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Abstract — This paper presents an analytical model to deter-
mine the threshold voltage in Ultrathin Body and Buried Oxide
Fully Depleted Silicon on Insulator (UTBB FD SOI) MOSFETs
operating in dynamic threshold (DT) voltage modes. The ana-
Iytical model is based on implementing the quantum confine-
ment effect and the DT restriction. The results show that the
proposed analytical model in its simplicity provides a good
agreement to the experimental data.

Index Terms—UTBB, SOI, Analytic Model, Dynamic Threshold.

I. INTRODUCTION

The UTBB FDSOI (Ultrathin-Body-and-Buried-Oxide
Fully-Depleted-SOI) devices have been enabling downscal-
ing with a planar technology. These devices have been de-
veloped for the 14nm and 10nm technology nodes, thanks to
the reduced Short Channel Effects, better threshold voltage
(V) control, better reliability, better power efficiency at high
frequency operation and higher compatibility with existing
CMOS technology [1-5].

In PDSOI (Partially-Depleted-SOI) devices a technique
has been proposed to further improve some digital and ana-
log parameters, called dynamic threshold (DT) MOS mode,
where the front gate is connected to the body. Colinge
proposed this technique in 1987 [6], as shown in figure 1.
During the front-gate voltage (V) sweep, the body bias is
also increased, which dynamically reduces the V...
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Figure 1. PDSOI schematic structure with the front gate connected with
the body
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This configuration brings some superior characteristics
such as a higher drive current and a subthreshold swing clos-
er to the ideal 60mV/dec [6]. However, in order to avoid a
forward biased drain-channel junction, the front gate voltage
cannot exceed 0.7 V [6].

In UTBB FDSOI devices, the concept of dynamic thresh-
old mode cannot be the same as for PDSOI, due to the ab-
sence of a floating body contact. The solution for FDSOI de-
vices, in order to apply the dynamic technique, is to connect
the front gate with the back gate (substrate) [7,8]. Therefore,
this technique can be applied in a promising device, with the
advantages of a stronger V., coupling and the buried oxide
isolation, allowing V . higher than 0.7V.

The dynamic threshold mode has been applied in 3 op-
eration modes: the simple dynamic threshold 2 (DT2, V,
= V) [7.8], also known as Quasi Double Gate [7], the en-
hanced dynamic threshold (eDT, V , =k*V, for k>1) [8,9]
and the inverse enhanced dynamic threshold (inverse eDT,
Ve = kK*V,, for k>1) [8,9]. Figure 2 shows the schematic
structure for these 3 operation modes and the conventional
operation with V_, =0 V.
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Figure 2. UTBB FDSOI schematic structure for A-) Conventional mode,
with V. =0V, B-) Dynamic Threshold 2 mode, with V, =V, C-)
enhanced Dynamic Threshold mode, with V. = k*V ., D-) inverse
enhanced Dynamic Threshold mode, with V. = k*V ...
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II. DEVICE DETAILS

The UTBB SOI nMOSFETs studied in this work were
fabricated in imec/Belgium with 20 nm of silicon film thick-
ness (t,) and a natural doping of Na 1x10" ¢cm?. For this
thickness, inversion layer quantization effects are still neg-
ligible.

The gate and buried oxides thicknesses (t_ and t ) are,
respectively, Snm and 10nm. A midgap material, TiN, was
used as gate electrode. The thickness of the front oxide is
relatively high due to the fact that the devices were fabri-
cated for application in 1T-Dynamic Random

Access Memory cells where it is necessary to have a low
gate current. A p-type ground plane (GP) implantation with
boron at 25keV and 5x10*cm? was performed, which is
considered as a back gate.

The measurements were done by Agilent B1500. The di-
mensions of the device are a channel length (L) of 105 nm
and a channel width of 920 nm. More process information
can be found in [10].

II1. Paysics-BASeEp ANALYTICAL MoODEL For Dynamic
THRESOLD OPERATION MODE

In literature, there are several analytical models contain-
ing numerous equations with various parameters, that can
only be solved numerically with precision [11, 12]. In this
work the authors propose a simple analytical model, with
only a few equations.

The well-known Lim&Fossum model [13] does not con-
sider the potential drop at the substrate. To improve this
model Martino et al. [14] proposed an analytical model tak-
ing into account the potential drop across the substrate. Also,
the quantum confinement effect was taken into consideration
from the variation of the silicon film thickness (t.) and front
oxide thickness (t ) [15, 16].
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Figure 3. Experimental results with L=10pm and 70nm and analytical
model for V,_as a function of V, for UTBB SOI and the error between
experimental data and the model [17].
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Although the original model had been developed for
0.5 um technology nodes, recent studies prove that this
model remains valid to determine the threshold voltage for
UTBB devices, as already reported in [17, 18, 19] and illus-
trated in figure 3. An important remark is that this model is
only valid for devices with transistor channel length down to
70 nm [17, 18, 19].

A. The model concept

Equations [1] and [2] show the Lim&Fossum model.

ata s 7 on . : 1
Ver = Bust — Qox1 , gNats; ( s 1) Bsr — si <5 — Qinv ( )
tsiCoxf

Coxb 2Coxf tsi Coxf Coxf

_ _ Qoxz |, gNatsi esi __ssi _ Qs2 2
Vap = Ousz Coxb N 2Coxp + (tsiCoxu = 1) Psn tsiCoxb Osr Coxz ( )
Where, @, is the difference between the metal gate

workfunction and the silicon film workfunction, Q_, and
Q,,, are the front and buried oxide charges respectively, C_
and C_, are the front and buried oxide capacitance respec-
tively, q is the electron charge, Na is the doping concentra-
tion in the silicon film, ¢, is the silicon permittivity, @ . and
@, are the potential drop at the front and back interface re-
spectively, Q,  is the inversion charge and Q, is the charge
at the back interface.

The potential drop in the substrate was modeled by modi-
fying equation (2), as shown in equation (3), and by adding
equation (4).

_ _ Qox2 | qNatsi ( Esi ) _ _Esi _ (3)
Var = Pusz Coxb N 2Coxb + tsiCoxb +1)%ss tsiCo; b¢SF Psup

4)

2
—V2qN i i
Dsup = { 2 asu5es +J(2qNaSUBzES — Vips ) + (Psp — VGB)]

2Coxp 4Coxb

Where @,,, is the difference between the silicon film
workfunction and the substrate workfunction, @, is the po-
tential drop in the substrate, Na_ . is the doping concentra-
tion in the substrate and V__. is the flat band voltage at the
third interface between the buried oxide and the substrate.

The potential drop in the substrate follows the conditions

shown in equations (5) and (6).

)

Bsug = 0 = Vgp = Vgpmax = Psg — Vi3

QSUB = 2®FB - VGB < VGBmin = Q)SB - VT3 (6)
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Where
(7

Qoxs __ KT n Na  Qoxs

V = Q — =
FB3 Ms3 Coxb q Nagyp Coxb

_ (3)
v2qNagygesi2PrB

Vrs = Vegz + 20pg + c
oxb

Where Q_, is the substrate charge, k is the Boltzmann
constant, T is the temperature in kelvin, and V_, is the thresh-
old voltage for the third interface.

The quantum confinement generates no current conduc-
tion at the front interface, but at a distance x_ from the front
interface [12, 13]. For this reason, the value of x_can be
calculated using equation (9), where A and B, are model
parameters:

)

X V,
=< — AC exp (ﬂ)
tsi Bc

where A = 0.05and B_=3.1.

Due to this effect the effective value of the silicon film
thickness (tg ) and front oxide thickness (t_ . ) are deter-
mined by equations (10) and (11):

e (10)
tsierr = tsi — o e

eox (11)
toxf,eff = toxr + S_Sch

The equation (9), (10) and (11) and the values of A . and
B, were extracted from the literature [12,13].

B. Applying the model in Dynamic Threshold mode

There are two different ways to extract the threshold volt-
age using the analytical model. One is by calculations and
the other one is by a graphical approach.

By calculating

In dynamic mode equation (12) or (13) is added to the
model.
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(12)
Ve = k* Vgp

Ver = k* Vgp (4

Equation (12) represents the DT2 mode for k = 1. When
the value of k is higher than 1 (k>1) equation (12) represents
the enhanced DT mode. Equation (13) represents the inverse
eDT mode, for k>1, however, to facilitate the application in
the analytical model, equation (13) can be rewritten as equa-
tion (14).

1 (14)
Ve = i Ver

The first step to calculate the threshold voltage by this
model is to define a value for V ,, and insert it in equations
(3), (4) and (9). The next step is to calculate the effective val-
ue of tg, ;- and t o I €quations (10) and (11). By mathemat-
ical iteration, the value of @, is calculated using equations
(3) and (4). Finally, the value of V_ is obtained by equation
(1). These are the steps to calculate the threshold voltage in
the conventional operation mode.

In dynamic mode, the value of V., calculated in equation
(1) is based on using V. of equation (12) or (14). Followed
by choosing a value of k, in this step the dynamic threshold
voltage mode is determined and a new value of V ,, is cal-
culated

The new value of V  is inserted in equations (3), (4) and
(9), and the process is repeated until equation (12) or (14)
converges.

By the graphical approach.

From the V. x V, curve calculated from the analytical
model, it is possible to determine the value of V.. for UTBB
devices operating in: DT2, ¢DT and inverse-eDT modes.

In the DT2 mode, the value of V_ is extracted from the
Vs =V, condition as previously mentioned. In figure 4 the
straight line represents the analytical model of V_ as a func-
tion of V,, the dotted line represents the V. = V. curve
and the intersection point between the curves represents the
V., value for the DT2 mode.
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Analytical model for V.
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Figure 4. Straight line represents the analytical model of the front threshold
voltage as function of back gate voltage, the dotted line represents the V.
=V, curve. The values of V, for k = 0 and k = 1 are indicated.

The same reasoning used for the DT2 mode is adopted
for eDT and inverse eDT modes. In figure 5 the straight
line represents the analytical model V. as a function of V ,
and the dashed lines are related to the following conditions:
Ve = kK*V and V= (1/k)*V , for k = 2. These curves
represent the enhanced DT and the inverse enhanced DT op-
eration modes, respectively. For the eDT mode the V_ of the
DT UTBB SOI device is the value of V, at the intersection
point (y-axis). In case of inverse eDT, the V_ is represented
by the value of V, at the intersection (x-axis). In inverse
eDT mode, the device operates in a condition that the back
interface inverts earlier than the front interface. For this rea-
son the value of the inverse e-DT threshold voltage is the
Vs The same analysis was done for different values of k.
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Figure 5. Straight line represents the analytical model of the front threshold
voltage as function of back gate voltage, the dashed lines represent V=
k*V . (inverse eDT mode) and V, = k*V . (eDT mode) curves for k=2.
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IV. CoMPARISON BETWEEN MODEL AND EXPERIMENTAL DATA

The V_ as a function of V , obtained experimentally is
compared with the analytical model in figure 6.
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Figure 6. Experimental results and analytical model for V_ as a function of

V4 for UTBB SOI with GP. and the error between experimental data and
the model.

It is possible to see a good agreement between experimen-
tal results and analytical model in figure 6, proving that this
model is useful to extract the V. of UTBB SOI devices with
these dimensions.

The value of V_ obtained from figures 4 and 5 is com-
pared with experimental data shown in figure 7. A good
agreement is observed for these conditions. In figure 7, for
k=0, the operation mode of the transistor is the conventional
mode, (figure 6) where V= 0V.
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Figure 7. Experimental results and analytical model for V. of DT2
UTBB SOI nMOSFET as function of k.

V. INFLUENCE OF VARIATION OF DEVICE THICKENESS

Year by year, the ultrathin devices become thinner due to
the technology evolution. The following analysis shows the
relation of variations of the thickness of the front and buried

Journal of Integrated Circuits and Systems 2017; v.12 / n.2:101-106
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oxide and also the silicon film on the threshold voltage for
the different dynamic operation modes.

Figure 8 shows the analytical threshold voltage as a func-
tion of back gate bias for the device studied (t =5 nm, t, =
20 nm and t_, = 10 nm), called reference device, and three
other devices reducing the thickness of the front oxide to 2
nm, the silicon film to 10 nm and the buried oxide to 5 nm.
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Figure 8. Analytical threshold voltage as a function of back gate bias for 4
different devices.

In figure 8 one can observe that the behavior of the thresh-
old voltage when the back gate varies from -5 Vto 5 V is
changed for a different thickness of the device layers. To
extract the dynamic threshold voltage, the graphic approach
will be used.

Figure 9 shows the blow up of figure 8 for V__  and V_,
V, varying from 0 V to 1V. The straight lines represent the
same curves presented on figure 8 and the dashed lines are
related to the following conditions: V_, =V, V_ =k*V
and V_ =k*V_, fork=2,3 and 4.

Analyzing figure 9, it is possible to see that for the inverse
enhanced DT mode, the threshold voltage suffers a little
change when varying the thickness of the device layers. The
same behavior happens for the DT2 operation mode.

However, for the enhanced DT mode, the values of the
threshold voltage are very similar when varying the thick-
ness of the device layers. The reduction of the front oxide
thickness causes a higher variation in threshold voltage, as
observed in figure 8.
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Figure 9. Straight lines - Analytical threshold voltage as a function of back

gate bias for 4 different devices. Dashed lines - V. = V., (DT2) ,V . =
k*V , (inverse eDT mode) and V , =k*V _ (eDT mode) curves for k=2 to 4.
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Figure 10. Analytical threshold voltage as a function of k for 4 different
devices.

Analyzing the conventional mode (k=0), as expected the
reduction of the front oxide thickness decreases the value of
the threshold voltage, but the opposite behavior is observed
when reducing the silicon film and buried oxide thickness.

When the front oxide thickness becomes smaller, the ox-
ide barrier decreases, thus the voltage required to invert the
front interface decreases. As predicted from figure 9, for the
eDT mode, the behavior shown in figure 10 is very similar
when the thickness of the device layers are reduced.
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VI. CONCLUSIONS

This paper presents an analytical model of the substrate
influence on Dynamic Threshold UTBB SOI devices with
different operation modes like enhanced mode (eDT) and
inverse eDT mode.

The modeling of the dynamic threshold mode presents
two ways to determine the threshold voltage, i.c., by calcula-
tion and by graphics. Both ways give the same results and
can be applied in this analysis.

The simple analytical model considering the quantum
confinement in devices with a ground plane presents a good
agreement with experimental results, proving that the simple
analytical model with only a few equations can be useful for
UTBB devices.

Considering the analysis in threshold voltage as func-
tion of back gate bias, the maximum error between model
and experimental is lower than 60mV. For the analysis of
the enhanced dynamic threshold, an error lower than 16 mV
is obtained between the model and the experimental results.
For the inverse enhanced dynamic threshold mode this error
is lower than 10 mV.

Nowadays, the reduction of the layer thickness of the de-
vices is one of the technological challenges. The reduction of
the front oxide thickness can provide a different behavior of
the threshold voltage, depending on the DT operation mode.
However, the thinning of the buried oxide and the silicon
film thickness does not give significant changes in threshold
voltage for both DT2 and eDT operation modes.
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