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1 　Introduction

SOI devices are t he best candidates for t he ul2
timate integration of ICs on silicon. The flexibility
of t he SOI st ruct ure and t he possibility of realizing
new device architect ures allow us to obtain opti2
mum elect rical p roperties in low power and high
performance circuit s. These t ransistors are also
promising for high f requency and memory applica2
tions[1～3 ] . In t his paper ,an overview of recently ex2
plored effect s in advanced SOI devices and materi2
als is given. The advantages and disadvantages of
several new device architect ures are also ad2
dressed.

2 　Physical mechanisms in advanced
SOI MOSFETs

　　Ult ra2t hin gate oxide ( sub22nm) leads to di2
rect gate t unneling current s[ 4 ] t hat consist of t hree
main st reams of carriers ( Fig. 1) . In SO I PD MOS2
FETs ,the floating body of t he device is isolated by
t he BOX and charged by t he direct t unneling cur2
rent s ,J EVB and J HVB . When a floating2body device is
biased in inversion ,t he body is mainly charged by a
hole current resulting f rom t he tunneling of valence
band elect rons into the gate ( J HVB ν J EVB ) . When

biased in accumulation ,t he body is charged wit h e2
lect rons coming f rom t he gate conduction band.
These current s st rongly affect t he body potential of
t he PD devices , giving rise to t he gate2induced
floating body effect ( GIFB E) . The different gate
current cont ributions are plot ted in Fig. 1 to illus2
t rate the body2charging mechanism.

Fig. 1 　Tunneling current component s in an n2MOS2
FET

A direct consequence of t he GIFB E is t he sud2
den increase of t he drain current for V g clo se to
111V. At this voltage , t he gate2to2body current
( Igb ) charges up the body ,and t he drain current in2
creases. This “kink2like” effect gives rise to a
st rong second peak in t ransconductance ( up to
40 % increase) ,which clearly appears in Fig. 2 for
low drain biases.
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Fig. 2 　Normalized t ransconductance of a 10μm wide n2
MOS F ET versus gate bias f or various gate lengt hs

This figure illust rates t he influence of t he gate
size on t he GIFB E’s amplit ude and position. The
voltage corresponding to t he onset of t he 2nd peak
of t ransconductance ( Gm ) is nearly independent of
t he gate lengt h (and width) whereas t he amplit ude
of t he peak depends on t he device geomet ry. The
2nd peak is clearly reduced as t he gate lengt h (or
widt h) is shrunk down. It is usually reported t hat
FB Es are reduced in short2channel devices by en2
hanced junction leakage or in narrow2channel de2
vices by an increased recombination rate near the
sidewalls. In both cases , t he removal of majority
carriers f rom t he body is more efficient ,so t he body
charging by Igb is less effective , and hence the
GIFB E is reduced. However , even in t he smallest
t ransistor ,where bot h junction and sidewall cont ri2
butions occur ,t he role of t he gate t unneling current
remains significant .

The drain power spect ral density also exhibit s
special behavior [4 ] . For V g values less t han the
GIFB E onset gate voltage ( around 111～112V ) ,
conventional 1/ f noise is observed ,which is at t rib2
uted to carrier fluct uations f rom t he inversion layer
due to carrier t rapping/ det rapping in t he vicinity of
t he silicon/ SiO2 interface. An excess noise occurs ,
characterized by the superposition of a Lorentzian2
like component over t he 1/ f noise , when the
GIFB E is p resent . Similarly to FB PD SOI devices
in sat uration mode ,a flat plateau is followed by a
1/ f 2 roll2off at a given corner f requency. In this
case ,t he corner f requency shif t s to higher f requen2
cies as t he drain bias increases :here ,t he f ront gate
bias plays t he role of the drain bias ,and we have a
similar behavior with f requency as t he Kink2related
excess noise.

From more t han two decades for L = 10μm ,t he
excess noise decreases to only one decade or less ,
and becomes almost insignificant for short devices
(L = 0120 ,0112μm) . Figure 3 shows the calculated
ratio between the maximal drain current power
spect ral density ( S Idmax

) and t he minimal one
( S Idmin , value of t he plateau at low V g wit hout
GIFB E) .

Fig. 3 　Ratio between the maximal drain current noise
( S Idmax

) and the minimal one ( S Idmin ,value of the plat2

eau at V g = 019V) for n2 and p2MOSFETs

Two general feat ures may explain t hese re2
sult s . On t he one hand ,t he magnit ude of t he second
t ransconductance peak is reduced as t he channel
lengt h is shortened ( FB Es are usually lowered by
enhanced cont ributions f rom junctions ) , and t he
role of the gate current is partially off set , so t hat
we notice a reduced cont ribution of t he Gm 2nd
peak on t he noise overshoot . On t he ot her hand ,re2
ducing t he channel lengt h causes an enhancement
of t he 1/ f noise level , and t his higher noise level
p robably masks t he excess noise due to t he
GIFB E.

The GIFB E in a twin2gate ( T G) st ruct ure
( Fig. 4) is significantly reduced[ 5 ] .

Fig. 4 　Twin2gate n2MOSFET
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In particular ,t he impact of t he T G st ruct ure is
p ronounced on t he Lorentzian noise overshoot
( Fig. 5) . This reduction result s f rom a decrease in
part of the EVB current t hat reaches t he source
junction (t he holes f rom t he slave part ( Ts ) of the
T G device are screened f rom reaching the source by
recombination at t he inner n + contact) .

Fig. 5 　S Id versus Id for n2MOSFET ( bold line) com2
pared with the two T G combinations

A GIFB E is also observed in a f ully depleted
FinFET when a back gate bias is applied ,leading to
an accumulation at t he bot tom of the fin
( Fig. 6) [6 ] .

Fig. 6 　Measured t ransconductance of a FD FinFET for

different back gate biases 　L = 10μm

In a double gate MOSFET , applying a back
gate voltage can lead to a volume inversion and to a
screening ,reducing t he number of t rapped carriers
in t he gate oxides. This p henomenon induces a re2
duction of t he low frequency noise ( Fig. 7) [7 ] .

The self2heating effect is also a harmf ul para2
sitic effect in SO I. The t raditional buried silicon di2
oxide has a poor t hermal conductivity t hat leads to
an enhancement of t he channel temperature and
t hus a reduction of carrier mobilities and drain cur2
rent . The t hermal conductances of various buried

Fig. 7 　Normalized drain current noise of a double gate

n2MOSFET for different back gate biases 　Solid line :

S Vg ×( Gm / Id) 2 for double gate mode

insulator materials are shown in Fig. 8[ 8 ] . As
shown in t his figure ,many insulators have a better
t hermal conductivity t han SiO2 . In addition , dia2
mond and quartz are also t he best suited dielect rics
for cont rolling short channel effect s and t herefore
for replacing SiO2 . SiC and Al2 O3 require t he use of
a thin buried insulator together with a ground
plane architect ure.

Fig. 8 　Thermal conductivity of various buried oxide

materials

On t he ot her hand ,it is worth noting that t he
t hermal conductivity of Ge films is lower t han t hat
of Si films for bulk materials ( Fig. 9) [9 ] . However ,
for ult ra2t hin films t hese values are very close ,and
t herefore Ge films will exhibit similar SH effect s to
Si films for deep sub2011μm devices realized on
nanomet ric layers.

Hot carrier effect s limit long term device relia2
bility. In SOI st ruct ures ,special hot carrier regimes
exist . Figure 10 shows t he relative degradation of
t he drain current for various PD device architec2
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Fig. 9 　Estimated thermal conductivity of thin Si and

Ge layers

t ures ( floating body , body connected , and body
tied) [4 ] . This figure is plotted for t he worst case
aging in advanced SOI devices (maximum gate cur2
rent , V g = V d ) . BC devices exhibit enhanced hot
carrier immunity because of the co2llected hole
coming f rom t he impact ionization at the drain
edge.

Fig. 10 　Drain current degradation measured at V gt =

015V and V d = 50mV for various device architectures of

n2MOSFETs in the worst2case aging scenario

Device degradation is also lowered for narrow
channels due to reduced floating body effect s ( Fig.
11) [10 ] .

3 　Effects of strain and surface orien2
tation on the electrical properties of
thin layers on insulators

　　Compressive and tensile biaxial and uniaxial
st ress silicon technologies are p romising for enhan2
cing CMOS performance in bulk and SOI MOS2
FETs. The combination of st rained layers and ult ra
t hin film SOI st ruct ures is one of the best candi2
dates for decananometer MOSFETs.

Fig. 11 　Channel with dependence of hot2carrier2in2
duced degradation at room and high temperatures

Figure 12 is a plot of t he dependence of elec2
t ron and hole mobilities as f unctions of charge den2
sity[11 ] . The st rained Si layer is fabricated wit h sac2
rificial t hin relaxed Si Ge and a smart cut . In t he
SSO I devices , substantial enhancement s of bot h e2
lect ron (about 100 %) and hole (about 50 %) mob2
ilities are obtained over t he cont rol SOI device at
intermediate charge densities for long channel t ran2
sistors.

Fig. 12 　Effective mobility comparison between SSOI

and SOI MOSFETs

An enhancement of t he elect ron mobility of a2
bout 15 %～20 % has been obtained for short chan2
nels (70nm technology) SGO I MOSFETs (st rained
Si on Si Ge on insulator ) toget her wit h superior
short channel cont rol [12 ,13 ] . Figure 13 shows t he en2
hancement of t he drain current for sub2011μm de2
vices.

In Fig. 14 , t he elect ron mobilities are plot ted
for various Ge content s of t he Si Ge layer and dif2
ferent Si film thicknesses. The elect ron mobility
enhancement is maximum for 30 % Ge due to t he
increase in alloy scattering and/ or surface rough2
ness and the hole mobility continuously increases
with Ge up to 50 %[13 ] . It is also wort h noting t hat
t he enhancement of carrier mobility is reduced in
t hinner st rained Si films due to interface states and
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Fig. 13 　Id2V d of 70nm MOSFETs 　W = 1μm

Fig. 14 　Eeff dependence of elect ron mobility enhance2
ment as a function of Ge content and film thickness

fixed charges induced by t he diff usion of Ge atoms
to t he interfaces.

Figures 15 (a) and ( b) show Idsat and Gmsat as
f unctions of channel lengt h for SGO I and SOI
MOSFETs. An enhancement of Id is outlined down
to sub250nm t ransistors for SGO I , but t he differ2
ence diminishes at smaller channel lengt hs due in
particular to larger self2heating ( SH) in Si Ge t han
in Si. This SH effect in SGOI degrades Gmsat ,which
is more sensitive to SH t han Id . Therefore the
t ransconductance appears degraded in SGOI as
compared to SOI ; but af ter correction of t he self2
heating ,a similar increase is obtained for Id and Gm

in t he SGOI st ruct ure[14 ] .
The HO I st ructure (st rained Si/ st rained Si Ge/

st rained Si heterost ructure on insulator) also p res2
ent s substantial elect ron and hole mobility en2
hancement s[15 ] . In particular , hole mobilities are
very high for a t hin Si cap layer (enhancement of a2
bout 100 %) compared wit h t he universal SOI mob2
ility and are also significantly larger t han the best
SSDOI mobility ( st rained Si directly on insulator)

due to t he compressively st rained buried Si Ge

Fig. 15 　Comparison of Idsat and Gmsat at a constant gate

overdrive

Fig. 16 　Mobility enhancement in HOI compared with

the best SSDOI curve relative to the“universal”SOI

mobility

channel ( Fig. 16) .
U niaxial st rain engineering is also usef ul for

mobility enhancement for Si film t hickness in t he
sub210nm range[16 ] . A similar enhancement of
elect ron mobility in 315nm SO I devices under biax2
ial and uniaxial tensile st rain has been obtained.
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The elect ron mobility is also enhanced in a 213nm
Si layer under uniaxial tensile st rain ( Fig. 17) ,and
t he hole mobility increases in 215nm film under u2
niaxial comp ressive st rain.

Fig. 17 　Elect ron mobility in a 213nm ult ra2thin2body

MOSFET under〈110〉uniaxial st rain

It has recently been shown that the use of a metal
gate ( TiN) can induce significant compressive stress a2
long the channel direction. This stress increases as the
gate length decreases. This phenomenon progressively
degrades electron mobility while hole transport is im2
proved. Similar behaviors are obtained in single and
double gate SOI devices ,and the use of〈110〉channel
orientation is the most favorable in terms of electrical
performance[17 ] .

Pure Ge channel MOSFETs are also considered to
be a promising option for future high performance
CMOS. A compressively strained Ge channel is expec2
ted to further enhance hole mobility due to the very
small effective hole mass[18 ] . Figure 18 shows the linear
current of s2Ge pMOS with HfO2 gate dielectrics along
with the Si control device. A 215 × performance en2
hancement is observed ( similar enhancement for the
transconductance) . For s2Ge p2type devices with SiO2

gate oxide ,a 3 ×drive current and transconductance is
obtained(Fig. 19) .

The influence of surface roughness (SR) in ul2
t ra2t hin films is very important . Figure 20 shows
t he SR limited hole mobility as a f unction of body
t hickness for Si ( SOI) and Ge ( GOI) channels. The
variation of hole mobility is outlined for various
surface orientations[19 ] .

Figure 21 shows elect ron mobilities in Fin2
FETs wit h various fin orientations. An improve2
ment of elect ron mobility is observed for〈100〉and
an enhancement of hole mobility is observed for the
〈110〉orientation[20 ] .

Fig. 18 　Drain current of pMOSFETs with HfO2 gate

oxide on 60 % Ge channel formed by local thermal mix2
ing compared with Si pMOS control with HfO2

Fig. 19 　Drain current of pMOSFETs with remote

plasma oxide on 100 % Ge channel formed by selective

U HVCVD compared with Si channel pMOS control

with the same oxide

Fig. 20 　Simulated surface roughness limited hole mob2
ility for Si and Ge with various orientations

4 　Comparison of the performance
and physical mechanisms in
multi2gate devices

　　Multi2gate MOSFETs realized on t hin films
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Fig. 21 　Elect ron mobility of FinFETs with〈100〉and

〈110〉fin orientation 　Tox = 2nm ,415 ×1013 cm - 2 chan2
nel implantation

are the most p romising devices for t he ultimate in2
tegration of MOS st ructures due to the volume in2
version in t he conductive layer [21 ] .

The on2current Ion of the MOSFET is limited
to a maximum value IBL t hat is reached in t he bal2
listic t ransport regime. Figure 22 gives t he result s
of t he self2consistent MC simulation of t he ballistic
ratio BR = Ion / IBL versus DIBL , showing t hat one
can increase t he BR by scaling t he gate lengt h ,t hus
increasing t he longitudinal field at t he source ; but
t his comes at t he expense of a larger DIBL . For a
given DIBL ,an increased ballisticity is obtained for
lightly doped double gate SOI devices[22 ] .

Fig. 22 　Ballisticity ratio at V g = V d = V dd versus DIBL

　Filled symbols represent t ransistors with the nominal

gate length for the high2performance MOSFET of each

technology node.

The t ransfer characteristics of several multi2
ple2gate (1 ,2 ,3 , and 4 gates) MOSFETs ,calculat2
ed using t he 3D SchrÊdinger2Poisson equation and
t he non2equilibrium Green’s f unction formalism
for the ballistic t ransport or Monte Carlo simula2

tions , show similar t rends. The best performance
(drain current ,subt hreshold swing) is outlined for
t he 42gate (Q G or GAA) st ruct ure[ 23 ,24 ] ( Fig. 23) .

Fig. 23 　Id (V gs) at V ds = 017V in thin layers for differ2
ent multi2gate architectures

Fig. 24 　Propagation delay versus Ioff for single2gate

and multi2gate SOI devices

However , Figure 24 shows t hat t he p ropaga2
tion delay in t riple gate ( T G) and quadruple gate
(Q G) MOSFETs is degraded due to a st rong rise
in t he gate capacitance. A properly designed doub2
le2gate (D G) st ruct ure appears to be the best com2
promise at a given Ioff

[24 ] .
Figure 25 compares t he calculated ballistic

drive current for Si and Ge double2gate MOSFETs
at t he operation point of each generation as p redic2
ted by ITRS[25 ] . Si barely satisfies the ITRS re2
quirement ,whereas Ge offers much higher current
drive. However , t he simulated value of t he real
drain current of 2 G SO I t ransistors is not able to
satisfy t he ITRS objectives , even for int rinsic de2
vices without parasitic S/ D resistances. 2 G GOI
MOSFETs are able to p rovide t he necessary cur2
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rent drive , but parasitic resistances drastically af2
fect t he drain current (not shown here) .

Fig. 25 　Ballistic drive current for different technology

nodes for SOI and GOI devices

For a double gate device , t he impact of gate
misalignment on t he leakage current is important .
This current is mainly due to GIDL . This off2cur2
rent increases wit h increasing the misalignment and
is higher for a shif t of t he bottom gate to the drain
since V gd is larger t han V gs

[26 ] .
The impact of gate misalignment on Ion is also

significant in 2 G MOSFETs[27 ] . A large back gate
(B G) shif t reduces t he sat uration current compared
to t he aligned case , whereas a slight B G shif t to2
wards t he source increases Ion . This is due to a low2
er source access resistance. In terms of short chan2
nel effect s ,aligned t ransistors exhibit t he best con2
t rol while highly misaligned MOSFETs operate
like single gate ones. Ioff is much more st rongly in2
fluenced by misalignment t han Ion due to degrada2
tion of t he elect rostatic cont rol ( Fig. 26) . The o2
versized t ransistor shows att ractive static perform2
ance (right hand side of Fig. 26) and a greater toler2
ance of misalignment ,but t he dynamic performance
rapidly degrades as t he overlap lengt h increases.

In decananometer MOSFETs ,gate underlap is
a p romising met hod to reduce t he DIBL effect . Fig2
ure 27 p resent s t he variation of t he driving cur2
rent ,t he subt hreshold current ,and t he gate direct
t unneling current versus gate underlap [28 ] . The on2
current is almost unaffected by t he gate underlap ,
whereas t he leakage current s are substantially re2
duced due to a decrease in DIBL and drain to gate
t unneling current . A decrease in the effective gate
capacitance Cg for larger underlap values at iso Ion

is also observed. This decrease in Cg leads to a de2

Fig. 26 　 Ioff versus misalignment ( experimental and

simulation result s ,V d = 112V) 　Single gate FD result s

are represented by the dashed line.

Fig. 27 　Ion ,subthreshold ( Isub ) and gate direct tunne2
ling ( Igdt ) current s as functions of gate underlap

crease in t he propagation delay and power .
Multi2bridge2channel MOSFETs ( MBCFET )

also present much higher performance t han GAA
devices and exceed the ITRS roadmap requirement s
( Fig. 28) [ 29 ] .

Fig. 28 　Schematic diagram of MBCFET on SOI

Finally ,we compare FinFETs wit h cylindrical
and rectangular nanowires and also wit h gate2all2a2
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round carbon nanot ubes2CN T2FET. We find t hat
t he CN T2FET exhibit s superior performance
( Fig. 29) due to elect ron charge confinement at the
surface of t he nanot ube , whereas in the Si2based
nanowires t he charge confinement at t he center of
t he wire is responsible for an additional depletion
capacitance in series wit h t he oxide capacitance ,
which reduces t he overall effectiveness of the
gate[30 ] .

Fig. 29 　Elect ron density per unit length for various

devices ( FinFET ,nanowires and carbon2nanotube FET)

　65nm technology node data ( EO T = 019nm , tSi = 5nm)

5 　Advanced SOI D RAMs and NVMs

It is becoming difficult to scale memories
down f urt her . Indeed ,t raditional embedded DRAM
requires a complicated stack capacitor or a deep
t rench capacitor in order to obtain sufficient stor2
age capacitance in smaller cells. This leads to more
process step s and t hus less p rocess compatibility
with logic devices.

Capacitor2less 1 T2DRAM or floating body
cells have shown promising result s. The operation
principle is based on excess holes , which can be
generated eit her by impact ionization or by a gate2
induced leakage current in partially2depleted SOI
MOSFETs. The GIDL current is a result of band2
to2band t unneling and occurs in accumulation ,lead2
ing to a low drain current writing and reduced
power consumption toget her wit h high speed oper2
ation. However , conventional PD SOI MOSFETs
require high channel doping to suppress short2
channel effect s ,which induces degradation in reten2
tion characteristics. In order to overcome t his p rob2
lem ,a D G2FinDRAM has been proposed showing

superior memory characteristics ( Fig. 30) [31 ] .

Fig. 30 　Id2V g curves of the D G2FinDRAM

Conventional floating2gate flash memory also
has scaling difficulties due to nonscalability of t he
gate2insulator stack and inefficient hot carrier in2
jection processes at sub250nm gate dimensions.
Back2floating gate flash memory overcomes these
limitations by decoupling t he read and write opera2
tions and independent positioning or sizing of t he
storage element ( back2floating gate) under t he Si
channel ( Fig. 31) . The charge in t he back gate af2
fect s the field and the potential at t he bottom inter2
face and t hus changes t he t hreshold voltage of t he
device. The back2floating gate is charged by apply2
ing - 10V to the source , t he drain , and t he f ront
gate simultaneously. The charges are removed f rom
t he back floating gate ( erasing ) with the same
met hod but wit h a bias of + 10V [32 ] .

Fig. 31 　Cross2sections of back floating gate and con2
ventional f ront2floating gate memories

6 　Conclusion

We have presented a review of recently ex2
plored effect s in advanced SO I devices and materi2
als. The effect s of key device parameters on elect ri2
cal and t hermal floating body effect s have been ad2
dressed for various device architect ures. Recent ad2
vances in t he understanding of the sensitivity of e2
lect ron and hole t ransport to t he tensile or com2
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pressive uniaxial and biaxial st rains in t hin film
SOI have been shown. The performance and p hysi2
cal mechanisms have also been presented in multi2
gate MOSFETs. New hot carrier p henomena have
been discussed. The effect s of gate misalignment or
underlap ,as well as t he use of t he back gate for
charge storage in double2gate nanodevices and of
capacitorless DRAM ,have also been outlined.
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