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Physical phenomena captured in a mathematical
model of p-NOI and NOI transistors

Cristian Ravariu, Dan Eduard Mihaiescu

Abstract—The scope of this paper is to establish a mathematical
model of the tunneling current between drain and source thru a
Nothing On Insulator — NOI transistor and its variants. Using the
first, second and third order derivatives of the analytical model,
aimed by the Non-linear Electrical Conduction Theorem (NECT),
new rigorously extraction methods of the threshold drain voltage is
presented. Finally, some validations of the exponential analytical
model by simulations are presented. Two distinct work regimes for
the NOI and p-NOI devices are established: strong and weak
tunneling.

Keywords—Electron devices; Mathematical model; Non linear
conduction; Simulations; Tunneling.

HE vacuum electronic devices are usually operated at high

voltages, more than 40V to control a non-linear current of
few micro- or nano- Amperes [1]. The paid price is an un-null
gate current that is specific to a triode, [1-4].

The Nothing On Insulator (NOI) devices are expected to
provide an almost null gate current, due to the bottom oxide
isolation, besides to an exponential  source-drain
characteristics, as previous work reveals, [5-8]. Working with
electrons in vacuum, the NOI device takes the advantage to
avoid the recombination processes from pin or MOS. So, it is
expected to get a fast switching property due to strong non-
linear current-voltage dependence. From this point, some
applications were previously presented, [6]. A related variant
is the planar-NOI or p-NOI, based on tunneling thru ultra thin
oxide regions instead vacuum, [9, 10]. Both vacuum NOI and
p-NOI possess strong non-linear drain-source conduction by
the Fowler-Nordheim (FNORD) tunneling law, [10]. The
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exponential law of the Fowler-Nordheim model was always
used in simulations, activating the FNORD parameter inside
the Atlas models. But an analytical model is missing or is
drafted, [11-13]. Therefore, the aim if this paper is to develop
a mathematical model of the drain characteristics, 1D-VD,
which must demonstrate this beneficial strong non-linear
conduction. In this scope, the final analytical model has to
obey to the Non-linear Electrical Conduction Theorem
(NECT), [14]. Using NECT mathematical tool, some knee
points of the ID-VD characteristics are rigorously defined in
this paper.

Il. PHYSICAL PHENOMENA

A. The NOI and p-NOI structures

A NOI predecessor was a device with a thinner p-film

connecting both Si, n* films, [7]. This prior device possesses
two conduction mechanisms: (i) by electrons confinement thru
thin p-type film and by a tunneling thru "Nothing" region, [8].
Then the p-type film was thinned down up to one atomic layer
and extremely up to "nothing" region between Si, n* films.
This "Nothing" zone with extremely low size becomes the
main device body, fig.1.a. It is a nano-space of 1 - 10nm
distance, d, which allows a single conduction way from source
to drain - by the vacuum tunneling.
A NOI completely differs from a SOI-MOSFET or SON [15]
with inversion channels thru a solid-state material and is closer
to a Tunnel-FET (TFET), [16]. The TFET conduction is based
on the Band-to-band tunneling thru the successive regions Si-p
/ Si-i / Si-n of a pin diode on insulator, [17]. The NOI
tunneling is based on the Fowler-Nordheim (FNORD)
tunneling thru a triangular potential barrier created by a nano-
space into an insulator, as tunneling thru the typical succession
Si-n* / Nothing / Si-n* on insulator, [18].

The horizontal implementation for a NOI transistor with
vacuum isn't still possible at the nowadays technological
resolution. Therefore we propose here the vertical p-NOI
variant. If Oxide (O) replaces Vacuum (V) and the metal of
drain replace the semiconductor drain island, a mOn
succession (metal/Oxide/n-Si) or p-NOI device results, based
on the oxide tunneling on vertical direction. The oxide
insulator can be deposited in Si-technology as ultra-thin film
of 2...10nm oxide. Therefore, the p-NOI variant is a vertical
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simplified NOI variant, with the advantage of simpler Si
integration and suitable for the same mathematical model.
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Fig.1. The NOI nanostructure with vacuum; (b) the planar vertical variant of
p-NOI with oxide.

The validation of the FNORD model is suggested by
the simulated energetic diagram from fig. 2 for NOI with
vacuum or p-NOI with oxide and the same size. For Vps
higher than 3V the source-drain energetic barrier gets a
triangular shape both for NOI and p-NOI variants. The
barrier width is x./10, where X is the cavity width, at
Vps=7V, allowing a strong Fowler-Nordheim tunneling.
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Fig. 2. The conduction band energy at Vs=0V, Vp=4V and Vs=-4V for NOI
and p-NOlI structures.

B. Any insulator cavity and p-NOI variant

Obviously, any insulator instead vacuum allows the same
FNORD tunneling, keeping similar sizes. A recent analysis
proved the FNORD tunneling thru the NOI with oxide that
means the succession: Si-n* / Oxide / Si-n*, as NOI(a) variant
with all similar features. This empowers us to extend the
theory to a related variant - the planar NOI, with the
succession: Metal / Oxide / Si-n*, as p-NOI(a) variant. This is
in agreement with the well-known theory of the MOSFET gate
tunneling by FNORD mechanism.

In conclusion, the next developed models obey to the
FNORD law, as the main conduction phenomenon in NOI
devices.

I1l. MATHEMATICAL MODEL

A. Fundamental model - FNORD

For small vacuum or oxide width X, the source-drain
tunneling probability is described by the Fowler-
Nordheim model, [11]:

o 4y2m; 432 . "
~expl ————
L= ep 307V ps

where m, is the electron effective mass, xs is the
semiconductor affinity for electrons in respect with the
vacuum, h=h/2n (h is the Planck’s constant), q is the
elementary electric charge.

Figure 3 presents the tunneling probability versus the
Vps voltage for different x. values: 2, 3, 4, 7nm. For
d=7nm, the probability is negligible under 30V, because
the triangle barrier approximation is no longer true, until
Vps Voltage reaches 30V.
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Fig. 3. Probability of tunneling thru a nano-cavity of X,
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Considering a potential barrier from semiconductor to
vacuum with a triangle shape for Vs=Vs=0 and Vp>0, and
assuming the applied electric field in  vacuum,
E =—gradV =~V /X, the tunnel current density for

electrons, Jey, is given by, [11, 19]:

JeNL = F.AE-EZexp[—F'—EBEj )

In Atlas, this model is activated by FNORD parameter. The
F.AE, F.BE expressions are depending on the Semiconductor-
Insulator potential barrier height, @s:

F.AE = A-pg* and F.BE =B-¢3'? 3)

where A and respectively B are the first and second Fowler-
Nordheim constants:

e
-2 -154.10 %AV Zev (4)
4-/2m”
=— V=" _6.83.10" cm v (eVv)%/2 (5)
Klel/}

where q, h, h, 7 are usual constants and m, is the electron
effective mass in semiconductor.

After previous considerations, the tunneling current It, can
be directly expressed versus the drain-source voltage:

VS -d
I, =a-—.exp AL (6)

d Vps

where the notations of more constants are
3 *
q 2m
a:yn+'zn+'h_2' X_sn U]
- 3gh

In our case, the drain current is: Ip=yz.Jgn, Where y and z
corresponds to the device size, [20]. For Si-n" material with
Yn=10nm, Zn+=10nm, results: 0=3.44-10A/mV/?,
p=22-10°V/m.

Considering X, as constant parameter, the variation of the
tunnel current I, versus the drain-source voltage Vps is
analytically studied. The tunnel current monotonically
increases with the drain-source voltage, accordingly with the
first order derivative study. But the tunnel current decreases
with the cavity width x., accordingly with its derivative:

: V2 )
|t(d):_a‘£.exp _M . £+i 9)
In this case x. >0 and Vpg>0 ensures a tunnel current

decreasing with the distance d, fig. 4.
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Fig. 4. Checking the ID-VDS increasing with VDS and ID decreasing with Xc.

Conclusion here: Analytical study reveals an exponential
drain current increasing with VDS. It is an ON/OFF switch
commanded by the VDS voltage. Also the VDST increases
with the xc value.

B. A specific model suitable for NECT applying

Due to the electrons tunneling through a triangle
potential barrier, the drain current is modeled

with:
B
15 (Vps ) = A-ViystVps - exp(— —j
DS
where A, B are constants depending on ys and
geometrical sizes of NOI, Vps is the drain-source voltage
and Vg is a constant model parameter, named threshold
drain-source voltage. The proposed model (10) is an
approximation of a physical model expressed by A, B
constants:
B J

DS

(10)

I5(Vps)=A-VpsVps - EXP( (11)

The new model (10) is suitable to the Vg vicinity. The
target of the approximated model (10) is to offer a
function with oblique asymptotes:
Ip =A-Vgst -(Vps —B) (12)

The simulated output characteristics, Ip-Vps, at
Vs=0.6V and Vgs=1V, seam to present a sub-threshold
conduction for Vps < 4V, fig. 5, black curves. Here, the

NOI transistor seems to present a drain-source threshold
voltage.
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Fig. 5. The ID-VDS characteristics for the NOI device biased at Vg = 0.6V
and 1V in black lines at the left side and the third order derivative values in
the right side.

A valuable tool in order to characterize a non-linear
conduction and to extract an accurate threshold point is
the Non-Linear Electrical Conduction Theorem NECT,
[14]. Accordingly with this theorem: for any nonlinear
electrical conduction function with asymptotic behaviors
at +oo, there is at least, a point where the third order
derivative gets zero value. The zeroing values have a
“threshold” value meaning.

The threshold voltage Vg can be extracted now by
numerical derivative of the simulated Ip-Vps curves by
Origin, fig. 5, red lines. The value Vg1 = 6.4V results
from the Iy”"” interception with the horizontal axis. This
parameter stands for a certain boundary between a weak
and strong conduction for the Ip-Vps characteristics.

IV. VALIDATIONS BY SIMULATIONS

Using a drain voltage, Vp > 2V or higher (e.g. Vp=3V,...,
Vps,=6V), the simulations provides Ip-Vgs curves
corresponding to a strong tunneling. When Vp < 2V (e.g.
Vp1=1V,..., Vps=0.6V), the device enter in a so called weak
tunneling regime, offering two firm states, [18].

The explanation is searched in the physical structure now.
The contour of potentials indicates the device bias in each
case: weak tunneling (fig. 6.a) or strong tunneling (fig. 6.b). A
negative gate voltage induces an inversion regime in the n-type
semiconductor islands, at the films bottom. But the gate action
is stronger in the weak tunneling regime, concentrating the
current density at the film bottom, fig. 6.a. In strong tunneling,
the current vectors are quite uniform distributed, fig. 6.b. The
electrons have high concentrations along the vacuum cavity.
The pure Fowler Nordheim current from fig. 6.a inset, which is
a horizontal source-drain tunneling current, show a much more
sensitive dependence on the transversal electric field produced
by Vgs, in weak tunneling at Vps ~ 0.8V than in strong
tunneling at Vps = 3V.
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Fig. 6. Contours of potential and vectors of total current density thru the
device at: (a) Vps=0.8V, Vgs=-10V; in inset - the pure Fowler Nordheim
current; (b) Vps=8V, Vgs=5V; in inset - the electron concentration in the
source region.

The Energy Balance Transport Model adds continuity
equations for the carrier temperatures, activated by
parameters KSN=KSP=-1. The electron and hole
temperatures are set equal to the lattice temperature. The
Lattice Temperature distribution across the NOI
structure maximum biased at Vgs=-8V and Vps=12V
assumes the substrate as thermal contact at 290K, but no
special temperature gradients occur, [20]. It is important
to check the electric field distribution at these higher
voltage values, fig. 7.
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Fig. 7. The electric field distribution for the NOI device at Vs=0V,
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Vp=+5V and different Vg.

The critical electric field is reached at the oxide surface
from VG < 1.2V and is extended till the oxide bottom for VG
< -6V, when the leakage current thru the gate terminal starts
to increase.

V. CONCLUSION

This paper presented an analytical model of the output
characteristics of a Nothing On Insulator transistor and its
planar p-NOI variant. An exponential dependence was
emphasized. Using the NECT theorem a threshold drain
voltage was rigorously established, separating the strong and
weak tunneling regimes. The Atlas simulations validated the
mathematical model.
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