LOW-POWER SYSTEMS-ON-CHIP

Exploring SOI device structures and interconnect
architectures for low-power high-performance

circuits

Abstract: Vertical integration technology offers numerous advantages over conventional struc-
tures. Double-gate transistors can be easily fabricated for better device characteristics, and
multiple device layers can be vertically stacked for better interconnect performance. In the
paper, the authors explore the suitable device structures and interconnect architectures for multi-
device-layer three-dimensional (3D) integrated circuits and study how 3D silicon-on-insulator
(SOI) circuits can better meet the performance and power dissipation requirements projected by
International Technology Roadmap for Semiconductors (ITRS) for future technology generations.
Results demonstrate that double-gate SOI circuits can achieve as much as 20% performance gain
and 30% power delay product reduction over single-gate SOI. More important, for interconnect-
dominated circuits, 3D integration offers significant performance improvement. Compared to 2D
integration, most 3D circuits can be clocked at much higher frequencies (double or even triple).
3D circuits, with suitable SOI device structures, can be a viable solution for future low-power

high-performance applications.

1 Introduction

Scaling has been the primary approach in the past few
decades to meet circuit performance and power consump-
tion requirements in VLSI circuits. However, as device
dimensions shrink to submicron and below, short channel
effects and quantum effects are becoming prominent.
Simply scaling down device dimensions without altering
device structures is no longer sufficient to maintain good
device characteristics, circuit performance, or power
consumption [1]. Moreover, transistor count and chip
size continually increase, and hence, more and more
transistors are closely packed and connected [2]. To deal
with such a challenge, state-of-the-art process technologies
rely heavily on adding more metal layers. It is believed that
up to ten metal layers are needed in the next decade when
the circuit speed reaches several gigahertz [3]. Adding
more metal layers increases the complexity and cost of the
process technology and degrades circuit reliability. More
seriously, interconnect delay is increasing significantly due
to the reduced wire width and increased interconnect
length. In fact, interconnect delay is becoming a dominant
factor in determining circuit performance [4]. It is, there-
fore, necessary to look for new device structures and
circuit integration concepts to continually fuel the growth
of the VLSI industry in the nanometer generations when
conventional device structures reach the projected
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physical limits, and when the interconnect becomes the
limiting factor to the integration capacity as well as circuit
speed.

Silicon-on-insulator (SOI) technology has demonstrated
many advantages over bulk silicon technology, such as low
parasitic junction capacitance, high soft error immunity,
elimination of CMOS latch-up, no threshold voltage degra-
dation by the body effect, and simple device isolation
process [5]. Moreover, the unique features of SOI technol-
ogy make it easy to realise vertical structures for fully or
partially depleted transistors with single or double gates
[6-8]. Double-gate SOI (DGSOI) transistors have better
on-off current ratio and may result in better circuits [9-15].
In addition, wvertical integration enables a process
technology to stack the device layers [16-18]. Stacking
device layers significantly reduces the interconnect
complexity and delay [19-22]. Hence, vertical integration
technology is able to simultaneously meet the device,
circuit and interconnect requirements, and makes it a
serious contender for future low-power high-performance
applications.

In this paper, the authors present to the best of their
knowledge, the first study of the applications that combine
two highly promising technologies: DGSOI transistors for
superior device characteristics and multi-device-layer
integration for enhancing interconnect performance. Verti-
cal device structures and interconnect architectures for
low-power high-performance applications are explored.
A system-level performance and power dissipation evalua-
tion are presented for multi-device-layer integration with
double-gate or single-gate transistors. By comparing the
clock speed, power dissipation and power-delay product of
single-gate (SG) SOI and double-gate (DG) SOI circuits
with various numbers of device layers, this paper provides
a vision on how 3D SOI circuits can better meet the
requirements of future technology generations.
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2 Vertical SOI device and circuit structures

Fig. la shows the cross-section of a single-gate SOI
(SGSOI) structure. When the silicon film is thicker than
the maximum gate depletion width, the SOI exhibits a
floating body effect and is regarded as a partially depleted
(PD) SOl MOSFET. If the silicon film is thin enough that
the entire film is depleted, the SOI device is considered as a
fully depleted (FD) SOl MOSFET. Another structure is
double-gate SOI (DGSOI) (see Fig. 1b), where ty, t;; and t,
represent front gate oxide thickness, silicon film thickness
and back gate oxide thickness, respectively. Double-gate
fully depleted SOl MOSFETSs can have ideal subthreshold
slope, high drive current and superb short channel
effect immunity. This makes them very attractive in low-
voltage low-power and high-performance CMOS circuit
designs [5].

Traditional double-gate SOl MOSFETs have a sym-
metric structure, the gate oxides on both sides of silicon
film have equally small thickness. Hence, the drive current
is very high. However, the gate capacitance is also large
when the two gates are connected, which influences the
circuit performance and power dissipation. For asymmetric
double-gate SOI CMOS, if the back-gate oxide thickness is
larger than the front-gate oxide thickness and the back
surface is depleted, the back-gate voltage can be used to
control the front-gate threshold voltage due to strong cou-
pling of the front surface potential and back surface
potential. Hence, the threshold voltage of the transistor
can be altered dynamically to suit the operating state of the
circuit. A high threshold voltage in the standby mode gives
low leakage current, while a low threshold voltage allows
higher drive current in the active mode of the operation.
Compared to the dynamic threshold bulk CMOS (DTMOS:
body and gate are tied together), there is no supply
voltage limitation for double-gate dynamic threshold SOI
(DGDTSOI) CMOS [9].

Besides double-gated fully depleted devices, vertical
process technology enables a new integration style:
multi-device-layer integration, or 3D integration. Instead
of simply spanning devices in a single 2D layer, 3D
technology can have multiple device layers stacked over
each other. Stacked structures achieve an increase of
packing density and a decrease of interconnection length,
saving chip area and improving circuit performance.
A 3-device-layer SOI structure is illustrated in Fig. 2.

~ L — Vot
W + Vg Vg
Lot | |
t
N+ P N+ . tsi N+ p N+
t
top
+
% /
ng
a b
Poly-Si Si0, Si

Fig. 1 SOl MOSFETs

aSGSOI
b DGSOI

138

3rd device layer = e
|

e

2nd devicgilayer— oo

1st device layer

Fig. 2 Cross-section of a multi-device-layer integrated circuit

B

L/

miL

A

:Fi
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The interlayer dielectric used to isolate multiple wiring
layers from one to another can be used to isolate the device
layers. Vertical channels are used to connect devices at
different layers. The stacked active layers can be fabricated
by selectively growing an epitaxial silicon layer on top of
an insulating layer [23], or by beam recrystallising poly-
silicon layer into pure crystal silicon layer [18, 24], or by
bonding two wafers [25, 26].

Published work suggests that performance improvement
can be achieved by reduced wire length with 3-D integra-
tion [20, 22]. Fig. 3 illustrates how the wire length can be
reduced in a 4-device-layer integration. The original wire
AB is replaced by AB and the length is reduced by half.

3 Three-dimensional delay distribution

To study the performance and power dissipation of circuits
with new device structures and interconnect architectures,
an accurate model that encompasses device, interconnect,
as well as circuit and logic, is needed. This model is
represented by 3D delay distribution.

3.1 Modelling of fully depleted SOl MOSFETs

A well established, general analytical model, which can be
applied to both symmetric and asymmetric DGSOI
transistors, is derived in [10].

Consider the DGSOlI NMOSFET shown in Fig. 1b.
Vg and Vg, denote the front-gate and back-gate voltages,
while tg, tor and to, represent the silicon film thickness,
front-gate oxide thickness, and back-gate oxide thickness,
respectively (usually, tos  top; if tor  top, the transistor is
regarded as a symmetric DGSOI MOSFET). Thus, front-
gate threshold voltage with depleted back surface (Vifdepb)
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and front-gate threshold voltage with inverted back surface
(Vitinvb) Can be expressed by the following equations:

1 a2F Vg Vi
b 2 qNA €
Vit depb ng Viof a - '
qNA tsi
Vit imb Vit 2F 2
inv F 2Cof
where
et t Esi
“x sl Dandb 2=t ty  t3
€ tor o Eox

Ve and Vi represent the front-channel and back-channel
flatband voltages, respectively. Fr denotes Fermi Potential.
N4 is channel doping and Cy; and C,, are the front-gate and
back-gate capacitance per unit area, respectively.

Back-gate threshold voltage with front-surface depleted
(Vin.depr (Vgr)) and back-gate threshold voltage with front
surface inverted (Vi inve) Can be obtained similarly.

For a DGSOI MOSFET, the saturation current I, can be
expressed as
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where mgs is the effective mobility and v, is carrier
saturated drift VE|0City. th,vdd th,depd(Vdd).

To accurately model the off-current is very difficult.
Theoretically, lo; can be expressed by the following
equations:
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where Vg Virdepn(0) and Vip o Vin gepn(0) represent the
front-gate threshold voltage at zero bias Vg, and back-gate
threshold voltage at zero bias Vg, respectively; Vr is the
thermal voltage; m; and m,, are body-effect coefficients and
are related to subthreshold slope; dVy and dVy, are the
threshold voltage lowering due to short-channel effects; mg
and dVy o are represented as [27]:
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Here, Wqets is the equivalent depletion width seen by the
front gate. For thick back-gate oxide device, part of the
back-gate oxide can be equivalent to the depletion region
of the front gate [27]. m, and dVy o can be estimated with
similar equations.

For SGSOI transistor, t,,
expressed as:

. Thus Iy, and I can be
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3.2 Three-dimensional interconnect modelling

A 3D interconnect model was developed for investigating
the impact of multi-device-layer structures on circuit
performance and power consumption [22]. In order to
best understand the wiring requirements, the overall
wires are divided into two parts: horizontal wires and
vertical wires. For a wire connecting one gate to another,
the portions that are parallel to the device layers are defined
as a (horizontal wire) and the portions that are perpendi-
cular to the device layers are defined as a (vertical wire)
(Fig. 4). Horizontal wires determine the overall routing
resources on top of each device layer and are generally
realised by metal layers. Vertical wires are realised by
vertical channels and have impact on the area of device
layer. Both horizontal and vertical wires contribute to the
overall interconnection delay.

For a system with N gates distributed in m device layers,
the closed form expressions of the horizontal and vertical
wirelength distributions are obtained by extending Rent’s
rule [4] and are listed as follows:

3.2.1 Horizontal wirelength distribution:
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Fig. 4 Definition of horizontal and vertical wire
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where h( ) is the number of connections with horizontal
distance of gate pitches, and
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3.2.2 Vertical wirelength distribution:
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V Kk aAN 1 N m m -N om 2k
mm 1
10

where V(K) is the number of connections with vertical
distance of k device layers. k 1,2, ,m71. A a, p
are Rent’s parameters for interconnect complexity [4].
When m 1, the expressions give the wirelength distribu-
tions of 2D circuits (no vertical wires).

3.3 Three-dimensional delay distribution

With the device and interconnect models presented in the
preceding subsections, delay distribution can be readily
obtained for 3D integrated SOI circuits. This subsection
studies the delay distribution of single-gate and double-
gate circuits with multi-device-layer integrations. The
delay distribution is calculated for 180 nm technology
generation as projected by International Technology Road-
map for Semiconductors (ITRS) [3]. To simplify the
calculation, the authors assume that each gate is a two-
input NAND gate. Based on transistor density predicted by
ITRS, the sizes of the transistors are estimated to be
W, L, 10 and W, L, 10. Also, for a net with both
horizontal wire and vertical wire, the authors assume that
the vertical wire is in the middle of the net regardless of the
length of the net (Fig. 5). The resistance and capacitance of
a horizontal wire are denoted with one gate pitch as R and
C, respectively, and the resistance and capacitance are
denoted as Rv R and Cv C, respectively, for a vertical
wire with one device layer depth (distance between the
neighbouring device layers), where Rv and Cv are the
coefficients that relate the resistances and capacitances of
vertical wires and horizontal wires. Under the assumption
that tungsten plugs are used as vertical channels, Rv and Cv
are estimated to be 10 and 0.85, respectively. Fan-out of a
gate is assumed to be 3, which gives A 3.8anda 0.74
[28]. Rent’s constant p is arbitrarily set to 0.45 based on the
facts that p 0.45 roughly reflects the interconnect
complexity of high-performance MPUs. However, the
authors’ discussions and conclusions are independent of
the value of p.
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Fig. 6 RC circuit model of a 3D net

aNAND gate with fan-out of 3
b Equivalent circuit with fan-out branches lumped together

The circuit model of Fig. 6 is used to evaluate the delay
of each net [4]. Fig. 6a shows a NAND gate with fan-out of
3, with Fig. 6b being its RC model for delay estimation.
The time required for the output to reach 50% of its final
value will be used as gate delay t Thus,

t fRw2C; C, fRuCq

2R, R, 2C, G,
2

2R, R,C, 11

Table 1: Device and interconnect parameters at 180 nm
technology node

Parameter Value
Assumed
Transistor count 22 10°
Average gate fanout 3
Minimum gate length (L, Lp), nm 140
Front gate oxide thickness t,s, nm 2.5
DGSOI Back gate oxide thickness top,, Nm 25
Body film thickness t,, nm 12.5
Supply voltage Vg, V 1.8
Channel doping N,, cm 2 15 10%
Horizontal interconnect resistivity r O 3.3
Horizontal interconnect capacitance 0.2
ch  fF mm
Length of one gate pitch, nm 9
Width of the wires 2L,,, nm 280
Wire aspect ratio 2.2
Derived
DGSOI gate switching resistance Rs,,, O 21545
DGSOI gate capacitance Cgq, fF 4.763
SGSOI gate switching resistance Rgy,, O 2489
SGSOI gate capacitance Cq, fF 4.33
Horizontal wire resistance per gate pitch R, O 1.719
Horizontal wire capacitance per gate 1.8
pitch C, fF
Vertical wire resistance per device layer 17.19
depth, O
Vertical wire capacitance per device layer 1.53
depth, fF
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Fig. 7 Delay distribution of SGSOI circuits with multi-device-
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where fy is the fan-out, Ry, is the gate switching resistance,
C, is the gate capacitance, and Ry, R,, C; and C, are the
resistance and capacitance of horizontal and vertical wires
and are defined in Fig. 5. Here, the first term is the delay
due to wiring capacitance, the second term is the delay due
to input capacitance of the gates at the next stage, the third
term is the distributed-RC delay of the wires, and the
fourth term is due to the resistance of the wires and the
input capacitance of the gates. For a fully depleted SOI
MOSFET, the junction capacitance is very small [5] and,
hence, is ignored in the delay estimation.

Table 1 lists the device and interconnect parameters for
180 nm technology node identified by ITRS [3]. Although,
in this the authors only calculate and show the delay
distribution for 180 nm node, it can be easily extended to
other technology nodes.

Figs. 7 and 8 illustrate the delay distributions of single-
gate and double-gate SOI circuits with respect to the
number of device layers m 1, 4, 8, 16. Clearly, it can
be seen that every 3D delay distribution shows two distinct
regions compared to 2D distribution (solid line). The
author refer to the region that contains the short-delay
nets as local region, and refer the region that contains the
long-delay nets as the global region.

It is observed that, as the number of device layers
increases, the range of the local region increases and the
range of the global region decreases. Two factors contri-
bute to this scenario. First, with more device layers, more
long-delay nets in 2D are reduced and converted into short-
delay nets in 3D. Thus, the local region is enlarged. The
increase of nets in the local region compensates for the
decrease of nets in the global region, so that the conserva-
tion of total nets is maintained. It can therefore be
concluded that 3D structures effectively reduce the long-
delay nets to achieve high performance. Secondly, the
influence of vertical wires is more pronounced with the
increasing number of device layers and may even turn the
short delay nets in 2D to moderate delay nets in 3D. When
the contribution of vertical wires is significant enough, the
local region may even be further extended and may
completely cancel the benefit brought by 3D structures.
This implies that vertical wires may limit the number of the
device layers that can be integrated.
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Fig. 9 Comparison of delay distribution of DGSOI and SGSOI circuits with multi-device-layer integration
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To compare the SGSOI and DGSOI circuits, Figs. 7 and 8
are combined into Fig. 9. It is observed that DGSOI
distribution looks like a left-shift of SGSOIs. This implies
that the delay for all nets is consistently reduced by DGSOI
circuits. Hence, performance improvement can be expected
for DGSOI circuits.

4 Performance and power dissipation
evaluation

The evaluation is based on the 1999 International Techno-
logy Roadmap for Semiconductors [3]. ITRS identifies the
trends and challenges of the VLSI technology from 1999
up to 2014. The period is divided into six technology
generations. Clear targets and technology requirements for
each generation are projected.

Table 2 lists the parameters of high-performance MPUs
for the six technology generations. The authors have again
assumed that the gates are 2-input NAND gates. The wire
widths are two times the minimum gate length. The
normalisation coefficients Rv and Cv remain the same
across the six technology generations (Rv 10.0 and
Cv 0.85). Rent’s constant p is taken as 0.45. The back-
gate oxide thickness and body film thickness are set as 5ty
and 10t respectively, where ty; represents the front-gate

oxide thickness. These parameters roughly represent an
optimum DGFD SOl device [29].

4.1 Performance evaluation

Fig. 10 illustrates the logic depth concept for critical path
[4]. The widely accepted critical path delay model
[4, 30-32] has the delay of all stages except one being
average gate delay. The delay of the exception stage is
determined by the longest global interconnect. Therefore,
the minimum clock period T, is given by

T, fg 1tyy To 12
where fy is the logic depth and is estimated around 20 [4],
tayg is the average gate delay and T p is the delay of the
longest global interconnect in the system. For giga-scale
integration, the performance is dominated by the intercon-
nect. T. is mostly determined by the longest global
interconnect delay [4, 33].

In most of the critical path models, the average gate
delay is calculated by taking average interconnection
length as the wire load [4, 33, 34]. Such an approach
does not capture the fact that the relation of delay and wire
length is not linear, hence cannot be linearly superimposed.
A more accurate approach is to calculate the average delay

Table 2: Parameters for high performance MPUs over technology generations

Year 1999 2002 2005 2008 2011 2014
Technology nodes, nm 180 130 100 70 50 35
Gate length (L, Lp), nm 140 85 65 45 32 22
Gate oxide thickness tys, Nnm 2.5 1.9 1.5 1.2 0.8 0.6
Channel doping N, 10%cm 2 15 25 6.0 9.0 15 25
Supply voltage Vq4q, V 1.8 15 12 0.9 0.6 0.6
Performance f, MHz 1200 1600 2000 2500 3000 3600
Chip size, mm? 450 509 622 713 817 937
Transistor count 22M 67M 180M 546M 1560M 4320M
Gate pitch, mm 9.0 55 3.7 2.3 14 0.9
Wiring aspect ratio 2.2

Wiring resistivity, mO 3.3

Wiring capacitivity, pF cm 2

- logic depth - >
A combinational
logic |
5 5|
= =
1
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Fig. 10 Critical path concept
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Fig. 11 Clock speed with respect to various number of device
layers for SGSOI and DGSOI circuits
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