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Abstract: The subthreshold slope model of the Vertical Silicon-on-Nothing FET, extracted from the compact capacitance model, has been developed.
For short-channel effects modeling the voltage-doping transformation is used. The analytical model is verified by comparison to the two-dimensional
numerical device simulator, MEDICI, over a wide range of different device structures. Good agreement is obtained for channel lengths down to 50 nm.

Vertikalni SONFET: modeliranje podpragovne
tokovne karakteristike

Kjuéne besede: SONFET, vertikalni SONFET, naklon podpragovne tokovne karakteristike, modeliranje

lzvleéek: Razvili smo model podpragovne tokovne karakteristike vertikalnega tranzistorja SONFET ( Silicon-on-nothing FET ). Analiti¢ni model smo preve-
rili s primerjavo rezultatov dobljenih z dvodimenzionalno simulacijo s programom MEDICI. Dobili smo dobro ujemanje izracunanih in izmerjenih vrednosti

za dolzine kanala navzdol do 50nm.

1 Introduction

The scaling of conventional CMOS is approaching tech-
nological limits /1/, and the need for replacement device
architecture is growing. A possible alternative is the Sili-
con-on-Nothing (SON) technology /2/, where the epitax-
ial process is used for the formation of the sacrificial SiGe
layer and top Si layer for the active device part. The sacri-
ficial SiGe region is later removed below transistor chan-
nel and replaced by an insulating material, resulting in quasi-
SOl structure in the active region. However, the SON
MOSFET (SONFET) transistors are processed on bulk Si
wafers with reverse biased source and drain junctions to
the substrate. This eliminates one of the major advantages
of standard SOI technologies, which is the reduction of
parasitic capacitances. The SON technology can also be
transferred to SOl substrate, but with considerable increase
in process complexity.

The Vertical Fully-Depleted SONFET (VFD SONFET) is de-
veloped as a further evolution of the lateral SONFET /3,
4, 5/. The channel length of the vertical SONFET is de-
fined by the molecular-beam epitaxy (MBE), allowing the
channel-length reduction into the sub-30 nm region with-
out the need for high-resolution lithography. Furthermore,
standard bulk region underneath the buried oxide is elimi-
nated (Fig. 1.). The absence of the transistor bulk is a
unique property of the VFD SONFET, not present in either
bulk or SOI CMOS.

The subthreshold slope value is one of the key issues for
deep-submicrometer devices, with the target value of 60
mV/dec at temperature of 300 K. In this paper, we give an
analytical solution for the VFD SONFET subthreshold slope
based on the compact capacitive model in subthreshold
region. The voltage-doping transformation (VDT) is used
for short-channel effects modeling and the solutions are
verified in comparison to the results of two-dimensional
device simulator.

2 Modelling

2.1 Capacitive model in subthreshold
region

The analytical solution for subthreshold slope is based on
the capacitive model in subthreshold region (Fig. 2.). The
compact capacitive component model for the VFD SON-
FET operating in accumulation, depletion and inversion
condition is presented in /6/.

Intrinsic capacities include the capacitance of the deplet-
ed silicon body Csjg, gate oxide capacitance
Cceox=kacoxLefi/tcox, and buried oxide capacitance Cpox:

Coon = 2Kn0x 1o 14 Lt ™
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Fig. 3. Equivalent capacitive circuit of the VFD SONFET
in the subthreshold region.
P substrate o . o ,
relation is given with an approximation by perpendicular
(a) planes. For the effective channel lengths that are tgox <
Lest/ 2 analytical relation is given:
D 2k t
C — BOX ln[1+ BOX j
ND pox 1 Lot T BOX (2)
IBOX \ Overlap, fringe and source/drain depletion capacitances
- are also included in Fig. 2, but do not have significant in-
g - fluence on the subthreshold slope. Equivalent capacitive
T @ Leﬁn.kp circuit of the VFD SONFET in the subthreshold region is
& i shown on the Fig. 3.
o Al NA Applying the Ohms law at each node, we calculate the re-
BOX ! lation between the front-gate surface potential st (inter-
face gate-oxide/Si-film) and the back-gate surface poten-
tial ys2 (interface Si-Film/BOX) /Fig. 1 (b)/:
N, 8
¥, ( )= V.-V s v
S ST a1 Coox +Csia )= Coox| Vo = Via + e +CsuY, (3)
GOX
b
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Fig. 1. (a) VFD SONFET structure cross-section, _ sid (4)
(b) VFD SONFET structure close-up. = Csox((VD Vg ¥ Vs =Vip)+ 20, +Cq, Y,

where Qsig=-qNats; is the depletion charge,
Veg1=VrAn(NgNa/ni?) is the top-gate flat-band voltage,
Vrs2=Vrn(Ns.pNa/n?) is the back-gate flat-band voltage,
and Vp and Vs are drain and source voltages, respectively.
With source voltage being zero (Vs=0), the following rela-
tions can be used: Vp+Vs=Vp=Vp-Vs=Vps. From the equiv-
alent capacitive circuit, the analytical solution for the gate
voltage Vg is extracted:

C.  2C
Vo =Vig + \le[l + PO ]+

Coox Csia +2Cpoy )

n gN it . 1 n 1 [ CsiiCrox _
Ceox Csa  Crox (Csui +2CB0X) (5)
% _y CyiiCrox Lo CyiaCrox
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Fig. 2. Capacitive model of the VFD SONFET in the 2.2 Two-Dimensional Effects: Voltage

subthreshold region. Doping Transformation
An elegant and compact solution for two-dimensional model
The buried oxide capacitance Cgox of the VFD SONFET is offered by the concept of Voltage-Doping Transforma-
has specific, two-dimensional properties and its analytical tion (VDT) /7/. VDT enables to account for 2D-effects into
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quasi 1D-analysis of the VFD SONFET. According to this
concept, the influence of the lateral field initiated by the
junctions is equivalent to a reduction in the effective chan-
nel area doping. The effective doping in channel area:

88:‘ 2I/D*S

(6)
q Lir

N, =N, -

Where
V;S =V +2(Vhi +¥,, _\Psl)i
(7)

iz'\/(Vbi +\I’x2_\PA'1XVDS +V +"P ‘P 1)

where Vps is the drain-source voltage, ypi=Vrn(NspNa/
n/) is the built-in potential. The back-gate surface poten-
tial sz is given:

gN 4t si Loy
VYo=—75" (8)

CBOX

The silicon body capacitance with short channel effects
(VDT) taken into account is therefore:

_do qNAtSzLeff
Y Y, -Y,

As the subthreshold slope is defined in the regime before the
onset of the strong inversion, the silicon body capacitance
C*s,; o Will be evaluated for the front gate surface potential:

Y, =Y, (inv)= 2¥, (10)

where yp=V7In(Na/nj) is the difference between Fermilevel
and intrinsic level.

CSz 4= (9)

2.3 Subthreshold slope model

Using the definition for the subthreshold slope as the gate
voltage variation needed for the change of one decade in
the drain current /8/ and applying the gate voltage solu-
tion (5) and the VDT approximation (6-10), the subthresh-
old slope follows as:

kT dv,

= dlog! (0) —

g P s1

_ln(10)~k_T. 1+ ZCSi,dCBoX (1)
= q C(;OX (C;d +2CBOX)

The complex influence of the VFD SONFET parameters
are combined in a simple form of (11) with second term in
the bracket being responsible for the difference from the
ideal S value of 60 mV/dec at 300 K. The scaling tenden-
cies are clear from the capacitance ratio, where Cgox
should be increased and C'sjq and Cgox decreased to
approach the ideal value.

3 Calculation and simulation results

In order to verify the accuracy of the analytical model for
the subthreshold slope, the calculated results are com-
pared to a two-dimensional numerical device simulator,
MEDICI /9/. Concentration dependent model for the low-
field carrier mobility and the velocity saturation mobility

model at high parallel electric field were used. Band-gap
narrowing in silicon and polysilicon, Shockley-Read-Hall
recombination and Auger recombination are taken into
account. The gate current was modeled by the Lucky-elec-
tron gate current model and the simulation temperature
was 300 K. The simulator does not include quantum ef-
fects. Focus of this paper is the device subthreshold char-
acteristics where the quantum effects are less pronounced
and the drift-diffusion model can be considered accurate.

The calculated and simulated subthreshold slope values
plotted against effective channel-lengths Lesr are shown in
Fig. 4. for different: (a) gate oxide thickness tgox, (b) gate
dielectric kgox, (c) BOX dielectric kgox, and (d) BOX thick-
ness tgox. The examined devices take advantage of the
fully-depleted structure and have an effectively undoped
channel for higher mobility. The range of effective chan-
nel-lengths investigated was between 288 nm - long chan-
nel case, and 22 nm - very short-channel. The simulated
structures in each plot varied only in the effective channel-
length with other dimensions and technological parame-
ters kept the same.

For the effective channel lengths down to 100 nm, sub-
threshold values are close to ideal values of approximately
60 mV/dec. Agreements between the values obtained by
the numerical simulations and analytical model are within
2 mV/dec (3%) for the channel lengths down to 50 nm.
For shorter channel lengths (<50 nm) the deviation of our
model is mainly due to the rough VDT approximation of the
effective doping in channel area N'4 and thus the calcula-
tion of the silicon body capacitance C’s;q4. As the channel
length is reduced the influence of the last term in relation
(11) becomes higher and more accurate modeling of C*s,;d
is necessarry.

The subthreshold slope can be improved by increasing the
value of the gate oxide capacitance Cgox, or by decreas-
ing the value of the buried oxide capacitance Cgox. If the
gate oxide thickness tgox is scaled down /Fig. 4. (a)/ or
the material with higher dielectric constant kgox is used
for the gate oxide /Fig. 4. (b)/ the characteristics show
expected improvements. The case of material with the lower
dielectric constant kgox used for the buried oxide /Fig. 4.
(c)/ also improves the subthreshold slope, as well as thin-
ner buried oxide thickness tgox /Fig. 4. (d)/.

4 Conclusions

The subthreshold slope model extracted from the com-
pact capacitance model of the VFD SONFET has been
demonstrated. It has been shown that the developed model
has high accuracy for channel lengths down to 50 nm and
can be extended even further with improvement of the volt-
age-doping transformation, which is used to account for
short-channel effects. With the simple processing of the
VFD SONFET, devices with very short gates can be fabri-
cated and the presented model used for the prediction of
the subthreshold behavior. The specific, two-dimensional
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characteristics of the VFD SONFET structure are accurately
described in the model and combined in a simple relation
for the subthreshold slope. This offers clear insight into
influences of different parts of the structure and can be
used to estimate the performance of scaled devices.
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