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1 Introduction

A number of advantages, suitable for many applications, are obtained with the SOI
structure which allows to push back the technological and physical limits intrinsic to the
bulk Si structure'"*™:

— the latch-up, a parasitic np-n—p structure (thyristor) which can be triggered in
bulk silicon CMOS, is suppressed by the dielectric isolation of the Silicon-On-Insulator
technology;

- ultra-thin SOI films, inducing a full depletion of the active silicon layer, can easily
be fabricated and have been shown to lead to very interesting behaviors. In this respect, a
low threshold voltage together with small leakage currents can be obtained which is of ma-
jor importance for low power-dow voltage integrated circuits used in portable electronic
systems.

— the parasitic source/drain junction capacitances are substantially reduced using thin
film SOI. leading to high frequency operation:

— the leakage currents are significantly smaller in SOI than that of bulk Si devices
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(2—3 order of magnitude) due to the reduction of the drain junction area;

— in the DRAM field, the SOI structure also lead to improved performances;

- SOI MOSFETs are of great interest for special applications, especially in the field
of radiation hardness for both space and nuclear radiation environments;

- the SOI technology leads to new &ystem on chip) concepts;

- the special SOI structure can be advantageously used for developing new devices,
like the volume-inversion MOSFET, the voltage-controlled bipolar M OS device, or quan—
tum devices;

- some process simplification are induced by the SOI technology, mainly in the isola-
tion and high energy implantation;

- three-dimensional IC’s can also be realized on SOI materials, allowing a further po-
tential enhancement of the level of circuit integration.

In view of the huge amount of work recently carried-out by many companies, it seems
that the SOI CM OS technology is really taking off.

The aim of this paper is to give a review of the main advantages, drawbacks, perfor—
mance and physical mechanisms of deep submicron SOl MOSFET. In this respect, the ba-
sic electrical properties (subthreshold swing, drain current), the special SOI phenomena
( kink, parasitic bipolar, self heating), and the critical behaviors for advanced devices

(short channel and hot carrier effects) will be thoroughly discussed.

2 Drain Current in Weak and Strong Inversion

Subthreshold Operation:

If the Fully Depleted (FD) SOI MOSFET is fabricated with a thick buried oxide and/
or a low doping density in the silicon substrate (under the buried oxide) leading to small
buried oxide and substrate (depletion) capacitances, the subthreshold swing S can be sub-
stantially lower than that observed in bulk devices. For small interface state densities at
the various Si/SiO: interfaces, which is usually the case for present technologies, the
swing can reach the minimum theoretical limit of about 60 mV /dec at 300 K'*'. This offers
the opportunity to achieve both a low threshold voltage and a small leakage current. T hese
fully depleted SOI devices are very interesting for high performances low voltage-dow pow -

er integrated circuils.
The swing S for FD SOI MOSFETs can be described by'”
Ssor = k:]n{ 10)
(Cor+ C)[(Cit+ C)C+ Coa(Cur+ Cia)] + Ci[CaC + Cox(Can + Cu3) ]
Corl (Cat Coz)C+ Cour(Con + Cu3) | (1)
where kT is the thermal energy. g the electron charge, Ci(= €i/x4, €i being the silicon

permittivity and x4 the width of the depletion charge under the gate) the depletion capaci-
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tance, Cs(= gN s, Nubeing the interface state density) and Cox the interface state and gate
oxide capacitances for bulk structures, Ci(= €i/tsi, t«ibeing the Si film thickness) the thin
Si film capacitance for SOI devices, Coi and Cov2 the gate oxide and buried oxide capaci—
tances, Cwi, Cs2and Cssthe interface state capacitances at the gate oxide/Si film, Si film/
buried oxide and buried oxide/Si substrate interfaces, respectively, C.i the substrate ca—
pacitance associated with the charge under the buried oxide, and C= Cu2t+ Cis+ Ca.

The influence of the buried oxide thickness in a ful-

ly depleted SOI MOSFET is simulated in Fig. 1'. Inthe 3 _|
case of a thick buried insulator (£~2=300nm), the swing % 4=
is slightly reduced with decreasing the film thickness. In é" 801 0nm
contrast, the swing shows a substantial increase with re— :’_’j 20 ;:::
ducing the Si layer thickness in the case of a thin buried ‘E ‘—-‘_-_—'—'—._—____H—fﬁ
insulator (< 100nm). This behavior is observed for a EGU(} 100 200
high doping in the Si substrate inducing an accumulated ‘ Silicon Thickness /nm
buried oxide/silicon substrate interface (Figs.1,2).

1 Simulation of Subthreshold

When the bottom surface of the buried oxide is depleted FIG.
. . . Swing as Function of Si Film T hickness
(for a low Si substrate doping), the substrate capaci-

A o | | | h h h . . for Various Back Insulator Thicknesses
tance is significantly reduced. Therefore, the swing is (gate oxide thickness foxi = 27nm, 1015

improved with decreasing the film thickness whatever . -5 g fim doping, Vo= Cr/g= 0

the buried oxide thickness is (Fig. 2), but the decrease N.:= €.3/g= 0. accumulation at the

of tow2 alwavs (]egra(]es the sw ing (Flg, 3) . buried oxide/Si substrate interface)
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FIG.2 Simulation of Subthreshold Swing as Function FIG.3 Simulation of Subthreshold Swing as Function
of Si Film Thickness for Various Back Insulator Thick— of Buried Oxide Thickness for Various Substrate Dop-
nesses tox2 and Substrate Doping N sub( o= 27 ings (tox1= 27nm, 10X 15¢m”™ ¥ 8 film doping, N.o=
nm, 10%em™ 7 Si film doping, N.2= 0, N.ws= 0) Nu3= 0) Showing Degradation of Swing for Thin

Buried Oxides

T he back interface state density may also play a remarkable role. This is why for a Si

>+ eV "), the reduction of the

film/buried oxide interface of poor quality (N.2> 10"em
silicon layer thickness does not lead to an improvement of the subthreshold swing (Fig.

4Py . These results imply that the optimization of the device characteristics needs high—
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quality SOl wafers as well as a careful design of the

=120

- M OSFET parameters.

= 110

210 Driving Current in Advanced Devices:

Z op

;-: 2.0 . . -~ o A2 L4 o

2 80 In a fully depleted thin film SOI MOSFET, the
Z transverse electric field is reduced as compared with a
g 600 T00 300 partially depleted film (for a given surface potential).

Silicon Thickness/nm . . .
This decrease is accentuated for thinner layers, the elec—

tric field having a quasi-dinear variation with the Si film
FIG. 4 Simulation of Subthreshold

thickness. Therefore, the carrier profile extends deeper
Swing as Function of Si Film Thickness
for Various Back Interface State Densities in the silicon film leadmg to h]gher carrier mOb]h[y H

(foc1= 27nm. focz= 350nm. 10%em-* si owing to lower surface roughness and coulomb carrier

film doping, 10%em™ ? substrate doping, s(:attering associated with

50
Nea=0) the Si/Si0: interface.  © 4 =
T his interesting feature induces a substantial increase in 23|
drain current as compared to long channel bulk - like de- .i 20
vices operated at same ( V.~ V\) bias (Jau®(W /L) Cou(V. § 10
- V)% W and L being the gate width and length, Ce the EE o5 oo o o5 1o
gate oxide capacitance). However, carrier velocity satura— I/ pm

tion driven by a high longitudinal electric field (the velocity

. . . 1G.5  Simulate ative 3
maximum being vw) limits the current enhancement when M imulated Relative (to Bulk

Counterparts) Enhancements of Drain
the devices are scaled down in the deep submicron range _ -
Current in Saturation Versus Channel

(Tasw =W Cox vsu(Ve— Vi)). The simulations presented in Length of Fully Depleted n-Channel
Fig. 5, fully supported by device measurements, show that  SOIMOSFETs at Va= 3.3V and
the benefit of drain current, relative to bulk Si or Partially Vem Vi= LTV

Depleted (PD) SOI, is partially lost as the channel length is reduced and carrier velocity
saturation occurs'®. However, in extremely thin Si layer (< 10nm), a substantial increase
of the driving current with scaling down the devices has been pointed out in the deep sub-
micron range. This effect is due to carrier velocity overshoot occurring in sub— 0. lpym ul-

. . 7
tra— thin SOI devices' .

3 Floating Body Effects

Kink Effect Analysis:

The buried insulator of the SOI structure leads to floating body effects. Indeed, con-
trary to the case of bulk silicon device, there is usually no substrate (or body) contact to
determine the potential of the active Si layer and to collect free carriers induced by various
mechanisms (for instance carriers created by impact ionization). When a body contact is

available, the efficiency of this contact depends on the thickness of the Si film and on de-
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vice architecture, owing to possible series resistance effect and/or potential barrier be-
tween the active silicon layer and the body contact.

The kink effect is one of the main floating body effects that are triggered by the im-
pact ionization charging of the film body. It is observed in PD SOI MOSFET, and leads to
excess drain current in saturation. The impact ionization in the high lateral electric field
region close to the drain induces electron-hole pairs creation, the electrons flowing to-
wards the drain and the hole forming the substrate current for a N-channel device. A re-
duction of the threshold voltage is obtained via the substrate current which leads to a for-
ward bias of the source/Si layer diode and a body potential increase'™. This phenomenon is
also observed at low temperature in bulk silicon devices owing to impurity freeze-out in the

I Tt has been shown that this parasitic behavior can be suppressed by using

[10]

Si substrate
fully depleted devices
The excess drain current Alaand the shift of the threshold voltage AV.'"" are given by

Ala= gV (2)

where Ca
gh = C“xgm (3}
AV = - é::vh (4)

where gin(= dl4/dV1) is the body transconductance, Vi is the internal body potential in-
duced by impact ionization, Ca and Cox the depletion and gate oxide capacitances, respec—
tively, and gu(= dl4/dV,) the gate transconductance.

For a fully depleted SOI MOSFET, the depletion capacitance Ca vanishes which sup-
presses the shift of the threshold voltage, the excess drain current and, thereby, the kink
effect.

Thin film SOI transistors are subject to another harmful effect: the parasitic bipolar
transistor. This last effect is enhanced with a reduction of the silicon film thickness ( high-
er lateral electric field) , especially for inversion-mode MOSFETs. An interesting trade-off
could be the use of an intermediate Si layer thickness in order to suppress the kink effect
and to alleviate the parasitic bipolar transistor action. Thin but undepleted SOI films were
also proposed as an optimum substrate for low voltage CMOS'"”. However, it has been
recently shown that a moderate kink effect can still be obtained for fully depleted SOI
MOSFETs with intermediate Si film thickness (Fig. 6( a)'"). This effect can be modulat-
ed by connecting the body terminal (Fig. 6(a)). if available. This kink is due to the sub-
stantial barrier height of the source/thin film diode in moderately fully depleted transis—
tors.

In Figures 6(b), (c) are exemplified the transfer Ja( V) characteristics for various ap—
plied body biases V. It is clear that the variation of the threshold voltage Vifrom Vi= 0 to
Vi= = IV, for a zero substrate voltage (Fig. 6(b)). is very small because the silicon film

is already fully depleted for Vi= 0, and, therefore, the depletion region cannot be extend-
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FIG.6 (a) Output [fa( Va) Characteristics of n-Channel Thin Film SIMOX MOSFET Showing Influence of
Body Connection; (b) = (¢) Transfer Ja( Vi) Characteristics Showing Influence of Body Bias Vi for Various

Substrate Voltages V2

ed any more. On the other hand, with a small positive bias applied to the body terminal
(up to 0.5V) a significant shift of Vi is obtained. In this case, the potential barrier be-
tween the source and the thin Si film can be reduced, due to the additional forward bias,
because of its large initial value for this moderate full depletion. When a small positive
substrate bias is applied (10V), the strong full depletion case is reached with a small po-
tential barrier at the source/silicon film junction, which almost suppresses the variation of
the threshold voltage for body voltages up to 0. 5V. Finally, for a negative substrate bias,
a large shift of Vi can be obtained for negative values of body voltages (Fig. 6(c)). This
case corresponds to partially depleted SOI MOSFETs.

In moderately fully depleted devices, the depletion charge can be modulated for suffi-
ciently large Vi. because of the possible change of the potential barrier at the source/sub-
strate junction. The additional forward bias associated with the impact ionization current
induces a reduction of the potential barrier and depletion charge; as Ca becomes different
from zero (see Eqgs.(2—4)), it gives rise to a small kink effect (which is in fact propor-
tional to the reduced variation of the internal potential V1 close to the back interface). T his
reduced Vi shift has to be taken into account in order to obtain an accurate modeling of
moderately fully depleted MOSFETs'".

This means that these SOl MOSFETs are fully depleted for low drain biases, but for
large drain biases, the devices become partially depleted, due to a reduction of the deple-
tion charge. The physical difference between various devices is associated with the poten—
tial barrier at the source/substrate junction for small drain biases. The barrier is maximum
for partial depletion, minimum for strong full depletion, and between these two extreme
cases for a moderate full depletion which gives rise to a moderate kink. This kink effect

can in fact be modulated by the degree of depletion of the Si film.
Parasitic Bipolar Action:

Another floating body effect is the Parasitic Bipolar Transistor (PBT) action which
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can be observed for SOl MOSFETs in a certain voltage range. This PBT induces latch and

U4 As the kink effect, this parasitic

premature breakdown as compared to bulk Si devices
phenomenon is triggered by the impact ionization current (base current) which leads to an
internal forward bias of the (floating) base/emitter (thin Si film/source) junction of the
PBT. A large collector (drain) current ( base current X gain of the PBT) is thus created
giving a substantial enhancement of the drain current. This PBT action portends power-
consumption problems in SOI CMOS, hysteresis in the subthreshold characteristics and
eventually the loss of gate control.

Breakdown and latch phenomena have been reported for both N—and P-channel en-

[15—18] 1= .
For P—channel transistors, these effects are

hancement—and depletion-mode devices
attenuated by the lower impact ionization rate of holes.

The latch and breakdown phenomena can also be improved by optimization of the de-
vice structure. For instance, lightly doped drain and source regions are useful in order to
reduce the impact ionization near the drain (lower lateral electric field) and the gain of the
PBT by maximizing the recombination in the source (emitter) region''®. Another possibil-
ity is to fabricate a dual source SOI MOSFET'""”, where the source region is an n* over p’
structure (for N-channel), both regions being contacted by the same spiked aluminium
electrode. In this transistor, the buried p* region collects the holes created by impact ion—
ization near the drain, thus eliminating the PBT. In fact, this structure acts as a body con—
tact without increasing device area. Other possibilities are the silicidation of the source re-

S 120 . . : .
%" bandgap engineering using a SiGe

gion in order to decrease the gain of the PBI
source”", localized lifetime killing (away from the source and drain regions)'*”, and re-
duction of the supply voltage if allowed by system constraints.

The latch and breakdown phenomena associated with the parasitic bipolar transistor
action are temperature dependent. Figure 7 presents a typical off-state (V.= 0) breakdown
for a thin-film (80 nm) LDD SOI n-MOSFET as a function of tempemtureI AL 300K, a
conventional breakdown is observed at low drain bias (< 4V), unlike at liquid nitrogen
temperature w here breakdown is avoided for Vi below 6V. Similar improvements are ob-
tained for the latch phenomenon in the [4( V) characteristics. These considerable advan-
tages at low temperature are attributed the variation of the gain of the bipolar transistor.
Indeed, the PBT gain B decreases quasi-exponentially with reducing the temperature ( g
exp(— AE./kT)). due to the difference in bandgap AE. between emitter (source) and base
(thin Si film).

For the same reason, at high tempature the bipolar action is substantially accentuat-

ed, leading to high gain and leakage current (Fig. 8'*").
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FIG.7 Off-State Breakdown ( V= 0) at 300 and 77K
for n=Channel T hin—+Film Depletion-mode SIMOX
MOSFET (tsi= 80nm, W= 40um, L= 0.8um)

FIG. 8  Gain of Parasitic Bipolar Transistor as
Funetion of Drain ( Collector) Current for

Various Temperatures up to 300°C

Noise:

Flicker noise in microelectronics devices, observed at low frequency with a variation

inversely proportional to the frequency (1/f). is very harmful for analog applications. It

is attributed to carrier mobility or carrier number fluctuations. When the drain current

noise is proportional to the transconductance squared or inversely proportional to the drain

- . . 24—
current, it is concluded that the carrier number fluctuation model'

" or the Hooge mo—

bility fluctuation model'™”, respectively, is valid. In MOS transistors, the main fluctua-

tions are due to dynamic exchange of channel carriers with interface or oxide traps ( carrier

10
™
x
: 10" N Channel-FD
= =100z
g 7= 300K

10 Pg=1.7V

o 1

i i 2 3
Pyl V
FIG. 9 Experimental Drain Current Noise

as Function of Drain Voltage. for Various
Back Gate Biases ( N-Channel Thin Film
(80nm) Enhancement-Mode SO1 M OSFET)
A Kink effect and an excess noise is obtained
when the device is partially depleted (Vg2=

- 10V).

number fluctuations) .

In SOI MOSFETs, supplementary fluctuations
are obtained owing to floating body effects. For a thin
film fully depleted transistor, a conventional drain cur—
rent noise (bulkdike) is obtained as a function of V4
(Fig.9). However, when a negative bias is applied to
the substrate (back gate), the device becomes partial-
ly depleted (accumulation of the back interface) and a
kink effect is obtained leading to an excess noise
around the kink (Fig. 9 with V= - 10V)"™ . This
excess noise can be attributed to the dynamic trapping
of carriers created by impact ionization in the Si layer
or at the interfaces of the SOI structure.

Another floating body effect, the parasitic bipolar

transistor action which can be observed in both partial-
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ly and fully depleted SOI MOS transistors, also

5

1 .
.. . . Reverse -1 -Scan Larch (1= 3.3V)
leads to an original low frequency noise behavior. e !
The noise measurements are shown in Fig. 10. e R -
! Fy=3 <
For small drain current, below the threshold of 5| Withoutlaich -3
the parasitic bipolar transistor, similar noise = oL .
magnitudes are obtained for the various Va val- %= jpoL N Channel
' i S = F=10Hz
ues. However, for large /4, the PBT regime is ol £ =0.7um Torward-l "
| w=aqopm  Lateh (1= 3.35V)
reached for a sufficiently high drain bias (Va=3. [ R T S S S
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3V) leading to a significant increase of the noise. Iy IA

Similar results for the drain current noise are ob-

tained in the case of forward=(Va= 3.35V) and FIG.10 Normalized Drain Current Noise vs Drain
T IrTe - J N a ) T r - -

reverse ( Va= 3. 3\;) —V .~scan ]‘dlchlml. Current for N-Channel Partially-Depleted S01

MOSFET (tsi= 100nm, texi= 4. Snm, tw2= 80nm)

This excess noise is attributed to supplemen- o )
.'\ n excess nose 1s [II)H"]'\"(“.‘] mn ll](" |erS(-!11('(-‘_ llf ]]lll!]

tary fluctuations associated with the impact ion- forward—and reverse—V e—can latch.
ization ( generation) and carrier capture in the

SOI layer (recombination). Note also that the impact-ionization current leads to a biasing
of the base of the parasitic bipolar transistor, and further fluctuations can be caused by the

PBT carrier transport between emitter (source) and collector (drain).

4 Self-Heating Effects

SOI MOSFETSs suffer from self-heating effects conveyed by the low thermal conduc-
tivity of the buried oxide. At high power levels, one observes the onset of negative output
conductance in the saturation region'"'". This behavior is mainly attributed to the reduction
of the mobility with increasing channel temperature by Self-Heating(SH). However, other
device parameters (threshold voliage, saturation velocity, etc.), have to be taken into ac—
count for accurate modeling. Self-heating also leads to an increase of the interconnect tem-

perature which is critical for electromigration
[ESLH]

= Lol 4 Bulk ya considerations. The excess temperature in the Si film
O/, =4Inm 7 =10/0.3

2 sk © r=78mm (.= 36inm| can be expressed as

g Q ¢ =17Tnm

Z 100 AT = RulaVa (5)
Z 80 where Ru is the thermal resistance, and [4V4the device
T ool

£ power.

Z g} .

T L A Figure 11 shows the measured channel temperature

202 4 6 8O0 1214

. . . . 1321 m
Device Power/mW versus device power for varying film thickness ™. The

temperature rise is proportional to the power, and is
FIG. 11 Enhancement of Channel much larger in a SOI device than in a bulk Si transistor.
Temperature with Increasing Device Power As the silicon layer is thinner, the channel temperature

for SOI Devices with Varying Si Film substantially increases. The channel temperature is also

Thickness . . . . . . .
Hene raised with increasing the buried oxide thickness and the
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channel-metal contact separation' ™.

The reduction of this important parasitic effect in
SOI technology may require the device structure as well as the film and buried oxide thick-
nesses be optimized. Fortunately, reduced self-heating effects are obtained under dynamic
operation.

A thorough analysis of this phenomenon has been carried out. Figure 12(a) shows
typical output characteristics obtained for various back gate bias, Vi, for a FD Unibond-
SOI MOSFET (tsi= 40nm, W /L= 25/0.8 um/um). In order to investigate the influence of
the back-gate on the self-heating effect, the variations with drain voltage of the normalized

. . . Af: 1: max — ]. . . 5
drain current change Al4/limax, which is expressed as I3 _! = 1[1 - ', is shown in Fig. 12

(b). Note that Al4/Tan decreases when the back interface is accumulated (V.2< 0 for N-
channel). Indeed, in this partially depleted case, the threshold voltage V:is more sensitive
to temperature because of the possible variation of the maximum depletion charge. Then,
when the self heating is accentuated., Vi decreases (higher temperature) which induces an
improvement of the drain current (reverse self-heating effect) and compensates the carrier

133

mobility reduction'™. This feature is confirmed by 2D simulation and modelling.

12

() e . 307 [ihy w =0V
~ 10k P et N Fgo =10V /
2 ! L2 pa0tt . :
— 8r 7 4
2 6f
Z 4t .
= | F eeea Fg: =0V
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FIG. 12 (a) Typical Qutput Characteristics fa( Va) and (b) Variations with Va of
Normalized Drain Current Change for Various Back-Gate Bias for N-channel Fully

Depleted Unibond SOT MOSFET

Indeed, in Figure 13, the theoretical difference between /4. without self-heating and
I with self-heating (Ala) is plotted versus the drain voltage for PD and FD devices, and
also FD structure for which the SiHilm becomes partially depleted at high temperature. In
agreement with the experiment, the SH effect in PD SOI-MOSFET s is lower than that ob-
served in FD ones. Moreover, with increasing temperature, a fully depleted structure may
become partially depleted. In this case (FD- PD, Fig. 13), for a drain bias up to 3V, the
Ala( Va) characteristic is given by the FD structure, and for a upper drain voltage, the
drain current is calculated by the PD device model which leads to a decrease of Alai com—
pared with the FD model' ™. Tt is worth noticing that similar behaviors have been obtained

by simulation using a 2D device simulator.
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FIG. 13 Difference Between [aw Without SH and [
with SH (alal) vs Vafor PD (Na= 10%em™ %, Vi=
4V), FD (Na= 7X107em™ 3, Vi= 3.75V) and FD- PD
(Na= 7X10%em™*, Vo= 3.75V) SOI Devices Obtained
by the Analytical Model (Le= 0. 7pm. W= 10pm. ti=
40nm. tex1= 4. Snm. tes2= 380nm)

For the fully depleted structure, the Sidilm doping is

{}.4M
0.3 /4‘4
0.2

—o-with SH,LC
0.0F ——with SH,SC
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2 . . :
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FIG. 14 Difference Between [ Without Self Heating
and Jasa with Self Heating ( Ala) vs Vafor long (Lg= 0.

Tum, Vg= 3V) and Short (Lg= 0. lpm, Ve= 5V) Chan-
nel Fully Depleted SOI Devices ( Na= 107em™ 3, W=

10um, t:i= 40nm, tex1= 4. Snm, tox2= 380nm)

—[O-—With SH. LC: Long channel SOl MOSFET with
self-heating effects
—A—With SH, SC: Short channel SOI MOSFET with
self-heating effects
—QO-—With SH. SC, ve: Short channel SOI MOSFET

with self-heating effects and taking into account a con-

the same as that for the FD- PD device, but in this last
case the variation of the depletion charge with tempera—

ture is taken into account in the modelling.

stant saluration \'H|n(‘ily with lemperature
——With SH, SC. Vte: Short channel SOI MOSFET
with self-heating effects and taking into account a con-—
stant threshold voltage with temperature

Finally, in Fig. 14, the modelling of SH in short channels has been carried out by us—
ing the drain saturation current equation with the v« model used in the numerical simula-

“. The saturation region is magnified for Long Channel (LC) and Short Channel

tion"
(SC) SOI MOSFETs in Fig. 14 for which the difference between drain current without SH
and Jaw with SH (Al4) is plotted versus the drain voltage. If a threshold voliage indepen-
dent of temperature is taken into account in the modelling, a greater SH is found compared
with a total dependence with temperature (It should be mentionned that the case of a con—
stant Viwith temperature cannot be simulated with the 2D numerical simulation). In short
channel devices as in long channel devices, the Vi variations tend to enhance [aa with in—
creasing temperature. When v. is independent of temperature, a reverse SH is underlined
(Ali< 0). Furthermore, SH effects in LC devices are greater than in SC ones owing to the
variations of y with temperature which are larger than the variations of v.u versus tempera-

ture (Fig. 14). This trend is also in agreement with the numerical simulation'*

5 Short Channel Effects in Various SOI MOSFET Architectures

Drain Induced Barrier Lowering (DIBL) and Charge Sharing (CS) effects, which are
the main short channel phenomena, are calculated as follows: AVi.— DIBL= V.(Va=

0.05V) = Vi(Va= 1.5V) and AVi= CS= Vi(Le= 0.5um) = Vi(Le= 0.05um). Very impor—
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tant results are shown in Fig. 15 for 0. 05um SOI

2
2;:: MOSFETs. The short channel effects ( DIBL and charge
= '5";//,///\;/’;# sharing) are strongly improved with reducing the Si film
AL ——DIBL doping down to very low concentration (<10"°cm™"). This
s e behavior is very different from that observed in bulk Si de-
NG It;""N ,- uml__fll” 10 vices for which large Short Channel Effects (SCE) would be

obtained for such dopings in the sub-0. 1lum range. The re-

sults ig. 15 ; a3 ¢ i i 88
FIG. 15 DIBL and Charge-Sharing sults of Fig are calculated for a 3nm gate oxide thickness

Effects as Function of Silicon Film @nd a 10nm Si film thickness. A further reduction of SCE
Doping for 0.05um SOI MOSFET (ts can be obtained by thinning the gate oxide and/or the Si
= 10nm. o= 3nm. o= 380nm)  Jayer (see below). By using these very low doping concen-
AVi= DIBL= Vi(Va= 0.05V) - V.
(Va= 1.5V): AVi= CS= Vi(Le=
0.5um) = Vi(Leg= 0.05um), Va=

trations, a dramatic reduction of the standard deviation of
the threshold voltage due to doping fluctuations will also be
i P obtained. Furthermore, in the case of ultra-thin Si films
50mV, where Ly = effective gate
and very low dopings, large drain current and very small

length.

leakage currents for a drain bias up to 1. 5V have been ob-
tained for 0.05um SOI MOSFETs. This device architecture allows to obtain a better con-
trol of the potential and charges in the active Si layer.

In SOI devices, it is also possible to use the substrate bias as a back gate. When the
back Si film/buried oxide interface is accumulated, by applying a negative voltage on the
back gate of a N-channel MOSFET, a substantial reduction of the DIBL effect is observed
(Fig. 16) . This accumulation of the back channel allows to enhance the potential control in
the thin Si film, thereby improving the DIBL. For the charge sharing effect, the influence
of the back channel accumulation is rather low (Fig. 17). Another possibility in SOT tech-
nology is the use of a double-gate control which induces a strong inversion in the whole sil-
icon layer for thin film transistors (volume inversion). This double—gate control leads to a
dramatic improvement in the DIBL and charge sharing effects (Figs. 16, 17). These advan-
tages are obtained together with very large driving current and very small leakage currents
for drain bias up to 1.5V in a wide Si film thickness range. For 0. 05um SOI M OSFETs,
the short channel effects ( DIBL and charge sharing) are reduced with decreasing the sili-
con film thickness (down to 5nm) whatever the architecture is (single gate and double gate
(Figs. 16, 17)). Besides, a reduced dependence on the silicon film doping is observed for
the double gate devices which is very interesting for the optimization of their electrical
properties. It should be mentioned that energy quantization effects are neglected in our
simulations because they are only significant for silicon film thicknesses lower than 5nm

which is the limit of our investigations' ™.
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FIG. 16 DIBL Characteristics as Function of Silicon
FIG. 17 Charge Sharing Effect Versus Silicon Film

Film Thickness {tesz= 380nm, texi= 3nm) for 0. 05um
Single Gate SOl MOSFETs with High Doping (Na= 5X

Thickness (tox2= 380nm, tea1= 3nm) for 0. 05pm Single
Gate SOI MOSFETs with High Doping (Na= 5% 107

10"em™ %, Vo= 0V), Low Doping (Na= 10X 15em™ 3
Ve2= OV), Back Channel Accumulation ( Na= 10%em™ ?,
Vez= = 40V), and for Double Gate SOI MOSFETs (Na

= 10%m™ *and Na= 5X107em™ * with Va= V)

em™ 3, Vea= OV). Low Doping ( Na= 10%em™ 2, Vez
0V), Back Channel Accumulation (N.= 10%em™ 3,
40V), and for Double Gate SOl MOSFETs ( Na=

Viz

10%em™ *and Na= 5% 107em™ * with Va= Vez)

It is also worth noticing that the electron temperature is reduced with decreasing the

Si film doping which is very interesting for long term device reliability

1361
. The lowest elec—

tron temperature has been obtained in the case of a double gate SOl MOSFET.

6 Reliability of SOI Devices and Materials

The substrate current, the gate current or the number

for a reliable analysis of hot carrier effects in
thin film fully depleted SOI MOSFETs. A
substantial reduction of the normalized gate
current is found for decreasing the Si film
thickness. 1D and 2-D simulations (in-
cluding the energy balance equation)'” show
that the inversion layer thickness increases
with reducing the film thickness in fully de-
pleted SOI transistors, which results in a de-
crease in the maximum electron temperature
(Fig. 18)".

Figure 19 shows the typical photon emis—
sion characteristics for a 0. lum thin film N-

channel SIMOX MOSFET ( measurements

of emitted photon can be used
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FIG. 18  Variation of Experimental Normalized Gate
Current as Function of Si Layer Thickness Compared
with  Simulated Inversion Layer Thickness and

Maximum Electron Temperature

with Hamamatsu hot-electron analyser PHEM OS-50). For a drain bias lower than 2.5V,

a conventional bell-shaped curve is obtained as a function of gate bias, as in the case of

substrate current characteristics. However, for higher Va, a substantial enhancement of
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the photon number N is observed for low V.. This behavior is correlated with the
threshold of the parasitic bipolar transistor (PBT) which is triggered by impact ionization
charging of the film body and can induce a latch phenomenon (loss of gate control). In
Fig. 20 is presented the variation of N versus Vi for various gate lengths (Va= 2.5V).
For the shortest SOl MOSFETs (L= 0.1 and 0.075 ym) the PBT regime is reached lead-
ing to a maximal photon emission for the lowest gate voltage, unlike the case of longer de-

vices with a traditional bell-shaped curve

10° 10
o o 6
107 ° ° ° 10"
. . A A A A A E <
2 oA - o ey
= o oo o o o N Fy= 2.5V
) * * g 1
£ 10 + * . £ 10 =0.075um
£ O e o1=2V  NMOS/SO) 5 o NMOS/SOI
< ot E!‘.\_l_g";_f{_,\' f,= 100nm 107F —A— /. =0.2um f.\f]f”“'"
I LR b S - S s
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v,/ v e/
FIG. 19 Gate Voltage Dependence of Photon Number FIG. 20 Gate Bias Dependence of Emitted Photon
. — . . “ ar as F +H sate 5 = 2 T J —
Nk for Various Drain Biases for a 0. 1 ym N-Channel Number as Function of Gate Length (Va= 2.5V, N

The typical degradation of the maximum transconductance after 10000s stress with
various biasing conditions is shown in Fig. 21 for a 0. lum gate length NM OS device. For
Vi=2.5V, the transistor aging increases with reducing the gate voltage. the maximal
variation being obtained for V= 0. For a lower drain bias (Vi= 2V), the worst case is ob-
served for Vi= Va/2'™"'. These results are in agreement with those obtained with photon e—
mission measurements ( Figs. 19, 20), and are due to the impact of the parasitic bipolar
transistor as a function of the applied voltages.

The influence of the gate length is exemplified in Fig. 22 for N-M OSFETs. T he maxi-
mal aging is reached for the lowest gate voltage in the 0. lum range, while the worst case
is obtained for intermediate value of V. for longer devices (similar variations of Vi have
been observed for Va= 2.5V)'™. These results are in full agreement with those of photon
emission (Fig. 20).

In order to find a reliable lifetime evaluation of the MOSFETs, the time-dependent
degradation laws have been thoroughly investigated. In previous works, many studies
have been performed for bulk devices but no detailed analysis has been previously present—
ed in the case of SOl MOSFETs. Figures 23 and 24 show the typical time-dependent
degradation for the maximum transconductance of a 0. 1 yum P-channel SIMOX MOSFET.
Two regimes are clearly highlighted in these figures, a power time-dependent law for a
short degradation time and a logarithmic time-dependent law for longer degradation time.

T his behavior is obtained both for a stress in the maximum substrate current (Vg= Va/2,
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Figs. 23, 24) and in the maximum gate current conditions. Similar laws are underlined in

the case of Vishift and are obtained for both Ve= Vu/2 and V.= Va conditions as well as for

. 39
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FI1G.23 Log-og Plot of Guma Degradation vs Stress FIG. 24  Semi-Log Plot of Guma Degradation vs Stress
Time with Stress Bias as Parameter ( Ve= Va/2) for Time with Stress Bias as Parameter ( Vge= Va/2)
PMOSFET Showing Power Law Showing Logarithmic Law

These various laws are used to calculate the maximum applied drain biases in order to
obtain a 10 years lifetime ( Vans) with various conditions (Fig. 25). Vama defined for Guma
degradation= 10% is enhanced with increasing the channel length (Fig. 25(a)). Vinw de-
fined by AVi= 100mV shows an original variation with scaling down the devices (Fig. 25
(a)). It raises with increasing the channel length for L.= 0. 2um (in the regime of the log-
arithmic law), and slightly decreases from L= 0. 2um to 0. 3um owing to the change of
the time-dependent law. It should be mentioned that Vaws for Ly= 0. 4pm is almost equal
to that of Le= 0.2um. A strong difference of Vimu is obtained between the two definitions
of the lifetime ( Guma or Vi degradation) in the case of long channel devices. On the other
hand, this difference is very small in the 0. lum range'"".

The comparison between a degradation at Ve= Va/2 and V= 0 shows that the worst

case is obtained in the parasitic bipolar regime (V¢~ 0) only for gate lengths larger than
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0.3um (Fig. 25(b)). Therefore, the BPT action is not
harmful for MOSFETs in the 0. lum range.

Another important issue is the choice of the SOI
material for the fabrication of ULSI circuits. Two major
SOI materials, the SIMOX one (obtained by oxygen im—
plantation at high dose and energy — or medium dose
which gives the so—called< low dose SIMOX )) and the
Unibond one ( realized by the smart-cut” technique
which combines both hydrogen implantation and wafer
bonding) ., have been studied. Stresses during the back
channel operation are performed for both FD Unibond
and SIMOX devices in order to directly compare the
BOX quality (Fig. 26). A similar Gume degradation is
obtained for two devices, but the Vi shift of NMOS/U-
nibond is very small in both oxides as compared to that

of SIMOX transistors. Consequently, Unibond MOS-

Drain Voltage to Obtain 10 Years Lifetime
FETs have higher hot-carrier immunity than SIMOX
[41.42]

(a) from Gumsx Degradation= 10% and AV,

= 100mV for N-Channel SOI MOSFETs ones

(Stress Ve= Vasz). (b) from Guma Degra—

7 Conclusion

dation and a Comparison Between a Stress

at Ve= 0 and Ve= Va/2.

S01

submicron

the the subthreshold operation and the driving
current can be significatively improved by us-
ing the flexibility of the SOI structure as com—
pared to bulk technology. The main special
floating body phenomena have also been criti-

cally reviewed and solutions for reducing these

MOSFETs

oughly investigated. It has been shown thal

have been

The performances and physical mechanisms in deep

thor—

10 Stress
Fy=35V. Fg:= 1
|

FII NMOS/SOI
IL=10 3l

Device Degradati

SIMOX, | .
Unibond

Front Channel STMOX Unibond
Back Channel

parasitic effects have been given. For the ulti-

mate integration of silicon, down to deep sub-
0. Ium gate length, the substantial reduction

of short channel effects in ultra-thin film and/

FIG.26 Comparison of Device Aging Between FD
SIMOX and FD Unibond N-MOSFET s
Stress performed during back channel operation. Vi

shift was measured with depleted opposite interface.

or double gate SOI devices is a key advantage.

Finally, it has been pointed out that the long— term reliability of SOI transistors can also

be optimized.
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