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Abstract: In the present work, we have investigated the performance of ground plane and strained silicon on FDSOI MOSFETs. The

2D ATLAS simulations are done and the simulation model is validated with previously published experimental results. The transfer
characteristics, DIBL, Vt, lon and loff of all the structures are analyzed for 25 nm and 32 nm gate length. The effect of body thickness
on device performance is also evaluated. Strained device offer higher drive current, but increases the leakage current. We have applied
the ground plane to reduce the leakage current. The DIBL is higher for the strained device. DIBL in GPS and GPB structures (strained
and unstrained) is almost same, and is lower than conventional FDSOI structure. The FDSOI devices have the lowest threshold

voltage as compared to the GP and GPB devices, with GPB offering the highest Vt. The drain current is observed to increases almost
linearly with body thickness. The deployment of ground plane and strained silicon on FDSOI MOSFET shows promise to substitute
conventional MOSFET for high speed and low power applications.
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Primerjalna ocena FDSOI MOSFET-ov z masnim

slojem iIn na osnovl napetega silicija

lzvlecek: V ¢lanku predstavljamo rezultate raziskav lastnosti masnega sloja in napetega silicija na FDSOI MOSFET. Simulacije so
opravljene z 2D ATLAS simulatorjem in preverjene z rezultati prejsnjih raziskav. Analizirane so prenosne karakteristike, DIBL, Vt, lon in
loff za dolzine vrat 25 nm in 32 nm. Prav tako je obravnavan vpliv debeline elementa na njegove lastnosti. Elementi z napetim silicijem
omogocajo visje krmilne tokove, a imajo hkrati tudi vecji uhajalni tok. Za zmanjsevanje uhajalnega toka je dodan masni sloj. DIBL je visji
ob uporabi napetega silicija. DIBL pri GPS in GPB elementih je enaka in nizja kot pri klasi¢nih FDSOI strukturah. FDSOI strukture imajo
najnizjo pragovno napetost v primerjavi z GP in GPB elementi. Ponorni tok se linearno povecuje z debelino substrata. Uvedba masnega
sloja pri FDSOI MOSFET nakazuje moznost njihove uporabe pir hitrih aplikacijah z nizko porabo.

Klju¢ne besede: FDSOI; napet silicij; masni sloj; DIBL
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1 Introduction

consumption overshadows the inherent advantages

The performance of conventional MOS transistor is of SOI. The fully depleted (FD) SOI transistor came into
degraded by short channel effects in the sub-100 nm manufacturing mainstream by 2008 [1]. According to
regime. In such a scenario, the Silicon-on-Insulator France-based Soitec, almost all semiconductor com-
(SOI) technology come forward to become the next panies have either switched to SOI or are consider-
driver to continue the Moore’s Law. SOI has proved ca- ing it for current and future devices. While IBM, AMD,
pable of providing increased transistor speed, reduced Sony Group and Toshiba have adopted SOI for the cell
power consumption and enhanced device scalability processor, Philips semiconductors has been using SOI
as demanded by the today’s era and beyond technol- for high voltage ICs. Freescale and ST Microelectron-
ogy generations. Today, however, the ever increas- ics have also begun to use SOI wafers. Several device
ing demand for small size, high speed and low power based on SOl varying from single gate to multiple gate
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structures have evolved and are in the stage of being
researched [2].

Although SOI technology is widely used by the chip-
makers, at smaller gate length (below 50 nm), its per-
formance is degraded by short channel effects (SCE).
For short gate lengths devices operates under very
high traverse electric fields, which continue increases
with scaling. The increase in the vertical electric field
severely degrades silicon channel mobility [3]. Many
device level techniques has been adopted to reduce
the SCE's like- Thin body FD SOI with raised source and
drain, graded Channel FDSOI, Metal gate FDSOI, Buried
insulator Engineering, Ground plane FDSOI MOSFET,
multiple gate FDSOI MOSFET , etc.

For the mobility enhancement, innovations in device
design are required to keep up the device perfor-
mance. In this regard, silicon has attractive feature,
which boosts the device performance. Most of the
semiconductor companies like Intel and Texas Instru-
ments have switched to strained silicon based devices
for mobility enhancement [4]. In fact, now, Silicon on
Insulator (SOI) and Strained Silicon are the two key driv-
ers of CMOS scaling.

In this paper, we have studied the effect of ground
plane and strained silicon on FDSOI MOSFET. Ground
plane is the highly doped P-type semiconductor in
NMOS case and highly doped N-type semiconductor
in PMOS. Ground plane is used for grounding the elec-
tric field lines originating from drain due to high drain
bias. Ground plane act as a collector of the drain electric
field lines, thereby reduces DIBL. Two types of insertion
techniques viz. GPS (Ground plane in substrate) and GPB
(ground plane in BOX) are possible. The GPB structure is
more effective when the distance between the GP and
the drain is small as compared to the channel length. In
GPS structure, the BOX thickness should be kept as small
as possible to reduce leakage current. To minimize the
leakage current, GPB structure is preferred [5].

Strain in silicon channel can be introduced either dur-
ing processing known as process-induced strain or
from the bottom by growing silicon on top of a crystal-
line template typically silicon with 20 % or more ger-
manium content, known as substrate-induced strain.
In this work, we use the substrate-induced strain. The
most effective way to introduce high tensile strain to
the channel is to epitaxial grow strained silicon on a
relaxed silicon germanium (Si-Ge) layer [6]. There is
no doubt that Strained silicon helps in increasing the
ON current, but it also significantly increases the leak-
age current (OFF current), which degrades the device
performance. To decrease the leakage further we im-
plied the concept of Ground plane in strained devices
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to optimize the device for low power and high-speed
applications.

In this work, we have compared and analyzed the de-
vice performance of FDSOI, FDSOI-GP, FDSOI-GPB,
Strain-FDSOI, Strain-FDSOI-GP and Strain-FDSOI-GPB
MOSFETs. We have proposed new device, in which
strained channel and ground plane, both device level
techniques are incorporated in the same structure. This
structure is the optimized structure of strained silicon
and ground plane. The transfer characteristics, DIBL, v,
I, and | of all the six structures are analyzed for 25 nm
and 32 nm gate length. The effect of body thickness on
device performance is also evaluated. In Section 2, the
device structure of all devices is discussed. In Section
3 the simulation framework and model calibration is
discussed. Section 4 presents the result and discussion.
Finally, section 5 concludes the paper.

2 Device Description
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Figure 1: Physical structure of FDSOI devices (a) conven-
tional FDSOI, (b) FDSOI-GP, (c) FDSOI- GPB, (d) Strained
FDSOI, (e) Strained FDSOI-GP, (f) Strained FDSOI-GPB
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Fig 1 shows the six different FDSOI device structure i.e.
Conventional FDSOI (FDSOI), FDSOI with ground plane
in substrate (FDSOI-GP), FDSOI with ground plane in BOX
(FDSOI-GPB), strained FDSOI (Strain FDSOI), strained FD-
SOI with ground plane in substrate (Strain FDSOI-GP),
Strained FDSOI with ground plane in BOX (Strain FDSOI-
GPB). All the devices are analyzed at 25 nm and 32 nm
gate length. Gate oxide thickness of 2 nm has been
used. The source and drain regions are doped with
the concentration of 10" cm, have an abrupt doping
profile at source and drain ends. For conventional FD-
SOI BOX thickness of 50 nm and substrate thickness of
70 nm is used. Substrate has been taken intrinsic and
channel has lightly doped with P-type semiconductor
to adjust the threshold voltage. Ground plane is made
by the P++ type doping in NMOS for the two structures
of ground plane are discussed in this work, Ground
plane thickness is taken as 5 nm in both the cases.

The strained SOI structure is designed using the sub-
strate induced strain i.e. biaxial strain. Strain induced by
placing the Silicon Germanium layer under the device
silicon layer. The proportion of germanium in (Si-Ge)
alloy and the thickness of the (Si-Ge) layer are the main
factors that control the strain in the channel. We have
used 20 % of germanium and 80 % of silicon and thick-
ness of silicon germanium layer is 22 nm.

3 Simulation model calibration and
experimental comparison

The 2D simulation were carried out by using ATLAS
device simulator incorporating the concentration de-
pendent mobility model and electric field dependent
carrier mobility model with velocity saturation. Shock-
ley-Read-Hall recombination/ generation with doping-
dependent carrier lifetime, and Auger recombination
were included in the simulation to account for leakage
currents. For numerical iteration Gummel numerical
solution procedures is used along with the Fermi Dirac
carrier statistics to obtain an improved initial guess for
Newton solution scheme. The Gummel iteration meth-
od is generally used for the SOI. Watt mobility model is
also used with suitable modification in the saturation
velocity of the electrons for considering best mobility
approximation In the presence of heavy doping, greater
than 10'® cm3, experimental work has shown that the pn
product in silicon becomes doping dependent. As the
doping level increases, a decrease in the bandgap sepa-
ration occurs, where the conduction band is lowered by
approximately the same amount as the valence band is
raised. To deploy the strain in the simulation we used the
strained silicon low field mobility model [7].
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Figure 2: Experimental [8] (symbols) and simulated
(solid lines) transfer characteristics for FDSOI-GP at V_
=1V

In this section, we have simulated the fabricated
Ground Plane FDSOI structure of ref [8] and calibrated
our simulation model by comparing the simulation
with the experimental transfer characteristic. Fig 2
shows a very good agreement between the experi-
mental [8] and simulated transfer characteristics of
FDSOI-GP device, validating our simulation model. Post
validation extensive simulation of the FDSOI, FDSOI-GP,
FDSOI-GPB, Strain FDSOI, Strain FDSOI-GP, and Strain
FDSOI-GPB is done to analyze the effect of gate length
and body thickness on the device performance.

4 Results and Discussion

Fig. 3 shows the electric field contour of the FDSOI, FD-
SOI-GP, and FDSOI-GPB structures. In Fig 3(a), conven-
tional FDSOI have large number of electric field lines
passing through the channel body, hence the drain to
substrate leakage is high in this structure. Whereas, in
FDSOI-GP and FDSOI-GPB ( fig 3(b) and 3 (c)) compara-
tively less electric field lines pass through the channel,
thereby reducing the leakage due to the addition of
ground plane in conventional FDSOI structure. The GPB
structure has the lowest leakage in all the above men-
tioned structures due to the reduced distance between
the channel and the ground plane [5].

Fig 4 shows the transfer characteristics for a 25 nm (Fig
4a) and 32 nm (Fig 4b) length device. On reducing
gate length from 32 nm to 25 nm the drain current is
obseved to increases for all devices. The fact that the
drain current is able to sustain its increase is thanks to
the increasing drain velocity at the drain side of the de-
vice. On-state current, /_, defined as the current at vV,
= 0.8V when the gate length is 25 nm and V_, = 25 nm
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Figure 3: Electric Field Contour for FDSOI Devices ex-
tracted from ATLAS device simulator at V=V, =1V
(a).Conventional FDSOI, (b). FDSOI-GP, (c). FDSOI-GPB

for 32 nm gate length, it is greater in strained channel
devices then devices without strain in channel because
application of biaxial strain to the channel increases
the mobility of the charge carriers and increased mo-
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Figure 4: Transfer Characteristics of the FDSOI, FDSOI-
GP, FDSOI-GPB, Strain-FDSOI, Strain-FDSOI-GP and
Strain-FDSOI-GPB devices. (a) For gate lengths of 25 nm,
(b) For gate length 32 nm. The drain voltageV, = 1V.

bility directly enhances the drive current.[9] The /_is
inversely proportional to gate length and it increases
as gate length decreases.

The benefit of adding strain is visible at both the gate
lengths.The | is highest for FDSOI devices followed by
GP and GPB for both stained and unstrained devices. In
GPB structures, the current drive capability of the tran-
sistor is less as the active region is much closer to the
ground plane.

From figure 5, it can be seen that the off state leakage
current (/) defined as the drain current at zero bias.
This leakage current is less in GP structures because
the highly conducting surface (ground plane) acts as
a barrier for electric field and shields the fringing elec-
tric field lines from drain to channel. The leakage cur-
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Figure 5: Subthreshold Characteristics of the FDSOI, FD-

SOI-GP, FDSOI-GPB, Strain-FDSOI, Strain-FDSOI-GP and

Strain-FDSOI-GPB devices. (a) For gate lengths of 25 nm,

(b) For gate length 32 nm. The drain voltage V, = 1V.

rent is lowest in case of GPB structures because in this
structure the active region of the device comes closer
to ground plane region[5], reducing the drain induced
electric field [5]. The leakage current is significantly
larger for the device with channel under strain. To re-
duce the leakage current in strained FDSOI further we
apply the ground plane, and it reduce the leakage cur-
rent upto some extent.

In short gate length (L) devices the threshold voltage
(V)isa function of drain to source voltage v,) leading to
Drain Induced Barrier Lowering (DIBL). As L reduces, the
drain depletion region comes closer to the source deple-
tion region and finally the field is penetrated. The lowered
potential barrier at the source increases the injection of
electrons by the source over the reduced channel barrier,
due to which V, is shifted. To find the DIBL, we have to
first calculate the threshold voltage as the gate voltage at
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which the drain current =6 (W/L) nA, where width, W of
the device is taken as 1 um. DIBL short channel effect is
calculated by the

AV,;, _ (Vthl_V;hz)
AVds (Vdsl - de2 )
where, V

IS threshold voltages extracted at drain bias
of V., ,=0.1V andV,_is threshold voltages extracted at

th2

drain biasof V,_=1.0V

DIBL =

)

Fig 6 shows the DIBL of all the devices under consid-
eration having gate length of 25 nm and 32 nm. It is
observed that DIBL increases with decreasingin L . The
degradation in DIBL with L is due to the interaction
of drain and source side depletion regions with each
other near the channel surface to lower the source
potential barrier. When a high V, is applied to a short
gate length device, it lowers the barrier height, result-
ing in further decrease of the V.. It is known that DIBL
in ground plane devices is dependent on the distance
between the channel and the ground plane [10]. If this
distance is reduced DIBL will also reduce due to the
effect of grounding the electric field lines originating
from channel at high drain voltage. DIBL of GPS and
GPB structure is almost same (Fig 6) because the dis-
tance of the ground plane from the channel is same in
both the structures.
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Figure 6: Comparison of DIBL for the FDSOI, FDSOI-GP,
FDSOI-GPB, Strain-FDSOI, Strain-FDSOI-GP and Strain-
FDSOI-GPB devices at gate lengths of 25 nm and 32 nm.

The strain causes the band gap (Eg) reduction that de-
creases the silicon work function (Fermi level decreases
due to the increase of the intrinsic carrier concentra-
tion), which consequently affects the depletion region
at the drain/channel junction, increasing the DIBL [11].
The DIBL for all the strained device is observed to be
higher than unstrained devices. The DIBL for GPS and
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GPB structures (stained and unstrained) is almost same,
and is lower than conventional FDSOI structure.

The variation in threshold voltage for all devices for 25 nm
and 32 nm gate lengths are shown in Fig 7. The V, re-
duces with decrease gate length because of V, roll-off
effect. The FDSOI devices have the lowest V, as com-
pared to the GP and GPB devices. The V, of GP and GPB
devices is almost same, with GPB having slightly high-
er V, as compared with GP device. The ground-plane
keeps the electric field lines from propagating into the
channel region, which helps to improve the SCE. The
blocked field leads to increases in the threshold volt-
age. The application of strain reduces the threshold
voltage [9].
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Figure 7: Comparison of Threshold Voltage for the FD-
SOl devices at gate lengths of 25 nm and 32 nm. (a). Un-
strained FDSOI, FDSOI-GP, FDSOI-GPB (b). Strain-FDSOI,
Strain-FDSOI-GP and Strain-FDSOI-GPB

The strained Si/SiGe devices have negative threshold
voltage. Negative threshold voltage is due to the lower

78

conduction band edge in the strained Si than that in
SiGe. The band gap narrowing is larger for biaxial strain
as the valence band edge is shifted more. The threshold
voltage decreases with increase in Ge content because
of decrease in flatband voltage, decrease in source-
body/drain-body build in potential [12].

The transfer characteristics of the conventional FDSOI
devices as a function of body thickness are shown in Fig.
8a (for Lg=25 nm) and Fig.8b (for Lg=32 nm). It is ob-
served that the drain current increases almost linearly
with T.. For body thickness less than 3nm, the quantum
mechanical effect start to dominate and degrades the
device performance. The threshold voltage V) decreas-
es as T increases and short channel effects comes into
existence. The scaling of the T region increases the dis-
tance between conduction band (EJ) and ground state
eigen energy due to which carriers goes into the higher
energy subband, fermi level is also moves towards
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Figure 8: Transfer Characteristics of the FD SOI de-
vices as a function of body thickness. (a) Lg= 25 nm,
(b) Lg= 32 nm. The drain voltage V,=1V
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ground state eigen energy, due to which V, increases.
The peak values of drain current for the 25 nm device
is 448 YA ( Fig 8a.) and for 32 nm device is 58.9 pA (Fig
8b). These values are also shown in the table (Table 1).

Table 1: l, and |« of the FDSOI, FDSOI-GP, FDSOI-GPB,
Strain-FDSOI, Strain-FDSOI-GP and Strain-FDSOI-GPB
devices at gate lengths of 25 nm and 32 nm.

Ioff (nA)

FDSOI 356 45.2 50.7 12.1
FDSOI-GP 287 28.1 40.5 11.3
FDSOI-GPB 233 25.1 34.5 10.8
FDSOI 2750 97.9 231 0.418
FDSOI-GP 2610 94.7 172 0.216
FDSOI-GPB| 2530 64.2 134 0.205

5 Conclusion

Effect of ground plane and strained silicon on FD SOI
MOSFET (fully depleted Silicon on insulator MOSFET)
has been studied. | . reduced using FDSOI-GPS structure
as compared to conventional FD SOI MOSFET and it is
further reduced in case of FDSOI-GPB structure at two
gate lengths 25nm and 32nm.The leakage current is less
in GPB because in this structure the device region comes
closer to ground plane region. Hence, the drain induced
electric field reduced. In these structures, the current
drive capability of the transistor also reduces. To increase
the I = concept of strained silicon has been deployed.
The peak drain current in strained FD SOI structure is
2.750 mA as compared to 0.356 mA of conventional FD
SOl MOSFET for 25 nm gate length device. To decrease
leakage current, the concept of ground plane in strained
SOl structure has been introduced. The simulated result
shows that there is a reduction of leakage current by
using strained GPS FD SOl up to some extent. The DIBL
for all the strained device is observed to be higher than
unstrained devices. The DIBL for GPS and GPB structures
(strained and unstrained) is almost same, and is lower
than conventional FDSOI structure. The FDSOI devices
have the lowest V, as compared to the GP and GPB de-
vices, with GPB offering the highest V.). The drain cur-
rent is observed to increases almost linearly with T,
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