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ABSTRACT

The nowadays SOI technologies frequently offer below
200nm, even up to tens of nanometre, for film on
insulator. The flat-band voltage is one of main parameter
in the electrical characterization of the SOI devices. The
conventional models for this voltage were established for
thicker structures, with 0.5...2um Si-film thickness and 2-
3pum buried oxide thickness. The electric charge from the
buried oxide was ignored because the interesting
conduction occurs in the vicinity with the front oxide.

The pseudo-MOS transistor is a dedicated device for the
electrical characterization of SOI wafers and works with a
buried channel. The downscaling consequences of the
SOI sizes on the flat-band voltage modelling were studied
in this paper, with applications on the pseudo-MOS
device.
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1. Introduction

The algorithm of modelling and simulations of physical
processes spread over a large spectrum of applications,
[1], [2]. The SOI structures represent a promising
candidate for the nanodevice implementation, as classical
[3] or novel architecture, [4]. This miniaturization is
possible only if it is accompanied by proper models for
the developed electronics devices. Some device
parameters lost or change their classical meaning for new
technologies. For example, the threshold voltage cannot
be defined in a SON Transistor, [5], but it still arises in
the transfer characteristics of a pseudo-MOS device, [6].

An excellent device for the electrical characterization of
the SOI wafers is the pseudo-MOS transistor. This device
represents an up-side-down SOI-MOSFET, with a back-
gate command and electrical conduction through the film
bottom, [7]. This paper comparatively presents some new
analytical models, versus some simulation results,
regarding the flat-band voltage of a pseudo-MOS
transistor.

A new reference model will be confronted with others,
analytically deduced in the next paragraph. A comparative
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analysis between the classical model, new model and the
simulation results are presented, as novelty.

2. The analytical model

The definition of the flat band voltage is related to the
compensation of the positive electric charges from the
buried insulator in order to bring the film surface potential
to zero volts.

Adapted from the SOI-MOSFET to the pseudo-MOS
transistor, this parameter is classically expressed as, [8]:
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where N, [em™] is the doping concentration in substrate,
Qit [e/cm?] is the surface electric charge density, ®ys [V]
1s the metal-semiconductor work function, Ci=g,/X.x
[F/cmz] is the specific oxide capacitance, &sy ox 1S the
dielectric permittivity of Silicon, respectively oxide, X is
the BOX (Buried Oxide) thickness and q=1,6x10""C is
the elementary electric charge. Firstly, in the analytical
model @5 =0V will be assumed.

At the interface Si/SiO, usually exists a positive electric
charge, Qy, due to the presence of two kinds of charges:
the interface charge Q, representing the electrons trapped
on the fast surface states and the fixed charge Qf
representing an excess of the ionic silicon solved in oxide
and frozen at the Si/SiO, interface during the end of the
annealing. The global charge is noted in this paper by Q;
=Q*Qr

Its sub-components can be: Qt1:109+101°e/cm2,
Qe=10""+10"e /em?, Qu=10"e/cm’, Qp=10"%e/cm®=10"
%e/nm?; where the index “1” is used for the upper SOI
interface and “2” for the bottom SOI interface.
Frequently, the effect of Q; on Vpg is neglected. For
example, the contribution of Q; charge is just 0,01V in
Vi value for the density of states 10"%V'em™ in a bulk
MOSFET with N,=10"cm™ and x,,=100nm.

Therefore, in this paper we will work with the total
positive electric charge Qy;, Qi were considered, fig. 1.
The flat-band voltage represents that gate voltage, which
reduce to zero volts the potential in the Si-film, equivalent



with V(0)=0 and E(0)=0 in fig.1. By integration of the
Poisson’s equation, yields:
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The first parenthesis represents the potential drop over the
buried oxide and the second parenthesis is the potential
drop over substrate. The notations correspond to the fig.
1, where x4 is the width of the depleted region in
substrate.
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Fig. 1. The analyzed SOI structure with positive fixed
charges in BOX and negative ions in substrate.

The limit conditions give the electric field:
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From Gauss’law for X € (X oy, Xox +Xq) results:
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From the limit conditions: Egp(XxtX4)=0 in (5), the x4
expression results:
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By replacing x4 from (6) in (2), the final expression of
Vrg 1s obtained:
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The traditional Lim and Fossum model completely
ignores the second interface, considering Qit,=0 and also
the depletion of the substrate, x5»=0, [6]. Hence, Vi is
-Qi1/Cs. This happened at the beginning of the SOI
structures, with Micronics sizes. Obviously, “Q;” is a
model parameter in (1) and hasn’t a physical meaning. It
is named “the global charge from BOX”, but from eq. (1)
it must be measured in [C/cm’], being a superficial
electrical charge density.

A first disagreement between models (1) and (7) consists
in different values of Qj, and Qj;+Qin. Considering
additionally the electric charge from the second interface
Qit,#0, from the limit conditions the accurate model is
(7). The classical model (1) systematically under-
evaluates the flat-band voltage value. Additionally, Q;
from the first and second ratio in eq. (1) hasn’t quite the
same values.

Another correction concerns the “2” factor that is missing
in the model (7), first fraction at denominator, due to an
average value assigned to Q;.

In fact, either interface comprises fixed charges Qr and
interface trapped charges, Q,. Consequently, the model (7)
can be detailed as:
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where Qy, , respectively are the electric charge densities
due to the electrons captured on the fast-states from the
Si-film/BOX and BOX/Substrate interfaces. The correct
value of the fixed charge density, Q¢ , must be extracted
from Vgp parameter after the Qy; , subtractions from Vg
in eq. (8). In the spirit of the classical model (1), model
(8) could be corrected by averaging:

Vg = Qu /2 (Qu +Qip)/2)? o
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In this way, two targets are reached: the problem of “2”
missing at denominator of first ratio of model (7) is
solved and a better agreement between simulations and
the analytical model is obtained; the second ratio from
model (7) overestimate the flat-band voltage, while the
second ratio from model (9) brings the analytical values
closer to the simulation results. The insight for Q;; must
be Qr+Qy and for Qi must be Qp+Qp.

In the following simulations, a reverse way was
investigated: the interface global charge densities were
selected for different pseudo-MOS transistors and the flat-
band voltage was extracted from definition. The scope
was to accomplish the best fitting between Vip simulatea and

VF B analytical-



3. Simulations

The simulated SOI structure had: ®yg;=Osm>=-0,32V, as
is shown in fig. 2, @, =0, selecting the same p-type
semiconductor as film and substrate with N,=5x10"cm™.

The interface charge densities were chosen accordingly
with some typical experimental results, [9]. The total front
charge Qit1=5><1010e/cm2 placed at x=0 in fig.1 and the
total bottom charge, Qin=5x10"e/cm® placed at x=x. in
fig.1, was selected. None charge in the front oxide was
select, in order to be focused just on the buried oxide.

The simulations started with an SOI structure having
Xam=200nm and continue to 50nm, x,=400nm,
xsg=750nm. Figure 2 presents the simulation results for a
pseudo-MOS with 200nm. In these conditions, a holes
distribution still arises along the structure.
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Fig.2. The holes concentration in 200nm Si-film structure.
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Fig. 3. (a) Detail of the current density in the S0nm SOI
Si-film biased at Vg=0V, Vp=0,5V, V5=-1,5V; (b) the
potential distribution across the SOI near the source
contact; (c) the potential distribution across the SOI
through the middle.
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In this case a global values Qy, , values were established,
as is modelled in (9).

Therefore, the discussion regarding the subtracting of the
Qq, o from the global density Qi ; . resting just at
theoretical level. However the simulation can reveal some
discrepancies between the classical model (1) and the
proposed models (7) and (9).

Figure 3 a presents the current flow density through the
Si-film in the case of biased structure at: Vg=0V,
Vp=0,5V, V5=-1,5V. The conduction prevails through the
film bottom as is expected. Figures 3,b and ¢ provide the
adopted method for the extraction of the simulated flat-
band voltage, Vigsim. The gate voltage was increased in
modulus till the film potential becomes zero. Then, the
potential graph was translated with -0.32V value,
correcting the metal-semiconductor work function, in
order to extract the simulated flat-band voltage, Veggim--
1.92V, affected just by the surface electric charges
densities, Qo1 2-
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Fig.4. The 2nm Si-film structure at Vg=0V, Vp=0.5V,
Vs=-1.33V: (a) potential distribution, (b) holes
concentration near source, (c) holes concentration near
drain.

Accordingly with fig. 4.a, at Vg=-1,33V applied on the
back gate, the hole concentration p>10“’cm’3>NA. Hence
a lower flat-band voltage is searching.

Finally, Vg sm =-0.85V for previously mentioned Qy, »
values.

6. Discussions

For the investigated SOI structures, with Xg,;,=50nm,
Xox=400nmnd SOI with Xg,=2nm, X,=4nm, the same
amount of positive interface charge density was used for
both structures in order to provide a comparison. These



contributions were centralized in the table 1. Here can be
compared some situations simulated and computed for
different sizes. The notations are: Vg i for the simulated
value of Vgg, Vg for the value deduced with the model
(1), Vg for the value deduced with the model (7),
V(1) for the value deduced with the model (9).

Xfilm | Xox Qit12 Qit22 VFB(I) VFB(7) VFB(]I) VeBsim
(nm) |(nm) [(ecmy|(ecm™) (V) | M) | V) | V)
50 |400]2-10"|5-10"[-0.191] -4.51 | -1.31 | -1.82
50 | 400510 [510"]-0.501] -5.55 | -1.84 | -1.95
50 |400]2-10"| 10 [-0.191]-16.3 | -4.32 | -3.92
2 4 210" 10 [-0.007|-15.9 | -4.14 | -1.95
2 4 510" 10”2 [-0.042|-16.9 | -4.63 | -2.11
2 4 110" 10" [-0.002| -0.18 [-0.056] -0.01

Table 1: Comparisons for structures with 50nm and 2nm
film thickness.

Table 1 highlight that the analytical model (1) always
underestimate the flat-band voltage, considering all the
time just the first interface charge, Qy;. The inclusion of
the second interface charge Qj,, with some correct limit
conditions but in the depletion approximation,
systematically overestimate the flat-band voltage
accordingly the model (7). The best model at thick or thin
sizes is the analytical model (9).

For thinner SOI films, a lower interface area results,
within a lower quantity of negative ionic charge in
substrate, in order to fulfill the flat-band conditions. In the
ultra-thin SOI structures, the substrate isn’t inverted,
being in incipient depletion regime. Hence, the depletion
approximation used in the deduction of the model (7), is
more justified in ultra-thin SOI films than in thicker films.
In SOI nanofilms the components Qyg, Qp change the
balance of importance on Vgg parameter. In thick BOX,
some values like szloloe/cmz, Qitzzlolze/cmz,
influence the potential of Si-film mainly via Qjy
parameter. In the case of some nanometres thickness of
film and BOX and a device area=10x10nm’ the prior
charges densities are: Qiﬂ:lOlze/cm2=0.01electrons/
device area — in probability terms quite negligible and
Qio=10"%¢/cm’=1electron/ device arca — has a strong
activity through a 2-5 nm thickness of buried oxide.

6. Conclusion

The classical model (1) induces high errors in thin SOI
films because it entirely ignores the back charge interface
that was true at thick BOX. The model (7) accurately
deduced by Poisson equation integration systematically
overestimated the flat-band voltage, because it use the
depletion approximation in substrate and ignore the
inversion layer arisen at the substrate surface. Simulator
that proved accumulation of electrons at the substrate
surface surprises the superposition. Therefore, the best
model is (9), based on the averaging of the known
interface charge, Q;; and Qjp.
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In conclusion the charge placed at the bottom interface
BOX/Substrate has a maximum influence on Vgg
parameter extraction in the thin SOI films and it is
partially annihilated by the negative inversion layer
formed at the substrate surface during the device
operating, in thicker SOI films.
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