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Abstract 
 

We discuss the possibility of using bulk architecture for 
45nm node by a proper device design and the use of 
technological boosters. We also propose an alternative 
solution allowing the use of single metal gate with thin 
films, co-integrated with conventional bulk devices on 
bulk substrate. This solution defines a “Bulk+” 
technology. 

 
Introduction 

 
Power management appears as an important issue for 

45nm node. Indeed, following the 0.7 scaling rule for the 
MOSFET device parameter leads to a SiON gate oxide 
thickness hardly compatible with the leakage requirements 
of General Purpose Low Operation Power (GP) and Low 
Standby Power (LP) applications (Figure 1). This issue is 
well known, and the first solution looked at by industry 
was the use of High-K dielectric (such as HfO2 or 
HfSiON). Unfortunately, these oxides suffers from several 
issues, such as mobility degradation and Fermi pinning 
[1]. Recently, the use of Si-rich HfSiON/Poly-Si gate 
together with buried conduction channel (counter doped) 
was proposed [2,3] in order to compensate the threshold 
voltage shift due to Fermi Pinning. Nevertheless, this 
leads to a strong DIBL making the control of nanometric 
devices difficult. Another solution is the use of metallic 
gate on High-K, where Fermi pinning phenomenon is 
negligible [4] . Nevertheless, in order to be able to 
correctly adjust devices threshold voltage for all kind of 
applications, workfunctions of metallic gates should be 
identical to those of n+ and p+ doped poly-Si. This makes 
necessary the use of two different metallic gates [5] for 
nMOS and pMOS devices, leading to complex integration 
scheme and reliability issues. In order to design devices 
for 45nm we propose a different strategy consisting in 
minimizing the scaling of gate oxide as proposed in [6,7] 
by keeping either Poly-Si gate or Single Metal Gate. In 
the first case, the subsequent loss on device speed 
performance is evaluated to 20%. Therefore, smart 
optimisation of device must be performed in order to 
compensate this speed degradation due to the static 
leakage reduction. This conventional Bulk approach is 
compatible with consumer electronics applications where 
a very low-cost is a major driver. 

1.E-03

1.E-02

1.E-01

1.E+00

1.E+01

1.E+02

1.E+03

1.E+04

15 17 19 21 23 25 27
CETinv (Å)

Jg
 (A

/c
m

2)

GP EXP DATA
LP EXP. DATA
MASTAR

GP PNO (0.9V)

LP65nm

regular SiON 
scaling for LP45nm

LP PNO (1.2V)

GP65nm

Regular SiON scaling 
for GP45nm

 
Figure 1 :Gate leakage trend as a function of CETinv for Plasma 
Nitrided oxides. A regular scaling of the 65nm node CET to 45nm 
using poly-Si gate electrode lead to an excessive leakage current.  

In the second case, a single mid-gap gate electrode (or 
close to mid-gap) is used in combination with a fully 
depleted thin-film channel. This ensures the adjustment of 
threshold voltage for both GP and LP applications and 
allows a better scaling of total gate capacitance, by 
suppression of poly-depletion effects. A major point in 
this approach is the co-integration of regular bulk devices, 
in order to ensure a full compatibility of the analog and 
I/O platform. The “Silicon On Nothing” (SON) 
architecture is a promising candidate in this perspective, 
defining a “Bulk+” architecture. In this paper we show 
examples of conventional “Bulk” optimisation using 
Strain-Silicon, advanced USJ and “Bulk+” integration for 
45nm node (Figure 2.) 
 

Figure 2 : Schematic view of bulk and bulk+ architectures 

 
Bulk optimisation for 45nm node 
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In order to compensate performance reduction due to gate 
stack limited scaling, the use of cumulated strained-silicon 
options is mandatory. For electrons, uni-axial tensile 
stress is known to allow performance improvement. This 
stress can be induced by a tensile nitride liner, used as 
Contact Etch Stop Layer (CESL) [8] as shown in Figure 3. 
This layer creates tensile zones near the gate edge and a 
compressive zone in the center of the MOSFET channel. 
For short devices, the tensile zones on the edge are 
overlapping, leading to a device with a complete tensile 
channel. As a result nMOS performance is improved by 
10~15%.  
 

Figure 3 : Tensile strained-channel MOSFET (Lg=30nm) created 
using stressed-nitride layer as Contact Etch Stop Layer 

The use of this techniques can lead to a hole mobility 
degradation, and may require an additional Ge 
implantation in the CESL layer on pMOS [9] to relax 
channel stress. Other techniques can be used to induce 
stress in MOSFET channel by process, such as Stress 
Memory Technique. This technique consist in a gate poly-
Si re-crystallization under a stressed capping layer by 
using S/D anneal [10], and leads to an improved nMOS 
performance (6~10%). Depending on used materials, it 
can be necessary to remove the capping layer on the 
pMOS before performing the S/D anneal. An interesting 
point is that CESL and SMT layers effects are additive. In 
Figure 5, 20% improvement on nMOS performance is 
obtained by the combination of SMT and CESL. 
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Figure 4 : Valence band structure of Si computed using a 6x6 
Lutinger Hamiltonian. 

For holes mobility improvement, compressive liner can be 
used and co-integrated with tensile liner [11]. 
Nevertheless, a lower cost solution can be used for GP/LP 
application. Indeed, a closer look on the band structure of 
holes reveals anisotropy of the Heavy-Holes (HH) sub-
band (Figure 4). In particular, HH are ‘lighter’ in the (100) 
direction. As a result, using (100) channel for pMOS 
devices leads to 15% improvement on the drive current 
(Figure 5).  
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Figure 5 : nMOS and pMOS performance improvement using low-
cost mobility boosters. 15% drive current improvement is obtained on 
pMOS by using (100) channel. 20% improvement on nMOS drive 
current is obtained by using a combination of strained liners. 

Integration of these conventional strained bulk devices 
with Lg=30nm (Figure 6) has been successfully 
demonstrated into a 0.334µm² SRAM bit-cells 
representative of 45nm node design rules [12].Besides 
mobility improvement, a performant junction scaling is 
also mandatory in order to achieve good control of the 
Short Channel Effects.  
 

 

Figure 6 : TEM Cross section of a 0.334µm² SRAM bit-cell for 45nm 
node 

Ultra short non-diffusing anneals are a promising 
candidates to realize both improvement of SCE control 
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and dopant activation enhancement. As shown on Figure 7, 
the combination of these new techniques (LSA or Flash 
Annealing) with spike annealing allows improving the 
nMOS (pMOS) performance by 11% (6%) respectively. 
Without spike annealing the DIBL effect can be 
significantly reduced for both nMOS and pMOS [13].  
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Figure 7 : Performance improvement is obtained by using ultra-fast 
S/D anneal in combination with regular spike RTA. 

Bulk+ for 45nm node 
 

Using  of a modulated mid-gap metal gate in combination 
with fully depleted thin film is a way to obtain a regular 
gate capacitance scaling (though poly-depletion 
suppression) without static leakage degradation (i.e. by 
keeping the same gate oxide thickness than in 65nm 
node), and adjusted threshold voltages for both GP and 
LP applications. First, mid-gap metal gates can be 
achieved by the use of the Totally Silicided (ToSi) gate 
process [14] using either CoSi2 or NiSi (Figure 8). If 
CoSi2-ToSi gates are mid-gap, NiSi-ToSi gate 
workfunction can be modulated through the use of ion-
implantation. Depending on the dopdant type and dose, it 
has been shown that workfunction could be adjusted 
toward n+ type or p+ type [15].As a result, workfunction 
can be modulated by +/- 300meV around the mid-gap, 
allowing threshold voltage adjustement for LP and GP 
devices on FD films. Next, the realisation of FD device on 
bulk substrates has been successfully demonstrated by 
using the Silicon On Nothing (SON) technique [16-17]. 
Main device process-steps are described in Figure 9. After 
STI patterning, a SiGe Selective Epitaxial Growth (SEG) 
is performed followed by a Si SEG. This last layer defines 
the future conduction channel of the SON device. After 
gate patterning, a junction recess is performed in order to 
access to the SiGe buried layer. Then, a selective removal 
of the SiGe is performed, leading to an empty tunnel 
under the gate. At this stage, the channel stands above 

“nothing”. The tunnel is then filled with dielectric, 
allowing the creation of a local Burried Oxide (BOX). 

 

Figure 8 : Example of different ToSi gates : NiSi/Bulk (right) – 
CoSi2/Bulk+ (left) 

Finally, junctions are re-filled using a Si SEG. As a result, 
the device morphology reveals a fully depeled channel 
with a local BOX. Figure 10 show the comparison of 
Lg=45nm poly-gate/SiON devices integrated with bulk 
and SON process. Using thin films allows improving 
DIBL and SS and also using lightly doped channel. 
Moreover, using thin films allows a lower channel 
implantation, leading to a reduction of the junction 
leakage by 1 decade. This makes the SON suitable for LP 
options. 

 

Figure 9 : main process steps of SON module 

 

Figure 10 : Bulk versus Bulk+ (SON) sub-threshold characteristics. 
Subthreshold slope and DIBL are improved by using thin films. 

1,E-14

1,E-13

1,E-12

1,E-11

1,E-10

1,E-09

1,E-08

1,E-07

1,E-06

1,E-05

1,E-04

1,E-03

1,E-02

-0,2 0 0,2 0,4 0,6 0,8 1 1,2
Vg(V)

I (
A

/µ
m

)

Bulk

Junction Leakage

Vd=1.2V

Vd=0.1V

DIBL=185mV

1,E-14

1,E-13

1,E-12

1,E-11

1,E-10

1,E-09

1,E-08

1,E-07

1,E-06

1,E-05

1,E-04

1,E-03

1,E-02

-0,2 0 0,2 0,4 0,6 0,8 1 1,2
Vg(V)

I 
(A

/µ
m

)

Bulk+ (SON)

Reduced DIBL =75mV

Improved SS

Junction Leakage
-1 dec @ Vg=0V

Vd=1.2V

Vd=0.1V



 4 

In addition, an important point of the Bulk+ platform is the 
easy co-integration with standard bulk devices, mainly for 
analog and I/O application where thin film are not desired. 
Indeed, this allows the re-use of existing libraries and 
participates to the low cost of the technology. In order to 
achieve this co-integration, a hardmask is deposited on the 
bulk zone prior to the SEG to avoid the SiGe growth. 
Then no local BOX is created on these devices leading to 
regular bulk devices fabrication (Figure 11). 
 

 

Figure 11 : Co-integration of bulk and bulk+ on the same chip is 
possible with SON module, by using a simple hardmask before SiGe 
SEG. 

Finally, the combination of the ToSi process with the 
SON process allows fabricating Bulk+ devices with 
adjusted threshold, scaled inversion capacitance, and 
improved subthreshold characteristics  

Conclusion 
 

Using technological boosters, Bulk architecture is still a 
good candidate for low-cost consumer electronics 
products. Performance improved Bulk+ platform can be 
achieved by using combination of mid gap metal gate by 
ToSi process and Silicon On Noting technology. 
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Introduction Introduction 
• Different targets for different products

• High Performance applicationsHigh Performance applications (MPU,CPU,VPU…)
•Optimization strategy speed

•i.e. small Lg and high Ion
•Leakage is relaxed

• Low Power applications (mobile, cell-phone ….)
•Optimization strategy Power dissipation 

•i.e. small Ioff and high integration density (low 
cost products)
•Ion is relaxed
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IntroductionIntroduction
• Boosters for High Performance applicationsHigh Performance applications

• Strain-Silicon for enhanced mobility
• Dual Metal Gate for low Vth nMOS and pMOS
• High-K with small EOT <1nm ? (Sugii et al. SSDM 2005)

• FD-Double gate architecture for SCE control

• Boosters for Low Power applicationsLow Power applications
• Strain-Silicon for enhanced mobility
• Single Mid gap Metal Gate for high Vth in nMOS
and pMOS
• High-K with small EOT >1.4nm 
• FD-Single gate architecture for SCE control
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Introduction Introduction 

• At 45nm node, Performance Boosters for Low
Power needs to be choosen
– Hypothesis : keep SiON gate oxide

• This work

1. Conventional approach : Optimization strategy for 
45nm Bulk platform

2. Advanced Approach :  Definition of a Bulk+ 
platform based on thin-film/MG devices
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LevelLevel 1 : Stress 1 : Stress MemoryMemory TechniqueTechnique

• Stressed liner deposition
(oxide+nitride) 1,2

• Selective etch on pMOS (see
next slide)
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• SMT removal. Tensile stress 
created in the nMOS channel

pFET nFET
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2 Chen et al., VLSI 2004
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45nm 45nm BulkBulk DeviceDevice MorphologyMorphology
• TEM cross-section of

device
– 30nm gate length
– 30nm D-Shape spacer
– 50nm contacts 

• Boosters
– 100 channel for pMOS

drive current
enchancement

– Highly tensile CESL for 
nMOS drive current
enchancement
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LowLow PowerPower DevicesDevices (L=45nm)(L=45nm)

-0,8

-0,6

-0,4

-0,2

0,0

0,2

0,4

0,6

20 40 60 80 100
Lpoly (nm)

Vt
h 

(V
)

LP nMOS

LP pMOS

0,05V

1,2V

-12

-11

-10

-9

-8

-7

0 500 1000
Ion (µA/µm)

Lo
g 

(Io
ff 

(n
A

/µ
m

))

pMOS nMOS

45 nm LP 
devices
CET 25Å

600µA/µm
300pA/µm

260µA/µm
300pA/µm



25

Frédéric BOEUF , COE workshop 2005, September 16th, Hiroshima (J)

ConventionalConventional PlatformPlatform DefinitonDefiniton
• Platform needs to be

compatible with 45nm 
design 

• Linear scaling factor
0.7-0.75

• Surfacic density 2X
• 6T-SRAM bit-cells for 

65nm node
– 0.69µm² - 0.499µm²

• 6T-SRAM bit-cells for 
45nm node
– 0.35µm² - 0.25µm²

1600 kG/cm²800 kG/cm²Density

45nm65nm 1

95~105135N+/P+

30~3545 PO-CO
125~135180M1
140~150200CO
115~130165PO
130 ~140190OD

Pitch  (nm)Design

1 Arnaud et al., VLSI 04
2X
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HD 0.334µm² SRAM HD 0.334µm² SRAM bitbit--cellcell DesignDesign

35PO-CO
110n+/p+

70/70140M1
70/90160CO
45/80125PO
55/80135OD

Line/spacePitch

Main Design Rules

PO:45

M1:70

Endcap:70 CO:70

N+/P+: 110

88
0

380
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UHD 0.248µm² SRAM UHD 0.248µm² SRAM bitbit--cellcell DesignDesign

73
0

340

35PO-CO
95n+/p+

70/60130M1
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45/80125PO
55/80135OD

Line/spacePitch

Main Design Rules

PO:45

Smaller Endcap:50
smaller
CO:70

reduced
N+/P+: 95
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EE--beambeam LithographyLithography CapabilityCapability for R&D Validation for R&D Validation 
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EE--beambeam ProximityProximity Correction (EBPC)Correction (EBPC)

Corrected patternInsufficient overlap
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OD OD PatterningPatterning

55nm

Top view after STI Module

0.248µm²
Bit-cell

Top view after e-beam lithography

0.248µm²
Bit-cell
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AdvancedAdvanced GapfillGapfill ProcessProcess

Iso 
No SiN 
clipping

No Low
Density
Area

<70nm

348nm
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GateGate levellevel patterningpatterning

45nm

PG
PD

PU

30nm

Top view after e-beam lithography Top view after Gate Etch

0.248µm²
Bit-cell

0.248µm²
Bit-cell
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Contact Contact andand M1 M1 PatterningPatterning

Shared contact

60nm

0.248µm²

70nm

E-beam lithography

Top view after M1 etch

0.248µm²
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GoingGoing towardstowards 32nm 32nm withwith ee--beambeam

OD of 0.178µm² 6T SRAM Bit-cell OD of 0.124µm² 6T SRAM Bit-cell
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0.334µm² SRAM 0.334µm² SRAM functionnalityfunctionnality
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(F. Boeuf et al., VLSI 2005)
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0.248µm² SRAM 0.248µm² SRAM bitbit--cellcell
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HistoricalHistorical Trend Trend ofof SRAM SRAM bitbit--cellscells sizesize
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IntermediateIntermediate SummarySummary
•• ConventionalConventional 45nm compatible 45nm compatible bulkbulk platformplatform

achievedachieved
– Gate oxide scaling limited
– Dual mobility enhancement technique used

• Strained-liner combination for nMOS (SMT/CESL)
• (100) conduction channem for pMOS

– Integration in 45nm node 6T-SRAM cell achieved
• e-beam lihography is cost effective

•• RemainingRemaining issuesissues
– Improving performance while keeping reasonnable

static leakage for Low Power application 
– Reducing junction leakage for LSTP
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BulkBulk+ for 45nm + for 45nm nodenode
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ObjectivesObjectives
•• Correction Correction ofof ConventionalConventional BulkBulk

weaknessweakness::
– Improving CET scaling of

conventionnal bulk
– Improving SCE control
– Improving Junction leakage

•• IntegrationIntegration ofof ThinThin--filmfilm devicesdevices
withwith a a single single metalmetal gategate on on bulkbulk
substratesubstrate
– Mid-gap gate + thin-film = adjusted

Vth for Low Power application
– Improved SCE (lower DIBL)
– Low doped channel (better mobility)

CET Shrink

Poly Depletion

Thin Film Devices (FD) + φms

Metal Gate

Vth adjust ? 

ToSi MG

I/O Integration

Bulk Wafers

SON

Bulk+ Platform

SCE/Xj Junc. Leak
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FromFrom BulkBulk to to BulkBulk++

Advanced
junctions

Strained-
Liner

SiON gate oxide

ToSi-gateStrained-
Liner

SiON gate
oxideLocalized BOX

Stressed poly-Gate

+ + ToSiToSi gategate modulemodule

+ SON module+ SON module
BulkBulk BulkBulk++
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ToTotallytally SiSilicidedlicided GateGate ((ToSiToSi))

CoSi2

substrate

CoSi2-ToSi (mid-gap) MOSFET integration
Tavel et al., IEDM 2001
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ToSiToSi GateGate ModuleModule

40nm

NiSi-ToSi gate
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TheThe «« SiliconSilicon On On NothingNothing » (SON) » (SON) TechnologyTechnology

Si

gate
S D

Si

Selective 
SiGe epitaxy

STI

Selective 
mono-Si
epitaxy

Selective 
isotropic 
removal
of SiGe

Si

gateTEOS 
spacer

Si

gate

Tunnel filled 
with Dielectric

TEOS 
Spacer
cleaning

Selective 
epitaxial
growth

Si

gate

Tunnel filled 
with Dielectric

TEOS 
Spacer
cleaning

Selective 
epitaxial
growth

(S. Monfray et al., IEDM 2001)
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DeviceDevice MorphologyMorphology

(S. Monfray et al., IEDM 2004)
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SON SON subthresholdsubthreshold behaviorbehavior
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BeneficBenefic effecteffect on on IDsatIDsat

• Bulk+/SON allows a 
better drivebility due 
to better subthreshold
slope

• Reduced doping 
allows reduced
effective field
improved mobility
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CoCo--IntegrationIntegration ofof BulkBulk andand BulkBulk++

Conventional
Bulk I/Os (no
SiGe epi)

SRAM using Bulk+ 
process : (SiGe epi)

gate

BOX

Si Channel

gate

Si Channel
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CombinationCombination ofof ToSiToSi withwith SONSON

ToSi Gate (CoSi2)

Conduction Channel Tsi= 5nm

Localized BOX

55nm

1.E-12
1.E-11
1.E-10
1.E-09
1.E-08
1.E-07
1.E-06
1.E-05
1.E-04
1.E-03

-1.2 -0.8 -0.4 0 0.4
Vg (V)

Id
ra

in
(A

/µ
m

)

Metal gate

Poly-Si
Gate

4 orders of
magnitude in Ioff

50

Frédéric BOEUF , COE workshop 2005, September 16th, Hiroshima (J)

ConclusionConclusion
•• BulkBulk architecture architecture cancan bebe scaledscaled down to 45nm down to 45nm nodenode for for 

LowLow CostCost applicationapplication
– Gate oxide scaling is slow down
– Strain-Si can compensate performance loss
– Junction can be scaled using ultra-fast anneal
– Issue : junction leakage ?

•• BulkBulk+ architecture + architecture isis proposedproposed to to solvesolve bulkbulk issue issue whilewhile
keepingkeeping substratessubstrates andand coco--integrationintegration ofof bulkbulk I/O (IP I/O (IP 
reusereuse))
– Single Metal mid-gap gate with Thin Film devices = Good Vth

adjustement for Low Power applications and regular 45nm CET 
scaling

– Junction leakage and scaling issues are solved
– Co-integration with bulk I/O is demonstrated


