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Abstract. This paper presents the results and the limitscharge due to the lightly silicon doped film specific to this
of 1-D analytical modeling of electrostatic potential in the DG SOI technology. One of the important results of the
low-doped p type silicon body of the asymmetric n-channelabove modeling assumptions was the demonstration of the
DG SOI MOSFET, where the contribution to the asymmetry volume inversion in the ultrathin silicon film of SOl MOS-
comes only from p- and n-type doping of polysilicon used asFET devicesBalestra et a).1987).

the gate electrodes. Solving Poisson’s equation with bound- However, only a few modelling results were presented for
ary conditions based on the continuity of normal electricalthe asymmetric devices, without description of the used pro-
displacement at interfaces and the presence of a minimurgedure and a clear presentation of the validity domain. It is
electrostatic potential by using the Matlab code we havethe purpose of our paper to present detailed results and lim-
obtained a minimum potential with a slow variation in the jtations of the 1-D analytical modelling of the asymmetric
central zone of silicon with the value pinned around 0.46 V,DG SOI MOSFET and to show its differences compared to
where the appliedss voltage varies from 0.45V to 0.95V. the symmetric case.

The paper states clearly the validity domain of the analyti- The paper will present the background and the assump-
cal solution and the important effect of the localization of the jons of the analytical modelling, followed by our detailed
minimum electrostatic potential value on the potential varia- mathematical approach which includes the identification of
tion at interfaces as a function of the appliggs voltage. the definition domain for the involved model parameters and
the limitations of the calculation of the electrostatic potential
as a function of the appliet; s voltage.

1 Introduction

It is generally accepted that the dual-gate (DG) SOI MOS- i . .
FET device represents a reliable solution of the scaling down2 Background of the 1-D analytical modelling

of the SOI ULSI circuits to the lowest technological sizes. All the analytical modelling results from this paper will be

On the other hand, this DG concept removes the short Chanr'elated to the n-channel DG SOl MOSFET, where the sili-
nel effects and gives a good electrostatic control of the chan-

nel charge by the gate voltagehompson et a]1998. con thickness of the p-type silicon substratg)(is equal to

For the same type of the gates materials, doping and di-20 nm, while thesi O, gates dielectric thicknesses,() are

electric layers, a symmetric DG SOl MOSFET is obtained, equal to 2_nm. The geometry and the band _dlagram of the
. . X " asymmetric DG SOl MOSFET are presented in FigTaw,
while any technology differences at the gate or dielectric

o - 2001, where one can be observed that, due to p and n type
level will imply the asymmetry of the device. In the last doping of the two gates at thermal equilibrium, one silicon
years, 1-D analytical modeling of both symmetri€aqr, ping 9 9 '

2000 Cobany and Glesnsa008 Cobian et sl200a il £U72 8130y 1y et e e ot becores o
obabic et al. 2004 and asymmetricTaur, 2001) DG SOI

MOSFETSs has been used for the description of their DC eIec—gates m_atenals and S'_“_Con s_ubstrate. .
For slightly doped silicon film of the asymmetric DG SOI

trical behavior and the understanding of the device physics. ; -
The analytical approach of Poisson’s equation was possiMOSFET, the analytical approach was similar to the sym-

ble by using only the inversion charge and ignoring the fixedMetrical case, where a minimum of electrostatic potential,
Yo, was assumed in the silicon body, at the positignbut

not exactly located in the center of the Si layer as in the case

Correspondence tcO. Cobianu of symmetrical DG SOl MOSFET. Thus, the calculation of
BY

(cobianu@mes.tu-darmstadt.de) the electrostatic potential was done by means of Poisson’s
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Sio, Si SiO, tox o tor 3 Clarifications and new results of 1-D analytical mod-
Gate Gate 1 E_ W dr elling

(n) P
An important limitation of 1-D analytical modelling of the
DG SOI MOSFET is given by the use of only electron mobile
inversion charge in the Poisson’s equation. This assumption

Er P m £ is valid fo.r very low substrate doping and by ngglepting the
|t Vel [ - S fﬁGc hole mobile charge. In our case, for a better validation of the
= -7 E model assumption, we have used the p-type substrate doping
] equal toNp=10'cm~3 which is a much lower value than

the one described in the literatufEa(r, 2001). Based on our

calculations, the electrostatic potentials higher than 0.37V

- ‘ = - ‘ = will make negligible the influence of (mobile) holes and fixed
52 0 tg/2'x 452 0 tg/2°x depleted charge in the above Poisson’s equation. FoNgur

Vgs=0 Vas=Vin value, the Fermi level is located below the intrinsec Fermi
level, E;, and at 0.24 eV abovE,,.

Fig. 1. Schematic band diagrams of an asymmetric, undoped DGn- From the Egs. (3) and (4) from above and the dependence

MOSFET (Taur, 2009). given by Eg. (5), we have derived the explicit system that

provides the minimum electrostatic potentigbj and its lo-

cation (xg) in silicon body, as it follows:
equation and the specific boundary conditions as shown be-

low:
VGs - lﬁo — Ady
d2yr _an 1) ——g.e% . ta tan(b - eZkT (__ — x0))
dx? Esi KT
v ~Z Infcosth - 5T ) (6)
d_|x=xo =0 (2) q
Vs — — A
oo Vos =1 Ad1 _ Bl - . GS ’ﬁo ¢2
Si fon si % = —q - e%T . ar‘(b eZkT (_ _xO))
Ves — Ys2 — Ag2 XT
Esi ~ = Eox * E§i|x:t37i (4) — T . ln{COE(b eTO (_ _ xO))} (7)

In the above equationgy¢1 and A¢, are the work func-
tion differences of n doped gate and p doped gate, respeoNhefea—M
tively, while E,; represents the electric field at the corre- Fromthe Egs. (6) and (7), we see that the solutigmand
spondingSi /Si O, interfaces. xo should be in the definition domains of natural logarithmic
The Egs. (3) and (4) represent the continuity of the nor-function and the tan function. Thus, the conditions for the
mal component of the electrical displacement at the two in-existence of the logarithm function and tan function are:
terfaces between silicon and dielectrics. We also assume the

presence of the minimum electrostatic potential in the silicon -

T
layer at relatively higheVs voltages Taur, 200Q 2007). Yo<—-In {W} (8)
By the integration of the Poisson’s equation with its d (% +x0)
boundary conditions giving a minimum electrostatic poten-w < ﬂ In{ 7 ) )

. I . : 0 n ,
tial (yo) at the positionxg, one obtains the solution for the q 2b(% — X0)

electrostatic potential as shown below: ) ]
From the relations Egs. (8) and (9), one can estimate an up-

per limit value of the minimum electrostatic potentigio],
Y(x) = Yo — 2T In[cosb - S (x — x0)] (5) by assuming the localizatiord) of this minimum in the cen-

ter of the silicon body. For this case, we calculated an upper

limit value of y9 equal to 0.4643 V. Thus, according to our
whereb=,/ 5L ',i’T model, device geometry and above assumption, we prove that

At low applled gate voltages, Taur has assumed a conthe minimum electrostatic potential should be in the range

stant electrostatic field in minimum electrostatic potential from 0.37V to 0.4643 V.
was found at 0.462 V being located near the center of Silayer In the same time, for finding the definition domain of
(Taur, 2001). the tan function, we need to eliminate those valuesxgf (
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Minimum electrostatic potential (V) function of the applied gate potential.
Fig. 2. The domain of definition for both minimum electrostatic
potential and its localization.
_ _ o _ h1=fi—g1=0 (14)

o) which determine an infinite value of the function. Such ,, _ fr—g2=0 (15)

(x0, ¥o) pairs are obtained by transforming the inequalities

Egs. (8) and (9) into equalities and solving the corespond- The above system of equations is solved by consider-

ing system. Based on this approach, in Fig. 2, we presening the work function differencea¢;=—0.56 eV (between

the two plots with the data points which do not belong to thethe n-type gate electrode and the intrinsic silicon) and

definition domain forcg andro. A¢»=0.56 eV (between the p-type gate electrode and the in-
Therefore, the final value of the two-dimensional defini- trinsic silicon). As the system has no analytical solutions,

tion domain of our 1-D analytical modelling and chosen ge-we have solved it by using a numerical approach . For each

ometry is considered as follows: applied Vs voltage in the range of (0.5V, 0.95V) ang
values in the domain{10 nm, 10 nm), we calculate the val-

(x0; ¥0) € (((—10nm 10nm x (0.37V, 0.4643V)) ues ofi andh for o ranging from 0.37 V to 0.4643 V. The

—(x0; ¥0)plot) solution of the system given by relations Egs. (14) and (15)

is found for thosexo; Vo) values that satisfy the conditions
where (xo; Yo)plot represents the data points located in the written below:

two plots in Fig. 2.
Now, after we have found the definition domain, we have

solved the system of Egs. (6) and (7) in the Matlab code,absghi) < 1078 (16)
by means of an iterative method which provides thevo abghy) < 1076 (17)
solutions as it follows. Firstly, we introduce the following

notations: From the above system, fdfgs variation in the range

from 0.5V to 0.95V, we obtain a minimum electrostatic po-
tential dependence as shown in Fig. 3. Solutien®f the

f1= Ves — Yo — Agy (10) positions of the minimum electrostatic potentials were found
o avo . closed to the center of silicon film, but the difficulty associ-
§1= —a-e#T -tanb - eI - (=% — x0)) ated with their extraction will be commented later.
2T icogb - e%’ ] (_%,- — xo)} (11) _F_rom Fig. 3, we see for the first time apir_ming effect of the
gl 5 minimum electrostatic potential as a function of the applied
fa= Ves — o _WA‘X’Z (12) Vs voltage for asymmetric DG SOl MOSFET devices. If
g2= —a- eé’T‘”r -tan(b - eIt . ’7 — x0)) we consider the minimum electrostatic potential dependence
p” in Fig. 3 and look at the qualitative energy band diagrams in
2T 20t . . ;
==, +In{cogb - eZT - (3 — x0))} (13)  Fig. 1, itis easy to understand that,Jats higher than 0.5V,

the Fermi level in the silicon body is closed to bottom of the
Based on the above relations, the system formed orconduction band for the whole silicon body which demon-
Egs. (6) and (7) becomes: strates the presence of the volume inversion even in the case
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Fig. 4. The dependence of electrostatic potential as a function ofFig. 5. The distribution of the electrostatic potential as a function
position in silicon body for an applied gate-to-source voltages of of position in silicon body, with different minimum locations at the
0.95V. constant value of the minimum of46 V.

of asymmetric DG SOI MOSFET. This volume inversion can Shape of the entire distribution. In this example, we have
also be demonstrated by representing the electrostatic poteifonsidered three arbitrary values in the position of minimum
tial profile as a function of the position in the silicon body of €lectrostatic potential in the range froa0.5nm to +0.5nm
the DG SOI MOSFET. Such result is presented in Fig. 4 byaround the center of silicon layer, but we kept constant the
means of Eq. (5), where we show the dependence of electro/@lué of the minimum electrostatic potential equal to 0.46 V.
static potential as a function of position in silicon body foran ~ From this figure, one can see high differences for the elec-
applied Vg voltage equal to 0.95 V. That plot was obtained frostatic potential at the two interfaces in the three cases,
for ay=0.4564V andiy=0.878 nm. where some of the interface potential values not even having
From Fig. 4, we notice that the electrostatic potential isd p_hysical meanings. !n the same t_ime, in the central silicgn
much higher at the interface with n-doped polysilicon gate,r?g"?n' Fhe e_ffect of different locations on the electrostatic
which can be understood from the initial bands bending Ofdlstnbquns IS Very weak. o
the silicon layer due to the work function differences at ther- Overall, desplte_ the sensm\_nty of the results to the accu-
mal equilibrum. This figure, also, shows a wide sink Shaperacy of the__numerlcal calculaﬂo_ns, our approach has shown
of the electrostatic potential in the middle of the silicon body, (€ capability of the 1-D modelling to provide a good under-
which makes its minimum location to be a difficult numerical St2nding of the physics of the asymmetric DG SOl MOSFET
task. In his paperTaur, 2003, Taur has presented a calcula- dpwces, where volume inversion is found for a typical de-
tion of the electrostatic potential only for an applied voltage fined geometry and biasing.
Ves=1.4V and he obtained the minimum electrostatic poten-
tial of 0.462 V located at 0.425 nm, far from the center of sil- 4 conclusions
icon layer. Unfortunately, the paper was not focussed on the
description of more details about method used to obtain therhis paper has shown the results and limits of a 1-D analyt-
results. If we make an analyses of our and Taur’s results, wécal modelling for the electrostatic potential distribution in
can deduce that the minimum electrostatic potential is fur-the very slightly doped silicon body of the asymmetric DG
ther maintained up to a rather constant valué’g§=1.4V. SOl MOSFET devices, where the asymmetry was given by
Actually, due to a flat profile of the electrostatic potential in the different p or n type doping of the polysilicon gate elec-
the central region of silicon body as shown in Fig. 4, one cantrodes.
understand the difficulty of extracting position of the min-  For appliedVss voltages higher than 0.5V, the Poisson’s
imum electrostatic potential. Thus, the coordinates of theequation was analytically solved by using only electrons as
minimum electrostatic potential are very critical for the cal- charge carriers and boundary conditions given by the conti-
culation of the electrostatic potential distribution in the entire nuity of the electric displacement at the two interfaces and
silicon body. the presence of a minimum electrostatic potential in the sili-
In order to prove the sensitivity of the electrostatic poten-con body.
tial distribution to the location of its minimum, in Fig. 5, we  Analytical approach was done in two steps. In the first
present the effect of a slight variation ig position on the  step, the coordinates of the minimum electrostatic potential
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