2 so0f!
c ! T
3 B -
g |/ ST
5 VA o-oum
o 0%

5 100 200 300 400

Number of Max width wires

Fig. 5. Compound metric (Fgreff/EPB) as a function of the number
of maximum width wires. TSV diameters of 13 and 6.5 um are considered,
and the circuit/interconnect parameters are obtained from the ITRS projections
for the 7.5-nm node.

significantly with an increase in the value of N,. However,
beyond a certain width, the improvement in resistance is
nullified by the increase in the wire capacitance; as a result,
maximum data-rate saturates with an increase in the value
of N, as shown in Fig. 3. The effective data-rate limit
as a function of N, is shown in Fig. 4. When the TSV
diameter is larger, large current is drawn to charge the large
TSV capacitance; as a result, a large number of wires are
needed to carry the large currents and meet the current
density requirement. Thus, the crossover between current
density limited and delay limited data-rate occurs at larger
value of N,, as shown in Fig. 3. Furthermore, because the
local interconnects have smaller thickness compared with the
intermediate interconnects, larger number of wires are needed
to support the same current density; hence, the crossover width
is smaller for the case where on-chip wires are routed in an
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Fig. 6. Optimal number of maximum width wires as a function
of interconnect length in gate pitches. TSV diameters of 13 and 6.5 um
are considered, and the circuit/interconnect parameters are obtained from the
ITRS projections for the 7.5-nm node.
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Fig. 7. Optimal data-rate as a function of interconnect length in gate pitches.
The circuit/interconnect parameters are obtained from the ITRS projections
for the 7.5-nm node.

intermediate layer. Because the maximum data-rate saturates
with the number of wires, increasing the number of wires
beyond a certain value only increases the total capacitance
and the energy per bit; as a result, a compound metric that
combines data-rate and energy per bit is maximized to obtain
the optimal number of wires, as shown in Fig. 5. The optimal
number of wires as a function of interconnect length in gate
pitches is shown in Fig. 6. With an increase in the interconnect
length, the total capacitance and the driver size increase;
hence, a larger number of wires is necessary to carry the
larger current. However, for intermediate-level interconnects,
the increase in the current density is not significant; as
a result, the optimal number of wires does not increase
significantly. The optimal data-rate decreases with an increase
in the interconnect length, as shown in Fig. 7. This is due to
the increases in the total capacitance and the driver size, which
increase the current density.

B. Impact of Technology Scaling

The optimal driver size and the data-rate as a function
of ITRS technology node for an on-chip interconnect length
of 100 gate pitches are shown in Fig. 8. The improvement
in the ITRS projected current carrying capacity and the
lower gate pitch with technology scaling ensure that local
interconnects need fewer wires and smaller drivers at advanced
technology nodes. However, because intermediate wires
have lower interconnect capacitance due to larger dielectric
height and smaller optimum number of wires, the impact
of technology scaling on the optimal number of wires and

2507

120,
— Intermediate

100 ---Local / -

80 et Optimal

S size
60, KA \

Optimal number of maxwic;ﬂ; Wires
- N
0 10 40 50

20,

20 30
ITRS Technology Node

Fig. 8. Optimal number of maximum width wires and optimal driver size as
a function of ITRS technology node. TSV diameters of 13 and 6.5 um are
considered, and the interconnect length is 100 gate pitches.

30
Intermediate
m

n
3]

n
o

___ITRSJ
m;

ax

o

_o-Constant Jma

(=}

Optimal Data Rate (Gbps)

[4)]

o

0 10 20 30 40 50
ITRS Technology Node
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optimal driver size is smaller. The optimal data-rate as a
function of technology node for an on-chip interconnect
length of 100 gate pitches is shown in Fig. 9. If the
ITRS projections for current density with technology scaling
are met, the optimal data-rate of a 3-D link using local
interconnect improves with technology scaling. However, if
the industry is unable to keep up with the ITRS projections
for maximum current density, the optimal data-rate decreases
with technology scaling. As a result, current carrying capacity
of on-chip wires is a key factor in determining the performance
advantage of technology scaling in 3-D IC links.

C. System-Level Analysis

The models developed in section III are applied here
to study the impact of on-chip wires on the performance
of a 3-D IC. The key trade-off between the two structures
shown in Fig. 2 is that §; has long on-chip wires, but
S> has fewer TSVs due to the overhead of keep-out zone on
the top and bottom of the TSV array. In spite of the smaller
number of TSVs, S» achieves a larger bandwidth density
compared with S;, as shown in Fig. 10. Furthermore, it is
clear that increasing the number of rows in the TSV array (M)
adversely impacts the performance due to the increase in
the on-chip wire length, as shown in Fig. 10. Furthermore,
the worst-case wire length is the same for M = 2n — 1
and M = 2n, because the I/O cells can be placed above
or below the TSV array. However, the overhead of keep-out
zones is smaller for M = 2n; hence, the bandwidth density
is slightly higher for M = 2n. The optimal number of rows
in the TSV array is 2, as shown in Fig. 2(b). Because the
total capacitance and the on-chip interconnect length for the
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two structures decrease considerably with TSV scaling, the
bandwidth density improves significantly, as shown in Fig. 11.
However, if TSV dimensions do not scale with technology,
bandwidth density degrades with technology scaling. As a
result, scaling TSV dimensions to reduce the TSV capacitance
and the on-chip interconnect length is essential to improve the
overall performance of a 3-D link.

V. CONCLUSION

The importance of on-chip interconnects on the performance
of 3-D ICs with TSVs is quantified in this paper. It is
shown that the performance of a 3-D link is limited not only
by the on-chip interconnect RC, driver resistance and the
TSV capacitance, but also by the current carrying capacity
of the on-chip wires connecting the TSV to the I/O driver.
This is because the large TSV capacitance results in a huge
charging/discharging current, which has to be supported by
the on-chip interconnects connecting the driver to the TSV.
Because a large current is drawn by the TSVs, it is shown
that a significant number of on-chip wires are required to
reliably connect the I/O drivers to the TSVs and achieve
optimal data-rates. Furthermore, this paper presents a method
to co-optimize the driver size, on-chip interconnect, and
data-rate to meet the reliability constraints and maximize the
aggregate bandwidth per unit energy supplied to the link.
Based on the models developed, it is shown that smaller TSV
arrays with distributed I/O drivers are better compared with
large TSV arrays with clustered I/O drivers because of the
shorter on-chip wires connecting the TSV to the driver. Finally,
if on-chip wires in the local metal levels are used to connect
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the TSV to the driver, the performance of 3-D ICs is shown
to degrade significantly with technology scaling unless the
current carrying capacity of the wires is improved with every
technology generation.
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