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ABSTRACT

3-Dimensional (3-D) integration offers numerous advantages over
conventional structures. Double-gate (DG) transistors can be fab-
ricated for better device characteristics, and multiple device lay-
ers can be vertically stacked for better interconnect performance.
In this paper, we explore the suitable device structures and inter-
connect architectures for multi-device-layer integrated circuits and
study how 3-D SOI circuits can better meet the performance and
power dissipation requirements projected by ITRS for future tech-
nology generations. Results demonstrate that DGSOI circuits can
achieve as much as 20% performance gain and 8% power delay
product reduction than SGSOI (single-gate SOI). More important,
for an interconnect-dominated circuits, multi-device-layer integra-
tion offers significant performance improvement. Compared to 2-D
integration, most 3-D circuits can be clocked at much higher fre-
quencies (double or even triple). Multi-device-layer 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 employed in the past few
decades in meeting circuit performance and power consumption re-
quirements in VLSI circuits. However, as device dimensions shrink
to submicron and below, short channel effects and quantum ef-
fects become prominent. Simply scaling down device dimensions
without altering device structures is no longer sufficient to main-
tain good device characteristics, circuit performance, or power con-
sumption [1]. Moreover, transistor count and chip size continually
increase; more and more transistors are closely packed and con-
nected [2]. To deal with such a challenge, state-of-the-art process
technologies heavily rely on adding more metal layers. It is be-
lieved 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 tech-
nology and degrades the circuit reliability. More seriously, inter-
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connect delay increases significantly due to the reduced wire width
and increased interconnect length. In fact, interconnect delay has
become a dominant factor in determining circuit performance [4].
It is, therefore, 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 de-
vice structures are likely to reach the projected 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 [5]. Moreover, the unique
features of SOI technology make it easy to realize vertical struc-
tures for fully or partially depleted transistors with single or double
gates. Double gate SOI (DGSOI) transistors have better on/off cur-
rent ratio and may result in better circuits {6, 7). In addition, ver-
tical integration enables a process technology to stack-the device
layers [8]. Stacking device layers significantly reduces the inter-
connect complexity and delay [9, 10]. Hence, 3-D integration is
able to simultaneously meet the device, circuit, and interconnect
requirements, which makes it a serious contender for future low
power and high performance applications.

In this paper, we present the first study (to the best of our knowl-
edge) of the applications that combine two highly promising tech-
nologies - DGSOI transistors for superior device characteristics,
and multi-device-layer integration for enhancing interconnect per-
formance. Different 3-D SOI device structures and interconnect
architectures for low power and high performance applications are
explored. We present a system-level performance and power dis-
sipation evaluation for multi-device-layer integration with double-
gate or single-gate transistors. By comparing the clock speed, power
dissipation, and power-delay product of SGSOI and DGSOI cir-
cuits with various number of device layers, we provide a vision on
how 3-D SOI circuits can better meet the requirements of future
technology generations.

2. 3-DSOIDEVICE AND CIRCUIT STRUC-
TURES

Fig. 1 (a) shows the cross section of a single-gate SOI (SGSOI)
structure. When the silicon film is thicker than the maximum gate
depletion width, SOI transistors exhibit floating body effects and
are regarded as partially-depleted (PD) SOI MOSFETs. If the sil-
icon film is thin enough that the entire film is depleted, the SOI
devices are considered as fully-depleted (FD) SOl MOSFETs. An-
other structure is double gate SOI (DGSOI) (see Fig. 1 (b)), where
tofs tsi, and top represent front gate oxide thickness, silicon film
thickness, and back gate oxide thickness, respectively. Double
gate fully depleted SOI MOSFETs have ideal subthreshold slope,
high drive current and superb short channel effect immunity. This
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Figure 1: SOI MOSFETs (a) SGSOI (b) DGSOL.

3rd Device Layer

Figure 2: Cross-section of a multi-device-layer integrated cir-
cuit.

makes them very attractive in low-voltage low-power and high per-
formance CMOS circuit designs [S].

The vertically integrated process technology provides possibili-
ties for double gated fully depleted devices and eliminates the con-
cerns in making a small, well-aligned back gate. Moreover, instead
of simply spanning devices in a single 2-D layer, vertically inte-
grated technology (3-D technology) enables us to 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.

Recent published work suggests that performance improvement
can be achieved by reduced wire length with 3-D integration (9,
10). Fig. 3 illustrates how the wire-length can be reduced in a 4-
device-layer integration. Original wire AB is replaced by A'B’
and length is reduced by half.

3. 3-D DELAY DISTRIBUTION

An accurate model is needed for system-level performance and
power dissipation evaluation for 3-D circuits. This model should
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Figure 3: Reduction of wire-length with 3-D integration.

encompass device, interconnect, as well as circuit and logic. 3-D
SOI circuit delay distribution provides the information necessary to
understand the overall system performance.

3.1 Modeling of Fully Depleted SOl MOSFETs

A well established, general analytical model, which can be ap-
plied to both symmetric and asymmetric DGSOI transistors, is de-~
rived in [6].

Consider the DGSOI NMOSFET shown in Fig. 1(b). Vs and
Vs denote the front gate and back gate voltages while ¢,;, ¢, 7, and
t,5 represent the silicon film thickness, front gate oxide thickness,
and back gate oxide thickness, respectively (Usually, t,; < top.
If t,f = to, the transistor is regarded as a symmetric DGSOI
MOSFET). Thus, the front gate threshold voltage with depleted
back surface (Vif deps) and the front gate threshold voltage with
inverted back surface (V},:nv5) can be expressed by the following
equations,

(+a)(28 )= (Vgp —Vypp)+ 5 VA

.

- s (D

= Vyos + 285 + Tohet @

Visdepb(Vge) = Vybs +
Vifinvb

T
represent the front channel and back channel flat band voltages,
respectively. ®r denotes Fermi Potential. N4 is channel doping
and C,y and Cop are the front gate and back gate capacitance per
unit area, respectively.

ox : t — .
where o = €22 el 4 fab and = 288k toptei +3;. Vyes and Vyey

Back gate threshold voltage with front surface depleted (Vio,deps (Vy£))

and back gate threshold voltage with front surface inverted (Vip,inv £)
can be obtained with similar equations.

For a DGSOI MOSFET, the saturation current I,, can be ex-
pressed as
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where pe sy is the effective mobility and vsq: is carrier saturated
drift velocity. th,vdd = V;ﬁf,depd (Vdd)-
I, 5 ¢ can be expressed by the following equations,
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where Viso = Vigdeps(0) and Vipo = Vip,deps(0) represent
the front gate threshold voltage at zero bias Vg and the back gate
threshold voltage at zero bias Vs, respectively. Vi is the thermal
voltage £Z and py is zero bias mobility.
For SGSOI transistor, ¢, &~ 0. Thus Io, and Ioss can be
expressed as

I . WpessCoy (Vad — Vi vaa)? ) @
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3.2 3-D Interconnect Modeling

A 3-D interconnect model was developed for investigating the
impact of multi-device-layer structures on circuit performance and
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Figure 4: Definition of horizontal and vertical wire.

power consumption [10]. In order to best understand the wiring re-
quirements, 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 parailel to the device layers are defined as a
horizontal wire and the portions that are perpendicular to the de-
vice 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 realized by metal layers. Vertical wires are re-
alized 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 wire-length
distributions are obtained by extending Rent’s Rule [4] and are
listed as follows:

Horizontal Wire-Length Distribution:

o8 — 202\ [ y oyt 1 <o < I,
h(e)z (] N 3p2p—4 N N
3@y & 07T, Vm SEL 240

where h(£) is the number of connections with hori-
zontal distance of £ gate pitches; and
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Vertical Wire-Length Distribution:

aAN(1 — NP~ - qP=2 4 ;~ I NP1
m(m —1)

Vk) = (2m - 2k); (10)
where V' (k) is the number of connections with verti-

cal distance of k device layers. k = 1,2, .., m — 1.

A, a, p are Rent’s parameters for interconnect com-

plexity [4].

When m = 1, the expressions give the wire-length
distributions of 2-D circuits (no vertical wires).

3.3 3-D Delay Distribution

With the device and interconnect models presented in the previ-
ous subsection, delay distribution can be readily obtained for 3-D
integrated SOI circuits. This subsection studies the delay distribu-
tion of single-gate and double-gate circuits with multi-device-layer
integrations. The delay distribution is calculated for 180nm tech-
nology generation as projected by ITRS [3]. To simplify the calcu-
lation, we assume that each gate is a two-input NAND gate. Based
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Table 1: Device and Interconnect Parameters at 180nm Tech-
nology Node.

Parameter [ Value |
Assumed

Transistor count 2M

Average gate fanout 3
Minimum gate length, L, , L, (nm) 140
Front gate oxide thickness, to ¢, (nm) 25
DGSOI Back gate oxide thickness, ¢ o5, (nm) 25
Body film thickness, ¢, (nm) 12.5
Supply voltage, V dd(V') 1.8

Channel doping, Ng (cm™2) 1.SE18
Horizontal interconnect resistance, p(Q2 — cem) 33
Horizontal interconnect capacitance, Cf; (FF/um) 02

Length of one gate pitch, (um) 9

Width of the wires, 2L, (nm) 280
‘Wire aspect ratio 22
Derived
DGSOI Gate switching resistance, R 4., (£2) 21545
DGSOI Gate capacitance, Co (f F') 4.763
SGSOI Gate switching resistance, R, (Q2) 2489
SGSOI Gate capacitance, Cy(fF) 433
Horizontal wire resistance per gate pitch, R(Q2) 1.719
Horizontal wire capacitance per gate pitch, C(f F') 1.8
Vertical wire resistance per device layer depth 2 17.19
Vertical wire capacitance per device layer depth f F' 1.53

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, we assume that
the vertical wire is in the middle of the net regardless of the length
of the net (Fig. 5). We denote the resistance and capacitance of a
horizontal wire with one gate pitch as R and C, respectively; and
denote the resistance and capacitance as Rv * R and Cv * C re-
spectively for a vertical wire with one device layer depth (distance
between the neighboring device layers). The coefficients R, and
C, equalize the vertical wire-length to horizontal wire-length for
resistance and capacitance calculation. Under the assumption that
tungsten plugs are used as vertical channels, Rv and Cv are esti-
mated to be 10 and 0.85, respectively. Fan-out of a gate is assumed
to be 3, which gives us A = 3.8 and o« = 0.74 [11}]. For dis-
cussion purpose, Rent’s constant p is arbitrarily set to 0.45 based
on the facts that p = 0.45 roughly reflects the interconnect com-
plexity of high performance MPUs.Our conclusions, however, are

independent of the value of p.
I
Revistarece R=k*"Rv*R
apacitance C~k*Cy™*

Gate
Frteches

—

le— 2

Resistance R, =IR’2
Capacitance C=IC’2

Figure 5: 3-D wire and its parasitic resistance and capacitance.

Table 1 lists the device and interconnect parameters for 180nm
technology node identified by ITRS [3]. The delay of each net is
calculated using Elmore delay model [12].

Figs. 6 illustrate the delay distributions of single-gate SOI cir-
cuits with respect to the number of device layers m = 1, 4, 8, 16

Authorized licensed use limited to: Purdue University. Downloaded on July 9, 2009 at 14:40 from IEEE Xplore. Restrictions apply.



Delay Distribution of Single-Gate Circuits
T

4

Number of Nets

° L

10° 10’
Delay of Nets (Unit: RC)

Figure 6: Delay distribution of SGSOI circuits with multi-
device-layer integration.

(Double-gate SOI circuits have similar plot). Clearly we see that
every 3-D delay distribution shows two distinct regions compared
to 2-D distribution (solid line). We refer to the region that con-
tains the short-delay nets as local region; and refer the region that
contains the long-delay nets as the global region.

We observe that as the number of device layers increases, the
range of the local region increases and the range of the global re-
gion decreases. Two factors contribute to this scenario. First, with
more device layers, more long-delay nets in 2-D are reduced and
converted into short-delay nets in 3-D. Thus, the local region is en-
larged. The increase of nets in the local region compensates for
the decrease of nets in the global region so that the conservation of
total nets is maintained. We can therefore conclude that 3-D struc-
tures effectively reduce the long-delay nets to achieve high perfor-
mance. Second, the influence of vertical wires is more pronounced
with the increasing number of device layers and may even turn the
short delay nets in 2-D to moderate delay nets in 3-D. When the
contribution of vertical wires is significant enough, the local region
may even be further extended and may completely cancel the ben-
efit brought by 3-D structures. This implies that vertical wires may
limit the number of the device layers that can be integrated.

To compare the SGSOI and DGSOI circuits, we combine their
delay distribution plots into Fig. 7. We observe that DGSOI distri-
bution looks like a left-shift of SGSOI’s. This implies that the delay
for all nets is consistently reduced by DGSOI circuits. Therefore,
performance improvement can be expected for DGSOI circuits.

4. PERFORMANCE AND POWER DISSIPA-
TION EVALUATION

The evaluation is based on 1999 International Technology Roadmap
Jfor Semiconductors [3]. ITRS identifies the trends and challenges
of the VLSI technology from 1999 up to 2014. The period is di-
vided into 6 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. We again assume that the gates are
2-input NAND gates. The wire width are two times the mini-
mum gate length. The normalization coefficient Rv and Cv re-
main 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
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Figure 7: Comparison of Delay distribution of DGSOI and SG-
SOI circuits with multi-device-layer integration.

oxide thickness and body film thickness are set as 5t,¢ and 10t,¢,
respectively, where ¢, 5 represents the front gate oxide thickness.

4.1 Performance Evaluation

The widely accepted critical path delay model with f; stages [4]
assumes that delay of f; — 1 stages to be average net delay and the
remain one to be determined by the longest global interconnect.
Therefore, the minimum clock period Tt is given by

Te = (fa — 1)7avg + TLD, an

where f4 is the logic depth and is estimated around 20 (4], 74y is

the average gate delay, and Trp is the delay of the longest global
interconnect in the system. For giga-scale integration, the perfor-
mance is dominated by the interconnect. T is mostly determined
by the longest global interconnect delay.

In most of the critical path models, the average gate delay is
calculated by taking average interconnection length as the wire
load [4]. Such an approach does not capture the fact that the rela-
tion of delay and wire-length is not linear, hence can not be linearly
superimposed. A more accurate approach is to calculate the aver-
age delay directly. With delay distribution calculated in Section 3,
The average net delay 7,4 can be easily obtained by

Tavg = Zall t N(t)t_
Pan e N()

where function N(t) gives the number of nets IV with delay ¢.

Fig. 8 plots the clock speed with respect to various numbers of
device layers for SGSOI and DGSOI circuits, respectively. For
comparison, we assume that 2-D SGSOI circuit at each technol-
ogy generation meets the ITRS clock speed requirement (i.e. 2-D
SGSOI runs at 1.2G H z for 180nm generation) and use the critical
path delay as the relative speed measurement among circuits.

From Fig. 8 we observe that DGSOI circuits consistently show
better performance than SGSOI circuits. DGSOI can be clocked at
13% — 20% higher speed than the corresponding SGSOI circuits
due to its higher drive current.

Moreover, substantial performance improvement is obtained with
multi-device-layer integration. Most of the circuits can be clocked
at rates double or even triple those of 2-D. For interconnect-dominated
circuits, the delay reduction by multi-device-layer integration is
significant.

Fig. 9 further plots the clock speed for all technology gener-
ations. DGSOI and multi-device-layer circuits demonstrate sig-
nificantly better performance across all technology nodes. multi-
device-layer integration shows 2 or 3 technology generation ad-

12)
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