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Abstract

Extraction of the effective carrier mobility is of major importance to evaluate the transport character-
istics and performances of advanced transistors. The relative importance of parasitics has however
increased with reduction of the gate length. Mobility extraction methods initially designed for long
devices must therefore be adapted by including proper correction for these parasitcs in highly scaled
nodes.

In this work, the application of the well known split CV method is assessed in 28FDSOI transistors
with gate length down to 25 nm using TCAD simulations. The conventional split CV method is shown
unable to extract the mobility correctly in short FDSOI transistors. This limitation is attributed to the
increased impact of underlap-related parasitics neglected by the method’s implicit assumptions.

The significant bias dependence of the access resistance and the non-negligible contribution of the
inner finging capacitance are notably identified as the main sources of mobility underestimation by
the split CV method in these short FDSOI transistors. An improved split CV extraction procedure
accounting for these parasitics is then shown able to extract the effective mobility in strong inversion
within less than 10% variation from the TCAD implemented model for gate lengths down to 25 nm.
Measurements on 28FDSOI transistors are seen to qualitatively confirm the insights from the TCAD
simulations.
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Introduction

Mobility and transport characteristics are of paramount importance to evaluate the performance of
advanced CMOS technologies. Their development has indeed involved significant efforts to enhance
the carrier mobility, yielding higher on current without concession on leakage or load capacitance.
Mechanical stress has notably been used to boost mobility as in the bulk 45nm bulk node [1] and,
thanks to their inherent control of short channel effects, fully depleted devices can be left undoped to
reduce the mobility lowering effective field in the channel [2].

Proper extraction of the carrier mobility thus plays an important role in the development of advanced
transistors, which requires correlation of transport properties to transistor architecture, materials and
processing.

Numerous extraction methods have been developed over the years, and progressively adapted to the
difficulties arising in highly scaled devices. The most used are the Y function and the split CV meth-
ods. Current splitting techniques based on the Lorentz force have also been proposed [3].

Both the Y function and split CV methods are valid in strong inversion and performed in the lin-
ear regime (low Vpg) to avoid carrier velocity saturation and out of equilibrium transport [4]. The
MOSFET current under these conditions writes

We I !
Ip = % e QiVis (1.1)
eff
With Q; = Qs the inversion charge per unit area and Vl; ¢ = Vps — Rgplp the effective drain

WeprLesy ] ] i
to source voltage, Rsp being the series access resistance.

The Y-function method was initially proposed by Ghibaudo in [5]. It assumes the so called homo-
graphic mobility dependence on the gate voltage

. Ho
Hell = 1370, (Vas — Vi) + 0a(Vas — Vir)?

with 1o termed the low-field mobility. The parameters 61,0, are called the linear and quadratic attenu-
ation factors, and respectively represent increased phonon scattering and surface roughness scattering
for higher gate voltages (the initally proposed method assumed 65 = 0) [4].

The inversion charge in strong inversion is expressed as Q; = C,,(Vgs — V). From equations
and[1.2] one then derives the Y function as

(1.2)

y- o _ \/ Wegs

vV Gm Leyy

which doesn’t depend on 6y, nor on Rsp. Y varies linearly with Vg in strong inversion (which is
also a good criterion to evaluate the validity of the mobility model). The threshold voltage V7 can

CozttoVps(Ve — Vi) (1.3)
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then be extracted as the intercept of Y with the V5 axis, and the low-field mobility 14y from the slope
of the curve (provided one knows Wey¢, Le¢s and Cy).

The Y-function method has the advantage of giving a consistent extraction of V7 and i, and is most
importantly independent of #; and the series access resistance Rgp [4]. This is of particular interest
in short transistors, for which Rgp becomes significant with respect to the channel resistance.

The inital method has been adapted to highly scaled devices by accounting for 5, an important factor
for transistors with small equivalent oxide thicknesses (for which surface scattering becomes an im-
portant phenomenon). Different approaches to account for 05 are reviewed in [4]. A Y-function based
method valid from weak to strong inversion has also been derived in [6], and Karatsori et al. used a
lambert W function for preciser modeling of Q; with the gate voltage [7].

The Y-function method is widely used for extraction of the low field mobility iy in the FDSOI transis-
tors considered in this work. Its results have shown important degradation of 1y with the gate length
below 100 nm. This has been attributed to scattering by neutral defects in the channel, most likely
introduced during implantation of the source and drain diffusions [2, 8, 9] (though [10, [11] have in-
dicated this degradation could be an artifcat of the Y-function extraction due to the access resistance
bias dependence).

Despite its improvements, the Y-function method still relies on predetermined expression of ji. s (Ves)
and Q);(Vgs). Assuming a non-homographic mobility law prevents it to be applied effectively, for ex-
ample in junction less double gate FET’s [12, 13]].

The split CV method was initially proposed by Koomen et al. to study interface states in weak
inversion [14]. It was later extended to mobility extraction by Sodini et al. [15]. The method relies on
measurement of both current (V) and gate capacitance Cy,(Vizs) curves. Starting from|[Eq. (1.1),
one writes

_ Legdp

ﬂeff QlVbS

from which f.¢¢ can thus be obtained by extraction of L.¢¢,(); and Rgp. Unlike in the Y-function

method, the inversion charge (); is obtained here by integration of the gate capacitance Cy, from a

starting voltage Vi¢ in accumulation (where the gate capacitance is theoretically zero except for the
parasitic capcitances):

(1.4)

Vas
Q:i(Vas) %/V Cyg(V)dV (1.5)

GS

The method is thus very sensitive to the extraction of the gate capacitance Cy,. Several modifcations
to the inital method have been developed to adapt it for advanced transistors. [16} 17, [18] propose
corrections for the high gate leakage current perturbing the extraction for transistors with thin gate
oxides. Parasitic capacitances and series resistances also play an increased role when scaling down
the length. The total gate capacitance measurements then need to be corrected from parasitic contri-
butions and the access resistance Rgp must be accounted for in Vé D [19] [20].
Alternatively, RF split CV techniques have been proposed to discriminate between different capaci-
tances in leaky devices [21] and eliminate floating body [22]] or self-heating effects [23]].

The split CV method has shown specific advantages for FinFET’s and FDSOI transistors, and re-
gained attention for its robustness where other simple method are insufficient [22] [24]. It doesn’t
pre-assume any specific dependence of the mobility and inversion charge on the gate voltage, and is
exclusively based on direct measurement of the devices [20]]. Moreover, the split CV method is partic-
ulary interesting for multigate transistors as it enables the extraction of y. sy without prior knowledge
of C,y or Wes ¢, which might not be reliably known in such devices [22].
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This work proposes an in-depth assessment of the application of the split CV method to advanced
FDSOI devices down to L,,,sx = 25nm. It builds on previous work by Vandermolen et al., which
notably encountered difficulties for the experimental extraction of the inversion charge in 28FDSOI
transistors [23]].

A two-dimensional TCAD simulation structure (further called "deck") with geometry and doping
profiles close to 28FDSOI technology [25] was made available by the CEA-Leti. It was thus decided
to leverage TCAD simulations in this work to investigate the intrinsic limitations of the method at the
device level, free of possible measurement artifacts.

A important prior step to this work was thus to master the Synopsys Sentaurus TCAD simulation
software and to familiarize with the 28FDSOI deck. This intial TCAD simulation setup is described
Chapter 2| and assumes a simple constant mobility model. This is modified by adding relevant physi-
cal mobility models in order to obtain a qualitatively correct mobility behaviour, satisfying enough to
reliably assess the split CV extraction method.

In |Chapter 3| a conventional split CV method is then applied to the TCAD extracted curves and its
hypotheses are systematically highlighted. The method is shown unable to correclty extract fi.f¢ in
short transistors, motivating the deeper study of its limitations proposed in the next chapters.

The importance of the access resistance Rgp is firstly studied in Different Rgp extraction
methods are compared, and the total resistance method is shown suitable in our case. A significant
dependence of Rgp with Vg is extracted, in good agreement with results from literature. This be-
haviour is shown to have a major impact on the extracted mobility values and evolution with Vi in
short transistors. This impact has been reported for the Y-function method, but had to the author’s
knowledge been neglected up to now in split CV mobility extractions.

investigates the parasitic contributions to the gate capacitance. It is highlighted that in FD-
SOI the inner fringing capacitance is not shielded in accumulation due to the well known absence of
dynamic hole response. A capacitance extraction method proposed by Vandermolen et al. is success-
fully applied and confirmed useful to discriminate between the different contributions to Cy,. Using
its insights, it is shown that the inner fringing capacitance can be partly linked to gate modulation of
the underlap charges.

The impact of this inner fringing capacitance on the mobility extraction is then studied in
It is seen to be the major remaining factor of apparent mobility degradation with the gate length
after Rsp(Vis) extraction. The above mentioned capacitance extraction method is shown effective to
correct for its contribution, and mobility results in good agreement with the TCAD imposed values are
then obtained. Alternatively, performing linear interpolation on the extracted charge is also proposed
as a practical way to get rid of the inner fringing parasitic contribution.

Finally, the improved method developed from TCAD simulations is applied to 28nm FDSOI measure-
ments in Although quantitative discussion would require more extensive characterization,
the insights from the TCAD simulations are retrieved qualitatively by these measurements.



TCAD simulation setup

TCAD simulations presented throughout this work have been performed with the Synopsys Sentaurus
sofware suite. An initial simulation structure (further called ‘"deck") was provided by CEA-Leti and
will be detailed in the following sections. It was designed as a look-alike version of a full simulation
setup, including process simulation and calibrated to measurements on 28FDSOI technology [235]].
The structure and doping profiles of the available deck are thus very close to the ones of this full
setup.

After presenting these, one will briefly discuss the physical models of the simulation. The simple con-
stant mobility intially implemented will be modified by taking into account relevant physical mobility
degradation phenomena. The goal is to retrieve a qualitative, physically correct mobility behaviour to
reliably assess the split CV extraction method. The obtained I-V curves will be compared against the
UTSOI2.2 compact model to confirm the suitability of this modified mobility model.

2.1 Structure and doping profiles

m TCAD STRUCTURE :\=electrnde usable in sdevice

WELL

Tsub=5um

o= = -

Fig. 2.1: Structure of the Synopsys Sentaurus deck provided by CEA-Leti

shows the 2D TCAD simulation structure. The 28FDSOI transistor is embedded in a 5 yum
thick substrate. The well contacts are isolated from the transistor with SiO2-filled shallow trenches
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(STI). The "substrate" and "bulk" electrodes in [Fig. 2.1] are imposed V' = 0V for all simulations
performed in this work.

A closer look on the transistor structure is shown in LVT transistors are simulated in this
work. Their 6.7 nm thick Si channel is separated from the N-doped well by a 25 nm thin buried oxide
(BOX) [26]. The silicon nitride spacers separate the source and drain diffusion regions (indicated by
S and D) from the channel, resulting in an underlapped structure.

-0.04 ]

-0.02

Ti
HfO,
Sio,

0.02

.

006 004 -002 0 002 004 006
Y

Fig. 2.2: Synopsys Sentaurus 2D transistor structure, L,,,sx = 25nm. The color scale shows the doping in
the channel and S/D contacts. White regions indicate the electrodes where the potentials are fixed to bias the
transistor. The X and Y axis scales are in um.

The ideal transistor length is noted L, .5, throughout this work. Due to the fabrication process (lithog-
raphy), the corresponding actual length is given by Ly = 0.9L,,,451, + 3 nm (from CEA-Leti data) and
is the one implemented in the TCAD simulation structures. The effective electrical length is then
written L.;; = L, — AL with AL the length reduction due to the extension of source and drain
diffusions in the channel.

The phosphorous doping profile along the channel is shown in (it 1s several orders of mag-
nitude higher than the background Boron doping, not represented). The highly doped source and
drain diffusion regions are clearly visible. They extend into the channel are seen to start merging for
Linask < 25nm approximately. A high phosphorous doping is still present in the channel for longer
transistors, effectively making it N-type. It is believed to be due to the N-well implantation, however
the process simulations on which this result is based might not be accurate in such thin channels.

2.2 Physical models

Carrier transport is simulated with the drift-diffusion model, with quantization effects included using
the density gradient quantization model (with default Sentaurus Device parameters). No self-heating
is taken into account, a constant and uniform temperature 7' = 300K is thus assumed everywhere in
the device. Shockley-Read-Hall recombination and its dependance on doping is further included in
the model [27].
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Fig. 2.3: Normalized phosphorous doping profiles along the channel, at a distance Y = 1nm from the gate
oxide for L,,qsx = 150nm and L,,.sr = 25 nm. Dashed lines indicate the corresponding effective lengths.

The initial deck assumes a very simplistic mobility model only taking into account phonon scattering
as defined by default in Sentaurus Device

T —¢
(BOOK )
with yu;, hardcoded to 150 cm?/V s (a typical value in short channel FDSOI transistors) and ¢ = 2.5
for electrons. Additionally, a modified mobility model is activated to take into account tunneling
through semiconductor barriers:

el = HL 2.1)

_ Ha + T
1+7r
with y; a fitting parameter fixed to 0.05 cm?/V s here and r defined in [27].

(2.2)

As the temperature is fixed at 7' = 300K everywhere in the structure, this mobility model effectively
results in . = 150 cm?/V s uniformly in the device. Although not physical, this model will be useful
to simply evaluate mobility extraction procedures as presented in next chapters.

2.3 A more complete mobility model

2.3.1 Relevant additional mobility models

As mentioned earlier, a fully calibrated deck with complex mobility models and modified parameters
has been developed at CEA-Leti, but was not available for this work. Redevelopping such a model
would obviously be a huge and mostly pointless task in the frame of this work. Still, the very simple
constant mobility model presented in the previous section doesn’t account for many important mobil-
ity degradation phenomena, and its use for assessing the mobility extraction procedures might thus
be limited.

Therefore, a first step in this work is to retrieve a more physical, qualitatively correct mobility model.
It is not required to show absolute fitting with measures, but rather to reproduce the main mobility
tendencies satisfyingly enough to enable meaningful study of the split CV mobility extraction tech-
nique.
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To this end, the hardcoded mobility in the inital deck was removed and several physical mobil-
ity degradation models were then activated in the TCAD simulation setup, adding up following
Matthiessen’s rule. They will be briefly exposed here, readers are referred to chapter 15 in [27]
for details of their implementation.

* High field velocity saturation is taken into account by the Canali model [28]. The driving field
for electrons is computed by the gradient of the quasi-Fermi potential.

* Scattering by charged dopant ions is accounted for using the Masetti model [29]. It is of par-
ticular importance for our investigations considering the high doping levels in both source and
drain diffusion regions and the channel.

* The thin layer mobility model is necessary to account for geometric quantization in channels
only a few nm thick as simulated here [30]. It is used in complement to the Lombardi model
for mobility degradation at interfaces due to the vertical field (acoustic phonon and surface
roughness scattering)[31]].

* (Carrier-carrier scattering was also activated with the default Conwell-Weisskopf model, see
[27]. Its influence will be seen small in the next section.)

shows the spatial dependence of the mobility for L,,..x = 25nm, Vps = 50mV, Vgs =
1.2 V. The influence of the source and drain doping (see is clearly visible, as well as the
mobility degradation close to the interface.

eMobility (cmA2*VA-17sA-1)
3.500e+02

2.923e+02
2.346e+02
1.769e+02
1.193e+02
6.158e+01
I3.893e+00

-0.04

-0.02

X (um)

0.02

-0.05 0 0.05
Y (um)

Fig. 2.4: Spatial dependence of the electron mobility in a L,,,sx = 25nm transistor with Vpg = 50mV,
Vas =1.2V

A way to estimate the effective mobility impacting the current is to compute the integral of the mo-
bility over the intrinsic channel region weighted by the carrier density. One has

fhvol = / /S w(z, y)n(z,y)dedy / / /Sn(x,y)dwdy (2.3)

Where n(z,y) is the local free carrier density and S the effective channel area (Y = [0,6.7 nm)],
X = [—Less/2, Less/2), seeFig. 2.2). The resulting /i, for different transistor lengths is show on

7
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The observed decrease for lower lengths is explained by the increased impact of the source
and drain diffusions which result in high doping in a larger fraction of the channel. The impact of this
on [Rgp and the extracted mobility will be discussed in more detail in|Section 4.2.1

400 -

350 1

S 250
>
3
200
150 T T T T T 1
0 0.2 0.4 0.6 0.8 1 1.2
VGS [V]

Fig. 2.5: 1,0 (Eq. (2.3)) from TCAD simulations of different transistor lengths.

2.3.2 Results and validation against UTSOI2.2 compact model

Split CV mobility extraction requires I-V curves in strong inversion and linear regime. In this work,
the drain to source voltage will be fixed to Vps = 50 mV, and channel lengths down to 25 nm will
be considered.

The characteristics obtained by adding the different mobility models for such a L,,,sx = 25nm
transistor at Vg = 50 mV are shown in figures[2.6]-[2.8] Velocity saturation and mobility degradation
with doping are seen the be the major contributions to the total mobility reduction.

The obtained curves are compared to results of the UTSOI2.2 model [32][33]. Though the current and
subthreshold slope are overestimated by all TCAD models, one finds qualitative agreement between
the TCAD and UTSOI2.2 curves in strong inversion when accounting for all previously mentioned
mobility reduction phenomena. Thus the developed mobility model (further called "full mobility
model", as opposed to the inital constant mobility model) is considered satisfying enough for the

purpose of this work.
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-3
12 7410
=& simple DD
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3 —&—inital deck
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Fig. 2.6: TCAD current-voltage characteristics for L,,,qs; = 25 nm, Vpg = 50 mV with addition of different
mobility models, compared to results from the inital deck (constant z = 150cm?/V's) and the UTSOI2.2
compact model. TCAD curves have been shifted by +100 mV to compensate for the Vg difference with the
UTSOI curves and enable easier comparison. "Simple DD" stands for the simple drift diffusion model, with the
mobility fixed to the bulk silicon value. "u(F)" indicates high field saturation, "1(N,/q)" doping dependence
(charged dopant ions scattering), "thin layer effects" mobility degradation at the interface due to the vertical
field.

-3
x10
2.5 7
=8—simple DD
=&—-DD + u(E) dependance
2 + (N y d) dependance
=&— +thin layer effects
g | =+ inter-carrier scattering
SRS g |—&—inital deck
% =A== UTSOI2.2
—_— N
B s
L] ,ﬂ
0.5 1
0 0.2 0.4 0.6 0.8 1 1.2
\Y% GS [V]

Fig. 2.7: TCAD gate transconductance-voltage characteristics for L,,,,st = 25 nm, Vpg = 50 mV with addi-
tion of different mobility models, compared to results from the UTSOI2.2 compact model.
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=& + inter-carrier scattering
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=A—UTSOI2.2
O T T
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ID/ (W/Lg) [A]
Fig. 2.8: TCAD g,,/Ip ratio with respect to the normalized current (the 2D simulation represents an equivalent

W = 1um) for L = 25nm, Vpgs = 50mV with addition of different mobility models, compared to
results from the UTSOI2.2 compact model.

2.4 Threshold voltage extraction

0.45 A
0.4
= 035 o
\_J.J:.‘
>"‘ 03 1 —f— max. ngg/dVg
' Y e . = 5|~ gm/ld —_—
lin. extrap.
0.25 - —&—ratio method
=&=non-lin. optim.
2nd deriv.
02 T T T T T 1
0.02 0.04 0.06 0.08 0.1 0.12 0.14
Lg [um]

Fig. 2.9: Vpy extracted by several methods: maximum gate capacitance derivative, g,,/I; method, linear
extrapolation, ratio method, non-linear optimzation and second derivative method.

shows the threshold voltage Vry extracted by several methods from the TCAD simulations.
The maximum gate capacitance derivative relies on the C, (V) curves, and is seen to give the lowest
Vg variation between L. = 150nm and L. = 25nm (AVrg =~ 30mV). This extraction
method is deemed the best suited for the short transistors considered here, as the other current-based
methods suffer from the impact of access resistances and mobilility variation with V. Its application

is shown in below.

10
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Fig. 2.10: V extraction from the maximum of TCAD CiiCTg; curves

In all rigor, this extraction should be performed using the derivative of the intrisic gate capacitance
dClygi/dV,, but this thus requires the prior knowledge of C, ;. Using the total gate capacitance C,
will nevertheless be seen to give good results in the rest of this work (as discussed in it
can be confirmed a posteriori to give the same results as using Cjg;).

The extracted threshold voltages are shown in

Lmasinm] | 25 | 35 | 45 | 60 | 90 | 150
Ver [V] | 0315 | 0.327 | 0.33 | 0.339 | 0.343 | 0.343

Table 2.1: Threshold voltages extracted from the maximum of dC,,/dV, for different transistor lengths.

11



Simple split CV method

In this chapter, the conventional split CV method (as in [19, 20]) will be presented and applied to I-V
and C-V curves extracted from the previously described 28FDSOI TCAD simulations. The underly-
ing hypotheses of the effective length L., intrinsic charge (); and access resistance Rgp extractions
will be systematically highlighted, and the importance of correcting for the series resistance will be
stressed.

This simple method will be shown unable to correctly extract the mobility for short transistors. This
will form the main motivation behind the rest of this work, where the influence of different parasitics,
mainly related to the underlapped structures, will be studied and corrected for.

3.1 Conventional split CV mobility extraction

The principle of the split CV method was briefly presented in the introduction and is recalled here.
The extraction is performed in strong inversion and in linear regime, where the MOSFET current
writes

We —
Ip = % p1egsQiVis (3.1)
eff
with Q; = Qi the inversion charge per unit area and V[') s = Vps — Rgplp the effective drain

WeppLeyy
to source voltage. Reworking this equation, one can write:

He - 7
i QiVDS
Thus one needs L.¢f, (; and Rgp to compute the effective mobility f.¢. The inversion charge @);

is ideally obtained by integration of the intrinsic gate capacitance Cj,, from a starting voltage Vg in
accumulation (where Cy; is zero):

(3.2)

Vas
QiVas)~ | Co(V)aV (3.3)
VGS
In short nodes, Cy,; must thus be extracted from the total gate capacitance C,, after elimination of
the significant parasitic contributions [[19,[20]. This important step is described in the next section.

3.2 Gate capacitance model

The total gate capacitance Cy, is constituted of the intrinsic gate capacitance Cy, = dQ;/dVgs,
needed for (); extraction, and the contribution of parasitics Cyg par :

12
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Cog(Vas, Legs) = Cygi(Vas, Legs) + Cygpar(Vas, Legy) (3.4)

shows the parasitic gate capacitances that are usually considered for advanced MOSFETs.
One has overlap (Cyge 0v), outer fringing (Cyge o) and inner fringing (Cygeif, from the gate to the
source/drain contacts through the channel) contributions. The total gate capacitance Cy,, is then ex-
pressed as in [20]:

ng(VGS) = ngi(VG5> Leff) + nge,ov + nge,Of<L6ff) + nge,if(VGS) (3.5)

Cgseov  Gate  Cyggeov

Cgseof| 1 ) |Cgde,of

L O L)
Source ;i)J L‘Ef Drain

c gse,if nge.if

Fig. 3.1: Parasitic gate capacitances as modeled in [20]. Image taken from [23]]

One usually eliminates the outer fringing and overlap capacitances by substracting the gate capaci-
tance at a gate voltage Vg min in accumulation from Cy,. The normalized gate capacitance Cyg yorm
1s then defined as [20]:

ng,’rwrm(VGSa Leff) = ng(VG’Sa Leff) - CQQ(VGS,mina Leff) (36)
~ Cog(Vas: Lesr) = Cyge.ov = Cygecor (Lesy) (3.7)
~ Cogi(Vas, Legs) + Coge,ir(Vas) (3.8)

Additionaly to the looked-for intrinsic gate capacitance, one thus still has the contribution of the inner
fringing capcitance Cy,e i f. [Eq. (3.8)|relies on several hypotheses:

* (Hyp.1) The outer fringing and overlap capacitances Cygc o¢ and Cygc o, are considered inde-
pendent of the gate voltage

* (Hyp.2) The inner fringin capacitance Cy,. ;s is taken independent of the length L./

* (Hyp.3) The inner fringing capacitance Cy, ;5 is assumed shielded at Vg = Vigg min (in accu-
mulation)

* (Hyp.4) The threshold voltage variation with L. is assumed low enough for the extraction to
be performed at the same V; g for all transistors.

(Hyp.2) will be discussed below and (Hyp.3), (Hyp.4) assessed at length further in this work.

[Figure 3.2|shows the Cy, and Cyg orm versus gate voltage curves from TCAD small signal simulations
at f = 100 kH z (the extraction frequency is of little importance here, as the extracted capacitance

doesn’t vary on the 10 Hz — 10 Ghz range, see [Fig. 5.2). As in [20, 23|, Vizsmin in [Eq. (3.6) was

chosen as the lowest available gate voltage (Vg min = —1.2V).

Parasitic capacitances are seen to represent a significant part of the total gate capacitance for short

: _ Cyg(Vgs=—1V) __
transistors. For L,,.s1 = 25 nm, one has m = 42% .

13
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Fig. 3.2: Uy, (full) and Cyg ,0rm (dashed) versus gate voltage from small signal TCAD simulation for different
transistor lengths and Vpg = 50 mV'. The simulation is performed at 100 kH z for gate voltages from —1.2 V'
to 1.2V by 33mV steps. Spline interpolation to 500 equally spaced points in V, = [-1.2V,1.2V] is then
performed.

In [20], Romanjek et al. proposed a method to get rid of the inner fringing Cy,. ;¢ term in [Eq. (3.8)]
considering it is length independent (see (Hyp.2)). One writes

ng,norm(‘/GSa Leff,?) - ng,norm(VG57 Leff,l)

/

ng,norm(VGS7 Leff,l) =

L. 3.9
Lefgo — Legsn I

with Lcfso close to L.sr1 to avoid large threshold voltage mismatch. The obtained capacitance
C\yg.norm Was then integrated to estimate the intrinsic charge ;.

This method was attempted by Vandermolen et al. on 28nm FDSOI transistors in [23]], but resulted in
difficulties as the value of Cjg o Was significantly modified in strong inversion after correction by

This unexpected behaviour was then attributed to length dependence of Cy ; f.

shows Cyg norm from TCAD simulations in a semilogarithmic scale, compared to curves
extracted from the UTSOI2.2 model [32, 33]]. The TCAD results indeed confirm what was obtained
by Vandermolen et al. on 28nm FDSOI [23], namely that the extracted Cyg .o, is dependent on the
transistor length for low V5. Interestingly, shows this behaviour is not reproduced by the
UTSOI2.2 compact model.

14
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Fig. 3.3: Semilogarithmic Cyg ,orm versus gate voltage plots from (a) TCAD simulations (dashed), UTSOI2.2
model (full) and (b) Measurements on 28FDSOI from [23]. Vpg = 50 mV and 20 mV respectively.

Despite this extracted variation of Cy .., With the gate length, a "global equivalent" of (i.e.
based on linear regression on C,, against all transistor lengths) was later proposed by Vandermolen et
al. and successfully applied on 28FDSOI measurements [34]. This method will be confirmed useful

for Cy; extraction further in this work (Chapter 5).

As the values of Cg ,,orm are in any case very low in the voltage range where it is length dependent,
they are not expected to have significant impact on the final extraction. The difficulties to apply

[Eq. (3.9)| observed by Vandermolen et al. are thus rather believed to be due to voltage threshold
mismatch.

In the next section, one will go on with Cyg .0 from the conventional method to continue its assess-
ment as proposed in this chapter.

3.3 Intrinsic charge extraction

In [23]], the integration of Cyg norm Was performed with a starting voltage V3¢ from which the intrisic
gate capacitance is considered to dominate over the inner fringing contribution ("inflexion point" on

[Fig. 3.3b)). One thus has:

VGS Vas
QiVas: Let) = [ ConiV Leg)aV & | 7 Cognorm(V: Legp)dV (3.10)
Vés Vs
The underlying assumptions of this method are thus
* (Hyp.5) Qi(Vas = Vig) is negligible
* (Hyp.6) Cyge.ir is small with respect to Cyg; for Vg > Vig

It corresponds to the usual integration (as performed in [19, [20]) when V{4 is equal to Vigg ipn from
Eq. (3.6)l The choice of Vg results in a trade off for the validity of (Hyp.5) and (Hyp.6). Indeed,
Clyge,if 1s known to decrease to zero when moving to stronger inversion because of screening by the

inversion layer (see [Section 5.1). However, the integral of C,; then gets important and (Hyp.5)
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becomes a worse assumption. From Vg 1s fixed at OV in our case (where Cy; is small
(Fig. 3.2) and no dependance on length is seen).

The validity of (Hyp.6) and the impact of the inner fringing capacitance on the extraction will be

discussed at length in

3.4 Effective length L., extraction

The transistor effective length writes L.;; = L, — AL with AL the length reduction due to the
extension of source and drain diffusions in the channel. It is typically extracted from the estimated

intrinsic capacitance in strong inversion (at Vs = Vigsmaz) and at Vpg = 0V. From [Eq. (3.8), one
has ( Cyg4e,if is shielded by the inversion layer, see [Section 5.1))

ng,norm(VGS = VGS,maa:) ~ ngi(VGS = VGS,ma:Jc) = Com<Lg - AL) (31 1)

with C,, the equivalent gate oxide capacitance. This expression again relies on (Hyp.1-4) from

Eq. (3.8)
Performing a linear interpolation on the Clyg 00 versus L, curves then enables to extract AL as
shown on|[Fig. 3.4 With L, = [25, 35, 45, 65, 90, 150] nm, one obtains AL = 1.8 nm.

%1071

3 o C (Vge=12V)

gg,norm
= = lin. interpolation

0 002 004 006 008 01 012
Lg [pem]

Fig. 3.4: L.y extraction from linear interpolation of TCAD Cyg norm(Vas = 1.2V, Vpg = 0V) versus L
data. The blue line indicates the zero on the capacitance axis.

The linear fitting of the data is evaluated in|[Fig. 3.5 where A L is extracted using an increasing number
of lengths starting from the two smallest in L. = [25, 35, 45, 65, 90, 150] nm and adding the
following ones. AL is reduced by 17% from when all lengths are used to when only the two smallest
are considered. Part of this 0.3 nm variation could be attributed to (Hyp.4) (see [Section 6.1), but it is
in any case small compared to the considered gate lengths.
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Fig. 3.5: AL extracted from linear interpolation of TCAD ng,norm(VGs = 1.2V, Vpg = 0V) versus the
number of lengths used.

3.5 Extraction of access resistance Fsp

Correcting for the access resistance Rgp = Rg + Rp is of primary importance in short transistors

as it dominates their total resistance R,, = Vpg/Ip. Figures[3.6/and 3.7 show the mobility obtained

by split CV with ); and L. as extracted in the previous sections while neglecting Rgp (thus using
th. (3.2)

Vi = Vps = 50mV in ). From|Fig. 3.6 it is seen that the extracted mobility is then severly
underestimated for the shorter transistors. The same effect is shown with the full mobility model on

As a side note, on this figure one also remarks the good match between values extracted
from TCAD simulation and the UTSOI2.2 compact model, which further validates the previously

described mobility model.

200 1
150 ¢
2
2
[\l
5 1001
b
(]
3 —.—p oL = M
50 1 -/ Lmask =150 nm
=€~ constant i = 150 cm?/Vs

0 0.2 0.4 0.6 0.8 1 1.2
v, [V

Fig. 3.6: Split CV extracted mobility pe,; without Rgp correction for the simple constant mobility model
(u = 150cm? /V s implemented in TCAD)
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Fig. 3.7: Mobility extracted by split CV without Rgp correction for the full mobility model. TCAD extracted
Lext (circles) is compared to the mobility extracted from the UTSOI2.2 compact model (triangles) and fi,0;
implemented in TCAD (circles). TCAD curves have been shifted by +100mV to correct for the Vry shift
w.r.t. the UTSOI2.2 curves and enable easier comparison. Blue and red curves are for a L5, = 25 nm and
Lynask = 150 nm transistor respectively.

Numerous Rgp extraction methods exist and some of them will be discussed for our purpose in
Section 4.1| Here, we start with the simple total resistance method [35]. From [Eq. (3.1)|and V7, g =
Vps — Rsplp, one can write

R, = Vps/Ip = Renhannet(Vas, Lefs) + Rsp (3.12)

where, in strong inversion :

Renannet = Lepr] (pesWerrCo.(Vas — Virr)) (3.13)

One can thus extract [Zgp by linear interpolation of R,,, versus L.

A single value of Rgp is usually extracted from the maximum gate voltage, as shown on for
the full mobility model.

One obtains Rgp = 248 Qum from the full mobility model TCAD simulations (Fig. 3.8), in good
agreement with Rgp = 259 Qum extracted from the UTSOI2.2 compact model. As expected, it is
seen that the access resistance dominates the total resistance R,, in short transistors: for L,,,.. =
25nm, Rgp represents 83% of R, = 299.7 2. The simple CEA model gives only Rgp = 141Qum,
which is not a physical value seen the simplistic mobility model (that notably doesn’t consider doping
dependence).

The total resistance method used here implies the following approximations:

* (Hyp.4) The threshold voltage variation with L., is assumed low enough for the extraction to
be performed at the same V; for all transistors.

* (Hyp.7) The mobility ji.s is assumed independent of L.y s

* (Hyp.8) Rgp is extracted as a single value, considering no dependence on V.

The excellent linearity of the R, versus L. ¢ plot (Fig. 3.8) is a strong indication in favour of (Hyp.7).
This assumption and (Hyp.8) will be discussed further in this work (Section 4.2.1).
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Fig. 3.8: Rgp extraction from TCAD simulations with the full mobility model using the total resistance
method. Vpg = 50 mV

3.6 Results of conventional split CV method

Correcting for Rgp is performed by writing I, = Ip/(1 — IpRsp/Vps) in This is mathe-
matically equivalent to using V,’D ¢ = Vps — RspIp [20].
[Figure 3.9|and [3.10] compare the extracted mobilities before and after this Rgp correction. One re-
marks the major impact on the extracted mobility curves.

200

150 ¢

100

2
[ [cm~/Vs]

—— no R__correction
H ext’ SD

—-— with R sp correction

—6—constant =150 cm?/Vs
o

0 0.2 0.4 0.6 0.8 1 1.2
V[V

Fig. 3.9: Extracted mobility before (crosses) and after (squares) correction for a constant Rgp in the simple
mobility model, compared with the constant mobility value imposed in TCAD (black circles). Blue curves
indicate L,,qsx = 25nm, red curves Ly, qsp = 150nm

The simple split CV method with constant Rgp correction extracts . ¢y in good qualitative agreement

with the effective mobility implemented in TCAD for the long (L;,,4sx = 150 nm) transistor. However,
the method proves insufficient to extract the mobility in a L,,,., = 25nm node. Its extracted fi.rs
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Fig. 3.10: Extracted mobility before (crosses) and after (squares) correction for a constant Rgp in the full
mobility model, compared with p,,,; from TCAD (circles). Blue curves indicate L, = 25nm, red curves
Lipasik = 150nm.

indeed shows an unphysical behaviour after Rsp correction.

3.7 Summary and conclusion

This chapter presented the application of a conventional split CV method with constant Rsp extrac-
tion to TCAD simulations of 28FDSOI transistors. One systematically mentioned the approximations
underlying the different extractions. This simple method was shown unable to extract the mobility
correctly in a short (L;,.sx = 25nm) transistor.

This thus forms the motivation for the rest of this work. In the following chapters, it will be studied
how this limitation of the simple split CV method for shorter transistors stems from the increased
impact of parasitic effects neglected by its approximations.

Legr extraction
Cyge,if impact?

|

2
= Lessl
Qi

PN

Cygi extraction R4 extraction

Cgge,if impact? Bias dependence?

Fig. 3.11: Impact of parasitics on split CV s extraction
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TCAD simulations will prove a powerful tool to confirm results from the litterature and assess the va-
lidity of these approximations by leveraging deeper insights into the device physics. Most difficulties
will be shown to be related to the underlapped structure of the considered devices. As represented in
the influence of the inner fringing capacitance C'y,. ;s and the bias dependence of the access
resistance Rgp will notably be discussed in the next chapters.
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Impact and correction of the series access resistance

In the previous chapter, the simple total resistance method was used to extract a bias-independent
access resistance Rgp. After correcting for it, the split CV method enabled qualitative extraction of
the mobility in long (L,,.sk = 150 nm) transistors. However, the method was shown unsuitable for
short transistors as the extracted mobility shows an unphysical behaviour.

Here, we will start by comparing different Rgp extraction procedures, and confirm the suitability of
the total resistance method to extract Rgp from the TCAD simulations. The bias dependence of Rsp
will be shown to be a major factor impacting mobility extraction in short transistors, in agreement
with trends reported in literature. Improved results taking this dependence into account will indeed
be seen to correct for the unphysical extracted mobility behaviour.

4.1 Comparison of access resistance extraction methods

Many different Rgp extraction methods have been proposed in literature, both from DC and AC
measurements [23)35]. Some of them were compared experimentally for 28FDSOI in [23].

In this section, we will show and compare results from the simple total resistance method (using DC
I-V curves) and cold fet method proposed in [36] (using AC S-parameters).

4.1.1 Total resistance method (DC)
The total resistance method was described in|Section 3.5 One has:

Rm = VDS/[D = Rchannel(VG37 Leff) + RSD

where, in strong inversion and linear regime :

Renannel = Legr/) (pesfWersC..(Vas — Vi)

Rgp can thus be extracted by linear interpolation of R,, versus L.;s (Method 1) or 1/(Vgs — Vi)
(Method 2). Both approaches rely on implicit assumptions:

* Method 1 assumes i is independent of L.y (Hyp.7 in[Section 3.5)

* Method 1 neglects the dependence of V5 on the transistor length (Hyp. 4). In all rigor R,,, (V)
should thus be used.

* (Hyp.9) Method 2 neglects fi.¢s variation with V,,, = Vs — Vg

* Method 1 and method 2 extract a single, bias-independent Rgp value (Hyp.8 in|Section 3.5))
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* Method 1 and 2 rely on proper extraction of L.y, and thus inherit (Hyp.1-3), see

Results of method 1 were presented in Good linearity of the total resistance R,, versus
Lss was observed and the values extracted from the full TCAD model agreed well with the ones
from the UTSOI2.2 compact model.

Method 2 first requires to extract the threshold voltage V. This was previously discussed in
The maximum of dC,,/dV, was motivated to be the best suited method for the considered
short transistors. The threshold voltages presented in are thus used here.

One thereafter needs to select a minimum gate voltage overdrive GV O,in, = (Vios — Vry ) min limiting
the extraction to strong inversion.

2000 -
650 A
=
5’ A
1500 { 600 0 T
—_ o o, _a”
= 550 o, * .~
& 1000 1.2 1.4 1.6 ,;;r“l:r
g -
[a ﬁ#uﬂ
500 - -
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0 1 2 3 4 5

1 /(VGS _VTH)

Fig. 4.1: Extraction of Rgp with method 2 from TCAD simulations (full mobility model) for L,,,,sx = 150 nm.
GV Opin, = 0.2V was deliberately chosen low to highlight the deviation from the linear fit for increasing gate
voltage overdrive.

shows the application of the method to a L,,,,, = 150 nm transistor. As shown on the
inset, the total resistance values deviate from the linear fit for increasing gate voltage overdrives. As
a consequence, the extracted Rgp values will increase when choosing a higher GV O, ;...

Selecting a high GV O,,,;,, ensures the device is effectively biased in strong inversion, but reduces
the number of points for linear interpolation. This could be alleviated using a smaller gate voltage
step in the Ip-Vi; curves. Here, the step was limited to 33 mV to keep reasonable TCAD simulation
times, and GV O,,;, is thus practically limited to maximum 0.5V. GV O,,;,, = 0.4V is chosen as a
compromise in the following.

The dependence on the gate voltage overdrive is shown in figure and implies sensitivity of
the method to the V};, extraction. This has been discussed at length in [23]]. The extracted values vary
significantly between the different lengths, increasing by more than 30% from L,,,,. = 25nm to
Lyask = 150 nm in the case of TCAD with GV O,,,;,, = 0.5V.

4.1.2 Cold FET method (AC)

The cold FET method was introduced by Bracale et al. in [36], and its underlying assumptions
reviewed in detail [23]]. The most notable one is to consider that the intrinsic output conductance gg4s;
is directly proportionnal to Vs — Vg in strong inversion, neglecting the dependence of ji.¢; on the
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Fig. 4.2: Rgp extracted from TCAD (full mobility model) by method 2 for different minimum gate voltage
overdrives and transistor lengths.

gate voltage (Hyp.9). It is further assumed that in "cold regime", i.e. at Vpg = 0V, the intrinsic
transconductance ¢,,; = 0 and Cyq = C,,. Based on a small signal model of the "cold" FET (at
Vps = 0V) in strong inversion, one then has [36]:

1
R6<222> - RSD + (41)
9dsi
1
Re(Zlg) = RS + 29d8i (42)
1
R6(222 — Zn) = RD + 9 (43)
9dsi

Where port 1,2 refer to the gate and drain contacts respectively and the model is referenced at the
source. (44 18 the intrinsic output conductance of the device. It tends to infinity when L.s¢ or

1/(Vas — Vi) tends to zero. [Equation (4.1)| can then be used to extract Rgp from linear interpo-
lation against L. ¢y (Method 3) or 1/(Vizs — Vi) (Method 4).

AC simulations were performed in TCAD to extract the Y parameters of the transistor at 100 kH z
(see [Section 3.2] and [Fig. 5.2] the extraction frequency doesn’t bear much importance here). After
inversion of the Y matrix to Z matrix, Re(Z,2) is used for the linear interpolations (extractions with
Re(Z12) confirmed Rg ~ Rp ~ Rsp/2).

Application of the method 3 is shown in As for method 1, the linearity of the Re(Z3) versus
Lcss plot is excellent. The extracted value Rgp memne = 246 Qum is very close to the previously
extracted Rsp metn1 = 248 Q0 pm.

presents method 4 applied on a L,,,s, = 150 nm transistor. As for method 2, a minimal
GV O, must be chosen to ensure bias in strong inversion while keeping a sufficient number of
points for the linear interpolation. In GV Opin = 0.2V is again deliberately chosen low
to better show the deviation from the linear fit (similar to method 2, see [Fig. 4.T)). It is less visible
here as S-parameters were simulated only to Vzg = 1.2V while I — V' curves were extracted to
Vas = 1.2/, V. One could thus again expect sensitivity on GV O,,;, and hence on the extraction of
the threshold voltage V.

The dependence of the extracted Rgp on the length is very similar to that of method 2 (see[Fig. 4.5).
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Fig. 4.3: Extraction of Rgp from TCAD simulations (full mobility model) with method 3 (f =

100 kHz,Vps = 50mV)
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Fig. 4.4: Extraction of Rgp with method 4 (full mobility model). L = 150 nm, GV Oy, = 0.2 V deliberately
chosen low to show the deviation from linear fitting (f = 100 kH z,Vpgs = 50mV)

4.1.3 Comparison

A comparison between the four discussed Rgp extraction methods is presented in The first
observation is the good agreement between values extracted from DC (I-V) and AC (Y-parameters)
methods. Methods 2 and 4, based on regression against 1/(Vgs — V), give unexpected significant
variations of Rgp with the gate length. They also showed deviations from the linear relation, resulting
in sensitivity on the chosen minimum overdrive voltage and extraction of V.
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Fig. 4.5: Comparison of Rgp values extracted with methods 1-4 (full mobility model). Methods 1 and 3 give
a single value independent of the length, represented here by a constant line. GV O,,;,, = 0.4V for methods 2
and 4.

Methods 1 and 3, based on regression versus L., both show excellent linearity and give close re-
sults in good agreement with values extracted from the UTSOI2.2 compact model (259 Q2um). Very
importantly, they also enable extraction of Rgp in function of the gate bias. As will be shown in the
next section, this is a major factor for mobility extraction in short channel transistors. Method 1 (total
resistance versus L.r) has been employed in litterature for such investigations and will therefore be
used in the rest of this work.

4.2 Importance of bias dependence

4.2.1 Bias dependence of the FDSOI access resistance

Up to now, the values of Rgp have been considered independent of the gate bias. The total resistance
method was used at Vigg = Viggmas to extract Rgp and correct for it in the split CV mobility extraction
procedure. It notably relies on 1) proper extraction of L.¢; and 2) the hypothesis that the effective
mobility /iy is independent of L.y (Hyp.7, see[Section 4.1).

This assumption is backed by the excellent linearity of the total resistance I?,,, versus L.y, as will be
discussed further in this section. As seen in after constant Rgp correction the mobility
could be extracted in qualitative agreement with the TCAD models for a L,,,sx = 150 nm transistor.
However, the method remained problematic in a L,,,sx = 25 nm device.

In [37], Fleury et al. proposed to extract Rgp from linear interpolation against 1/3, where § =
preffCou W/ Le sy takes into account possible variation of yi. ¢ with the gate length. However, extrac-
tion of /3 relies on the assumption. that Rgp is weakly dependent on the gate bias.

In [10], Monsieur et al. evidenced the important bias dependence of Rgp from TCAD simulations
of FDSOI structures, geometrically similar to the ones considered in this work. Channel doping was
made uniform and S/D junctions abrupt, thus generating a uniform channel where .. s ¢ is not expected
to degrade with smaller transitor lengths. From TCAD insights, they proposed the following model
for Rsp:
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o
W (Vo + dVip)

Where o is an experimentally determined coefficient. The constant term R, represents the bias-
independent contact and silicide resistances. Interestingly, the second term is seen to be associated
to the local inversion beneath the spacer, in the underlaps regions. These underlaps thus behave as
parasitic access transistors, driven by a local threshold voltage Vy, ., = Vin . — dVy, where Vi, . is the
intrinsic transistor threshold voltage and dV};, > 0 (this makes physical sense seen the higher doping
in the underlap regions).

Introducing [Eq. (4.4)| (with dV};, = 0) into [Eq. (3.12)] it was shown that Fleury’s 1/ method is un-

able to correctly extract the Rgp variation with Vi;. This bias dependence was then seen to generate
an erroneous collapse with the gate length of the low-field mobility 11y extracted from the Y-function
method.

The total resistance method was shown able to extract the Rgp (Vi) variation correctly, and success-
fully applied to 28 nm FDSOI transistors measurements [[10]. This thus further motivates its use in
this work.

Rsp = Ry + 4.4)

Those elements were confirmed by Henry et al. in [11]. The total resistance method was shown
applicable to 28 nm and 14 nm FDSOI transistors, and it was further affirmed that the variation of
access resistance with Vi; is a major parameter degrading the apparent mobility in short transistors.
Correcting for it, both articles obtained a length-independent low-field mobility i, rather than the
usual degradation with shorter gate lengths.

One notes that the UTSOI compact model offers a parameter ("RSG") to model the Rsp dependence
with Vi; [38]], with a similar form as proposed by Henry et al.

From above insigths, it is thus decided here to extract Rgp (V) using the total resistance method,
and to take this bias dependence into account in the split CV p.rs(Vi) extraction. To the author’s
knowledge, this has up to now been neglected in split CV mobility extractions.

At this point, an important question can be raised on the method’s main underlying hypothesis that
tes ¢ doesn’t significantly depend on L.s¢ (Hyp.7).

This assumption is usually considered acceptable for a constant and uniform channel doping. For
example, [37] mentions a critical transistor length L..;; such that for L, < L..;; pocket implants are
overlapped, hence giving an uniform channel. In our case, the channel doping cannot be assumed
uniform due to the source and drain diffusion profiles extending into the channel. Nevertheless, as
was shown in the linearity of the total resistance R,,(L.ss) plots is still excellent. With
all gate lengths (L,.sx = [25, 35, 45, 65, 90, 150] nm), one extracted Rsp = 248 Qum, while with
only the three smallest lengths (L. = [25, 35, 45] nm) one gets 247 Qum. This linearity was
also observed experimentally for 28 nm FDSOI and for 14 nm FDSOI in the previously discussed
papers [10] and [11]. In these, it is then taken as a proof that the intrinsic mobility doesn’t depend
significantly on the gate length.

In our TCAD simulations, this is probably explained by the high background doping in the channel
(see [Fig. 2.3), which gives a similar intrinsic channel mobility for all considered transistor lengths.
Indeed, the doping in the center of the channel is similar for a L., = 25 nm and a Ly, = 150 nm
transistor (see [Fig. 2.3)), while the mobility drop due to the highly doped source and drain diffusions
is accounted for through Rgp.

4.2.2 Bias dependent Rgp extraction

Figure 4.6 shows the extraction of Rsp(Vig) from the total resistance R, versus L.;s plots for
0.6V < Vs < 1.2 V. The linearity of the curves is excellent for all these voltages in strong inversion.
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Fig. 4.6: Extraction of 7,4 from the total resistance R, versus L.y plots for Vizg = 0.6V (higher curves) to
Vas = 1.2V (lower curves) by 40 mV steps (full mobility model).

shows the extracted Rgp values, which are valid in strong inversion only. One indeed ob-
serves a significant decrease with V; in agreement with due to the parasitic access transis-
tors getting more conductive (decrease of 44% between Rsp(Vas) = 0.6V and Rgp(Vgs) = 1.2V).
These results are very similar to those experimentally obtained by Henry et al. [[11].

500 ~

200 T T T T T T T T 1
04 05 06 07 08 09 1 1.1 1.2

v, V]

Fig. 4.7: R, bias dependance extracted from the total resistance method (full mobility model). The extracted
value are only valid in strong inversion, and the peak around threshold can thus not be considered physical.

4.2.3 Impact on mobility results

Figures [4.8] and [1.9] compare the extracted mobility with and without considering the Rgp bias de-
pendence.

The impact on the extraction is relatively modest for the simple mobility model (Fig. 4.8). Indeed,
the value of the access resistance Rgp ~ 141 (um is unphysically low as doping dependence isn’t
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properly accounted for. The impact on the L,,,sx = 150 nm transistor is then practically negligible.
It is more important for L,,,sx = 25nm where correcting for the Rgp bias dependence results in a
better behaved curve, which however still clearly underestimates the mobility implemented in TCAD.

The method is seen to have a major influence on the extracted mobility for the full mobility model
(Fig. 4.9). The high doping of the source and drain diffusions compared to the channel makes the
effect of Rgp important, particularly for L,,,sx = 25 nm (see sections and [3.6). Accounting for
its dependence on Vg has a particularly significant impact for the short (L,,qsx = 25 nm)
transistor. The unphysical, monotonically increasing mobility behaviour is indeed seen to be cor-
rected. For both transistor lengths, one then obtains a mobility evolution with V{; in better agreement
with Mool -

The value of the extracted mobility ., is seen to be higher than this zi,,. As mentioned in
this can be attributed to the doping of the source and drain diffusions which lowers fi,,
while their influence on ., is precisely corrected for through Rgp.

200 1
A:::::::::::::f“- ,;,i,Z,,:E::

100

2
[ [cm~/Vs]

—— constant R__correction
K ext’ SD

—-— R SD(V G S) correction

—6—onstant y = 150cm*/Vs

T T T 1

0 0.2 0.4 0.6 0.8 1 1.2

\Y GS [V]
Fig. 4.8: Mobility extracted from the simple TCAD mobility model when correcting for Rgp bias dependence
(squares), compared to that with constant Rgp (crosses) and p = 150c¢m? /V's implemented in TCAD (black
circles). Blue curves indicate L, = 25 nm, red curves L,,q,sx = 150 nm.

4.3 Summary and conclusion

This chapter started with the comparison of different Rsp extraction methods. The simple total
resistance method was shown suitable for our purpose. Firstly, the linearity of the total resistance R,,
with respect to L. ;s was seen to be excellent, confirming (Hyp.7) in our TCAD simulations. This was
attributed to the high channel background doping, resulting in similar intrinsic channel mobility for
all considered transistor lengths. Secondly, this method enabled to extract the significant dependence
of Rgp on Vi with similar results as reported in literature, supporting the analysis that the underlaps
behave as parasitic access transistors.

This Rsp bias dependence was shown to have a major impact on the mobility values extracted in
short transistors and their evolution with V. This thus indicates that (Hyp.8) is unsuited in short
FDSOI transistors. Accounting for this bias dependence enabled to retrieve a mobility evolution in
better agreement with (.. This is considered an important result of this work.

While the influence of the Rgsp bias dependence on the low-field mobility yy extracted with the
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Fig. 4.9: Mobility extracted from the full TCAD mobility model when correcting for Rgp bias dependence
(squares), compared to that with constant Rgp (crosses) and fi,,; from TCAD (circles). Blue curves indicate
Linask = 25 nm, red curves L, = 150 nm.

Y function has been discussed in literature, it has to the author’s knowledge up to now not been
accounted for in yi. (Vi) split CV extractions.

The mobility is however still seen to be underestimated in short transistors after this correction, as no-
tably indicated by the results on the simple mobility model. In the next chapters, this will be attributed
to the parasitic contribution of the inner fringing capacitance to the intrinsic charge extraction.
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Gate capacitance contributions

In the previous chapter, one showed the importance of the Rgp bias dependence to extract a correct
mobility behaviour in short transistors. However, the mobility was still seen to be underestimated in
these short devices.

In this chapter, it is thus proposed study the parasitic contributions to the gate capacitance more
deeply. Their impact on the mobility extraction will then be presented in indicating the
inner fringing capacitance as the source of this remaining underestimation.

The parasitic gate capacitances usually considered for advanced nodes were shown in One
expressed the total gate capacitance C,, as

ng = ngi(VGS7 Leff) + nge,ov + ngemf(Leff) + nge,if(vov> (5.1)
with the different parasitic contributions recalled in below.

Ci_lw.m‘ Gate Ct_]rl e,0v

Cyseof| 1 ' | |Cgde,of

DS 1w 1w RO
Source ;i)J L‘Ef Drain

- »

c gse,if nge.if

Fig. 5.1: Parasitic gate capacitances as modeled in [20]. Image taken from [23]]

One attempted to extract the intrinsic gate capacitance C,y; from the total gate capacitance Cy, as

classically done by defining Cg 1,0rm
ng,norm = ng(VGS7 Leff) - CQQ(VGS = VGS,min7 Leff)

~ ngi(VGSa Leff) + nge,if(VGS)

with Vg min placing the transistor in accumulation. This expression of Cyg orm, relies on the assump-
tions recalled below:

* (Hyp.1) The outer fringing and overlap capacitances Cygc o¢ and Cygc o, are considered inde-
pendent of V,,
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* (Hyp.2) The inner fringing capacitance Cyg ;¢ is taken independent of the length

* (Hyp.3) The inner fringing capacitance Cy,. ;¢ is assumed shielded in accumulation regime (at
Vas = Vasmin)

* (Hyp.4) The threshold voltage variation with L. is assumed low enough for the extraction to
be performed at the same V; g for all transistors.

Cyg.norm Was then used as an estimate of C,y; for both (); and L.sy extraction, although is known
to be perturbed by the inner fringing capacitance. The following hypotheses were thus made for @);
extraction, performed by integration of Cyg ,orn With starting voltage Vig:

* (Hyp.5) Qi(Vis = Viig) is negligible
* (Hyp.6) Cyge.ir is small with respect to Cyg; for Vg > Vig

In this chapter, one will assess the different assumptions related to the inner fringing capacitance
Cyge,if- (Hyp.3) will be confirmed to be invalid in FDSOI transistors as the absence of dynamic hole
response in accumulation prevents shielding of Cyge ;.

An alternative C,4; extraction method proposed by Vandermolen et al. will then be validated and
shown useful to gain insight on the different contributions to the total gate capacitance. It will then be
shown how the inner fringing capacitance behaviour can be partly related to modulation of charges in
the underlaps, hinting at the link with the parasitic access transitor concept discussed in

5.1 (s bias dependence

5.1.1 Cy4.ir modeling in FDSOI

A first model for the inner fringing capacitance in bulk MOSFET’s was proposed in [39]. The capac-
itance was computed from a geometrical double plate model using a suitable transformation. Its bias
dependence was completely neglected in this analysis.

Prégaldigny et al. adapted this model for advanced bulk nodes and added the bias dependence ex-
plicitly, taking into account shielding by free carriers in inversion or accumulation regimes [40]. This
model has then been widely considered in split CV extractions both in bulk and, questionably, FDSOI
transistors [20, 21,41, 42] .

Kim et al. [43]] proposed bias-independent geometry-based expressions for fringing capacitances in
ultra-thin body SOI structures with underlaps, also introducing length-dependent fringing through the
bulk. The relation with the underlap doping profiles and effective length was then studied by Agrawal
et al. [44]. However, the inner fringing behaviour in accumulation regime wasn’t clarified.

A charge-based modeling of the inner fringing capacitance in SOI MOSFET’s was reported by Wiatr
et al. in [45]]. The inner fringing capcacitance was considered shielded only in inversion regime. This
unshielded inner fringing behaviour in FDSOI has also been reported in [46, 47]].

Indeed, it is well known that, contrary to what happens in bulk devices, no dynamic hole response
occurs in accumulated FDSOI transistors. This can be readily appreciated from the Cy, — Vg plots
as in|Fig. 3.2

In a bulk NMOS transistor, the gate capacitance almost reaches the equivalent gate oxide capacitance
(. in accumulation regime as holes are the majority carriers in the P-doped channel. They can be
moved from/to the bulk, and thus respond easily to gate voltage changes. In the case of an N-type
FDSOI transistor, the source and drain regions are highly N-doped and the channel left undoped.
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Furthermore, the channel is separated from the body by the buried oxide. There is thus no "reservoir"
holes can be generated from. As a result, they are unable to follow the gate voltage at practical
frequencies, and the inner fringing capacitance is can then not be shielded dynamically [46].

A physical inner fringing capacitance model, based on the computation of the associated inner fring-
ing charges, has recently been introduced in the UTSOI2.2 compact model for improved description
of C,g4 in short transistors [38].

5.1.2 Rewriting Cyg ,,0rm

—©—1=0.01 Hz

= f=0.1 Hz
~|—e—-f=1Hz
—6—-f=10Hz- 10 GHz
3 T T T T !
-1.5 -1 -0.5 0 0.5 1

VGS [V]

Fig. 5.2: TCAD C,,(Vgs) curves for frequencies f = 1072 Hz to f = 101° H z, one frequency per decade.

The absence of hole response at usual frequencies is assessed by TCAD simulation in No
dynamic hole response is observed and the curves are superimposed for all f > 10 Hz. The onset of a
hole response around Vs = —0.8 V is visible below f = 1 H z, well under our extraction frequency
of f =100kHz.

Note that generation-recombination or tunneling models were not studied in more detail, hence the
TCAD simulation used here might lack accuracy when those phenonomena dominate.
should thus be seen as a confirmation that hole response might only occur at frequencies several orders
of magnitude below our extraction frequency of f = 100 kH z, rather than as a precise determination
of this dynamic hole response cutoff frequency.

(Hyp.3), which was valid for bulk transistors, is thus not acceptable anymore in FDSOI. For the latter,

Eq. (3.8) should then be rewritten

ng,norm(VGSa Leff) = ng(VG’Sa Leff) - CQQ(VGS,mina Leff) (52)
~ ngi(VG57 Leff) + nge,if(VGS) - nge,if(VGS,min) (53)

which shows the appearance in Cy .0 Of an additional inner fringing term in accumulation.
In the following, an alternative Cy,; extraction method will be evaluated and used to discriminate

between the different contributions to C,. It will notably be useful to assess the significance and bias
dependence of Cyge ;.
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5.2 Alternative capacitances extraction

In this section, we will apply a gate capacitance modeling method proposed in unpublished work
by Vandermolen et al. [34]], very similar to an approach mentioned in [11]. Its ability to describe
Cy4 with precision will be confirmed here from the TCAD simulations. The method will be used to
discriminate between the different contributions to the total gate capacitance (see and
evaluate their relative importance and dependence with bias.

5.2.1 Normalization to V,,

One starts by extracting the threshold voltage V7p from the maximum of the gate capacitance deriva-
tive dCy,/dV, as was shown in As mentioned there, Vy should rigorously be extracted
from the maximum of dC,,;/dV,. The intrinsic gate capctiance C,; is however not available at this
stage of the method, as its extraction will precisely rely on normalization of C, to the overdrive volt-
age V,,. Nevertheless, in [34] using the total gate capacitance was verified a posteriori to give very
similar results. This was also verified in our case (see figures and in appendix)

The capacitance curves are then normalized to V,, = Vs — Vg and spline interpolated (500 points)
from ‘/ov,mm = (VGS,min - VTH,mean) to ‘/ov,max = (VGS,max - vTH,mean)» with vGS,min =12V,
Vasmar = 1.2V and Vig mean = 0.332V the average threshold voltage computed from
The curves are thus weakly impacted at their extremities. Those with corresponding V7 greater
(resp. smaller) than Vg peqn are extrapolated near Vg min (resp. Viasmar) and truncated near

VGS,max (resp' VGS,min)-

With this method, (Hyp.4) is then eliminated from the Cy,; extraction (however not totally, as linear
interpolation of Cy, will be performed against L., whose extraction still relies on (Hyp.4)). .

-15
35 %10

SA

Vov[v]

Fig. 5.3: Cyy(V,y) curves from TCAD, with Vg extracted at the maximum of the gate capacitance derivative.

5.2.2 Linear interpolation of C,
A plot of Cy, against L.s, (as extracted in for Voymin < Voo < Voumaz 1S shown on

Fig. 5.
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Fig. 5.4: Total gate capcitance Cy, plotted against L.y for V,,, from Vi, min t0 Vo mas by steps of 20mV

These curves suggest a linear relation between Cy, and L.s¢. Here, a difference is made with [34]
where the gate length L, is used. Using the effective length L. instead is deemed more physical for
the extraction of Cy,; presented below.

From the observation of Vandermolen et al. proposed to assume [34]]

ng

—~

‘/ova Leff) ~ A(V;)v)Leff + B(‘/ov) (54)
with

A(Vo) = A1 (Vi) + A (5.5)
B(Vy) = Bi(Viy) + Be (5.6)

A linear interpolation of the total gate capcitance Cy, against L.;; can then be performed to extract
the coefficients A and B. The results are shown in

The extracted B(V,,) coefficient corresponds to a usual parasitic capacitances plot obtained in a
similar manner (against L) in [[11} 41} 42]]. One remarks the peak around Vi;5 = 0.2V, attributed to
the maximal contribution of inner fringing in depletion (see[Section 5.T]).

Only [11] also reports the evolution of A(V,,), which unsurprisingly corresponds to an intrinsic ca-
pacitance behaviour (plus a constant term). To the author’s knowledge, it hasn’t been used for split
CV extraction except in [34], even though doing so can be seen as a generalization of the method
proposed by Romanjek et al. [20].

As proposed in [34], the terms A;, Ay, By and B in equations [5.5] and [5.6] can be associated to the

different contributions to the total gate capacitance C, recalled below:

Ogg = ngi(VGSa Leff) + ngaov + nge,of(Leff) + nge,if(‘/;w)

Note the A and B coefficients are average results obtained by linear regression of the gate capacitance
against all the different lengths, thus not including possible variations between different geometries.
This is underlined by the "mean" notation of their symbols.
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Fig. 5.5: Linear interpolation coefficients A and B in function of V,, extracted from

* The intrinsic capacitance C,,; depends on V,, and scales linearly with L.fs. Thus A4;(V,,) is
associated to the mean intrinsic gate capacitance per unit length C_;gi

* The outer fringing capacitance Cy. s is known to depend on the gate length (and thus L. as
Lesr = L, — AL with AL constant for all L,) [48]]. One thus attributes A, to C’; (average
outer fringing capacitance per unit length)

ge7of

* The inner fringing capacitance is assumed independent of the length in this method (Hyp.2).
As it varies with bias, B;(V,,) then models Cy. ;

* The overlap capacitance C,, is independent of the length and not impacted by V,,, (Hyp.1). The
mean overlap capacitance C,, is thus modeled by the B, term.

5.2.3 Evaluation of the method
and [5.7] evaluate the ability of [Eq. (5.4)] to reconstruct the inital total gate capacacitance

Cyq from the interpolated terms for L,,.s, = 150 nm and Ly, = 25 nm (results for all lengths are
found in figures[A.9]-[A.4). The method is confirmed to model C, accurately for both
long and short channel transitors, thus validating the approach (see[Fig. A.10} less than 2.5% relative
error for all gate lengths on the entire voltage range).

One remarks the significant contribution of parasitics to the total gate capacitance in the L. =
25 nm transistor (Fig. 5.7).
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Fig. 5.6: Modeling of the gate capacitance Uy, by the linear interpolation method. The inital gate capacitance
(dashed purple curve) is well reconstructed from the A and B terms (yellow). Lp,qsx = 150nm, Leyy =
136.2 nm
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Fig. 5.7: Modeling of the gate capacitance Cy, by the linear interpolation method. The inital gate capacitance
(dashed purple curve) is well reconstructed from the A and B terms (yellow). Ly,qsx = 25nm, Lepp =
23.7nm

The A;(V,,) term is associated to ;gi, thus one can now estimate the intrinsic gate capacitance Cg;
by Cyyi = A1(Voy)Less. The result is compared with Cyg porm used in the conventional split CV

method in
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Fig. 5.8: Comparison between A1 (Vgs)Leys (full) and Cyg norm(Vas, Les¢) (dashed) as estimates of Cyg;

The "elbow" around threshold in the Cyg ;,0rm curves is attributed to the inner fringing contribution

and seen to be corrected by Cyy; = A1 (Vias)Less (see also|Fig. 5.9). This linear interpolation method
is thus seen promising for (); extraction, as was proposed by Vandermolen et al. and will be confirmed
in the next chapter.
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Fig. 5.9: Comparison between A; (V) (dashed black line) and Cyg norm/Leys (colors) as estimates of it
The influence of the inner fringing is particularly visible in the shorter transistors as Cye ; ¢ is larger compared
to ngi-

Going one step further, one can compare [Eq. (5.3)}

ng,norm(VGS7 Leff) = ng(VG57 Leff) - ng(VG’S,mina Leff)
~ ngi(VG57 Leff) + nge,if(VGS> - nge,if(VGS,min)

against
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ng,nm"m(VG57 Leff) = A1<VGS)Leff + Bl<VGS) - Bl(VGS,min> (57)

~ Chi(Vas)Leps + Coge,ir (Vas) — Cogeir(Vasmin) (5.8)

As shown in [Fig. 5.100 Cyg norm is well modeled by [Eq. (5.8)) including both intrinsic and inner

fringing contributions. It thus overestimates C,4; in weak inversion due to the maximum contribution
of Cygeiy in this region, while it slightly underestimates it in strong inversion due to the Cyge ;r(=
Vasmin) term [34].

This thus confirms the interest of the linear interpolation method to extract the behaviour of the dif-
ferent gate capacitances. Its insights will be leveraged in the next chapter to assess the impact of the
inner fringing capacitance on the mobility extraction.
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Fig. 5.10: Comparison between Cyg n,orm from|Eq. (3.6)|(full) and Cyg 1orm from|Eq. (5.8)|(dashed) for differ-
ent transitor lengths.

5.3 Link to underlap charge modulation

The behaviour of the inner fringing capacitance was studied in the previous section using the Cq4
linear interpolation method proposed by Vandermolen et al. Here, we will show how part of this
behaviour can be retrieved from the modulation of charges in the underlaps of the transistor.

[Figure 5.11]and [5.12]show the evolution of the potential and electron density along a cut through the
channel and the underlaps of a L,,,.; = 25nm transistor. The effective length L.¢; is indicated by
the red dashed lines. Both quantities are seen to be modulated by the gate voltage much beyond the
effective length, i.e in the underlaps.
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Fig. 5.11: TCAD simulated potential cut along the channel 0.1 nm below the gate oxide for a L,,,q5x = 25 nm
transistor. Vg goes from 0V (lowest curve) to 1V (highest curve) by 25 mV steps. The dashed red lines
delimitate Ly .
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Fig. 5.12: TCAD simulated electron density along the channel 0.1 nm below the gate oxide for a L5 =

25 nm transistor. Vg goes from OV (lowest curve) to 1V (highest curve) by 25 mV steps. The dashed red
lines delimitate Lyy.

The modulation of charges by the gate voltage shown in is naturally linked to the gate
capacitance behaviour. It is thus proposed to study the equivalent capacitances associated to the total
charge variation with Vi in both channel and underlap regions. To do so, the total charge density
p(z,y, Vi) is integrated over 1) the channel region (X = [—Lcsf/2, Less/2], Y = [0, ts; = 6.7nm])
and 2) the underlaps and source/drain diffusion regions (see [Fig. 2.2)). One thus has

QuVe)= [ pla.y. Ve)drdy (5.9)

Quve) = [ pla,y, Va)dady (5.10)
underlaps+S/D
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and computes the associated equivalent capacitances dQ;‘(/ZG) and de‘gG). Their behaviour is shown

in [Fig. 5.13al and compared with the coefficients extracted from the linear interpolation technique

(Fig. 5.13b).
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Fig. 5.13: (a) Channel and underlap capacitances extracted from the TCAD simulated charge variation with
Ve (b) A1 (Vgs) and BV g coefficients from the linear interpolation method, L,,qs, = 25 nm.

dQc
v,

with Cyg;. The charge variation in the underlaps is shown to reproduce the inner fringing behaviour,
with the characteristic peak in the depletion regime. Part of this inner fringing behaviour can thus be
linked to the modulation of charges by the gate voltage in the underlapped regions.

The channel charge variation

shows the expected intrinsic capacitance behaviour, in agreement

5.4 Summary and conclusion

This chapter studied the parasitic gate contributions in more detail. The different hypotheses under-
lying the expression of Cyg orm Were recalled. (Hyp.3), the assumption that Cyg. ;¢ is shielded in
accumulation, was seen to be invalid in FDSOI transistors due to the absence of dynamic hole re-
sponse. Cyg norm Was then rewritten taking into account an inner fringing term in accumulation.

An alternative capacitance extraction method proposed by Vandermolen et al. was confirmed able to
describe Uy, with precision, and shown useful to extract the behaviour of its different terms. Using
its insights, it was then seen that the inner fringing behaviour is partly retrieved from the modulation
of the underlap charge by the gate voltage.

In the next chapter, one will discuss the impact of this inner fringing capacitance on L.s¢, (); and
mobility extraction. Its contribution to the extracted charge will be identified as the source of the
remaining mobility underestimation in short transistors after Rgp(Vs) correction.
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Impact and correction of the inner fringing capacitance

In the previous chapters, several assumptions underlying the conventional split CV mobility extrac-
tion were discussed and critically assessed for FDSOI transistors. The bias dependence of Rgp was
confirmed to be a major effect impacting mobility extraction in short devices (see (Hyp.8)). Fur-
thermore, in FDSOI the inner fringing capacitance was seen not to be shielded in accumulation (see
(Hyp.3)). An alternative capacitance extraction method was shown useful to evidence the contribution
of Cyge,if 10 Cyg norm and provide a preciser extraction of Cg;.

In this chapter, one will study the impact of the inner fringing capacitance on the split CV mobility
extraction.

A first step will be to normalize I-V and C-V curves to V,,, = Vg — Vg before the extraction. The
method then fully accounts for Vy variation with the gate length, and the influence of (Hyp.4) on
Rsp and L.y extraction is thus removed.

After this correction, one will firstly assess the impact of the inner fringing on L. ;s estimation. The
extraction will be seen perturbed by the inner fringing capacitance term at Vg . Nevertheless,
L. s will be considered correctly extracted in our case.

The contribution of the inner fringing capacitance to the extracted charge will then be discussed,
and shown significant in short transistors. Using Cy,; as obtained from the alternative capacitance
extraction method will be seen to correct for this contribution. Mobility extraction results in good
agreement with the TCAD implemented mobility will then be obtained. This indicates that the inner
fringing capacitance, through the parasitic charge it generates, can be identified as the major source
of mobility underestimation by the split CV method in short transistors (after V,,, normalization and
Rsp(Vgs) correction).

6.1 Normalizing the extraction to V,

Different methods to extract the threshold voltage Vi were presented in The maximum
of the gate capacitance derivative was selected as the best suited method, and used in the previous
chapter to normalize Cy, to V,,, = Vizs — Vi before extraction of the different capacitance contribu-
tions.

However, Rsp and L.y were extracted respectively from the total resistance 2, and from Cjg yorm
with the same V5 for all transistor lengths, thus neglecting V- variation with L, (Hyp.4).

Here, both I-V and C-V curves will be normalized to the overdrive voltage before the extraction and
spline interpolated from Vi, 1min = Vasmin—Vramean = —1.53 V 10 Vo mae = Vasmaz— VrHmean =
0.87V (as in[Section 5.2.1)). This will totally eliminate (Hyp.4) from the estimation of Rsp and L.y,
and enable to study its impact on the mobility extraction.
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6.1.1 Impacton L., extraction

I
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0.5
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Fig. 6.1: AL extracted from linear interpolation against Ly of Cyg norm(Vov,maz, VDs = 0V) versus the
number of lengths used.

shows AL extracted from Cjg orm (Vv mazs Vps = 0V) using an increasing number of
lengths, starting from the two smallest in L5 = [25, 35, 45, 65, 90, 150] nm and adding the fol-
lowing ones. Using all lengths, one again obtains AL = 1.8nm as in This is not
surprizing as the variation of Cg .0, in strong inversion is small over AVyy ~ 30mV.

The extracted AL variation (11% decrease between AL extracted with all lengths and AL extracted
with the two smallest ones) is reduced compared to that in It thus stays even smaller com-
pared to the considered gate lengths.

6.1.2 Impact on Rgp extraction

The linearity of the total resistance R, (V,u,maz) against L.y is still excellent. With all gate lengths
(Limast = [25, 35, 45, 65, 90, 150] nm), one extracts Rsp(Voy maz) = 250 Qum (compared to 248 Qum
without V,,, normalization). With only the three smallest lengths (L,,.sx = [25, 35, 45] nm), one gets
252 Qum (compared to 247 Qum without V,,, normalization). Again, this is not surprizing for such
an extraction at high Vg4, Where the AVpy variation is small compared to considered overdrive
voltages.

[Figure 6.2]then shows the extraction of the bias dependent Rsp (V) for 0.3V < V,, < 0.8 V.

The linearity of the R,,(L.sy) curves for these overdrive voltages is assessed in Rgp is ex-
tracted using a number of lengths V starting from the two smallest ones in [25, 35, 45, 65, 90, 150] nm.
The access resistance extracted from the smaller lengths tends to be higher.

One could be interpret this as an indication of lower effective mobility in the shorter devices (see
the discussion in [Section 4.2.1)). The effect is more pronounced than in (without V,,, nor-
malization), which one could attribute this to the fact that, without V,,, normalization, the mobility
degradation with L, is compensated by a higher V,, (lower Vrg) in the expression of the channel
resistance (Eq. (3.13)). Nevertheless, the linearity is good when moving to stronger inversion, hence
the method is still considered viable for our extraction.
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Fig. 6.2: Full mobility model R, (L. f f) for V,, from 0.3 V' (higher curves) to 0.8 V (lower curves) by 50mV
steps
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Fig. 6.3: Full mobility model R;(V,,) for different number of lengths used in the linear interpolation of R,

shows the bias dependence of the access resistance extracted with and without normaliza-

tion to V,,. When V,,, reduces, the impact of the normalization is increased and one extracts higher
Rgp values.

From V,,, = 0.3V t0 V,, maz = 0.87V, one obtains a decrease of Rsp(V,,) by ~ 50%.
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Fig. 6.4: Rgsp extracted by the total resistance method with (full) and without (dashed squares) V,,, normal-
ization for the full mobility model. The dashed curves were downshifted by Vg mean for easier comparison.
Black curves indicate the constant Rgp value extracted from Vi, maz and Vs maz-

6.1.3 Impact on (); extraction

shows the charge ().,; extracted by integration of Cj 0 (see[Eq. (3.10)) without (from

Vég = 0V) and with (from V; = —V7py peqn) normalization to the overdrive voltage. Normalizing
to V,, doesn’t significantly modify the extracted charge (though a small impact will be evidenced in

section 6.4.2)).
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Fig. 6.5: ()¢ from integration of Cyg yorm Without (full) and with (black dashed) V,, normalization. Normal-
ized curves have been plotted agains Vg = V,,, + Vg with Vg their respective threshold voltage.

As L.y extraction was also only weakly impacted, (Hyp.4) mostly affects the extraction of the bias
dependent Rgp. The influence on the extracted mobility will be shown in

Now (Hyp.4) has been completely removed, one will study the impact of the inner fringing capaci-
tance on L.¢,(); and mobility extraction.
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6.2 Impact of inner fringing on L./ extraction

There exist many different effective length extraction methods, either from I-V, C-V measurements
or TCAD simulations, most of them being initially designed for bulk transistors [49]. In FDSOI
literature, one mostly finds the usual linear interpolation of the gate capacitance against the gate length
as used in this work [4, 50]]. In [41] Severi et al. also proposed to use C;gmmm =Cyy — Cyy(Vpp) to

extract the effective length L. as defined from a threshold doping concentration (Vg is the flatband
voltage). This method wss then applied to UTBB FDSOI MOSFET’s down to 45 nm in [42].

In this section, we will highlight the perturbation of this usual linear interpolation method by the inner
fringing term. In|Section 3.4} [Eq. (3.11){was used to extract L. s from Cyg norm (Vasmazs Vos = 0V).

After normalization to V,, is rewritten as
ng,norm(‘/ov,maxa Leff) ~ ngi(‘/ov = ‘/O'U,maxa Leff) ~ CO;E(LQ - AL)

with (Hyp.3) assumed valid. However, this is not the case in FDSOI and from [Section 5.1.2|one must
now write:

OggﬁOTm(‘/Ov,ma:c; Leff) ~ Oggi(‘/;)v,maxa Leff) - Ogge,if(‘/;)v,min) (61)
~ Cop(Ly = AL) = Cygeis (Vovmin) 6.2)

One thus has an additional inner fringing term that perturbs the extraction and can potentially lead
to an overestimated AL. In [46], Benakkez et al. therefore stated that, contrary to bulk devices, one
cannot extract L.y with confidence from this method.

It is thus attempted here to verify the extracted L.¢; by TCAD simualtion results. In [31], it is
proposed to extract L.y from the points where the free carrier density in the channel begins to deviate
for different V; voltages. As shown on figure this definition cannot be applied to our
structure as the gate voltage modulates the carrier density in the underlaps, well beyond the channel
length L,. In [52], Niu et al. propose another TCAD method, based on the idea that L.;; should
correspond to the region where the ususal linear channel potential variation can be assumed (in strong
inversion). L. is then extracted from the first extremum of d¢/dX? where ¢ is the channel potential
and X the coordinate along the channel (as in[Fig. 2.2).

An attempt at this method is shown in for a L,,usr = 25 nm transistor. From the TCAD
setup, one has 47 mesh points in X = [-L,/2, L,/2| for this device. The second derivative of the
potential is computed from these points and then spline interpolated to 500 points in the same inter-
val (spline interpolation of the potential before derivation resulted in badly behaved second deriva-
tives). From the first minima of the curve (indicated by datapoints), one gets L.s; ~ 21.9 nm, thus
AL = Lg — Leff = 3.6 nm.
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Fig. 6.6: L s extraction from the second derivative of the channel potential d’¢/dX? atY = 0.1 nm below
the gate oxide, Vs = [0.75,1 V]

This result constrasts with AL = 1.8 nm previously extracted from the gate capactiance. However,
it should be taken with care as the TCAD-based method is highly sensitive the number of mesh and
interpolation points in the channel. To illustrate this point, reducing the number of points in the
channel to 36 (by spline interpolation and sampling) and performing the same method gives AL =
1.7nm. Therefore, we do not consider the results of this method trustworthy in our case. It would
obviously be needed to increase the number of mesh points in the channel, at the cost of higher
simulation times.

Nevertheless, [Fig. 5.9 showed that the previously obtained Cyg orm/Leyy values are well superim-
posed for all gate lengths in strong inversion, which is not the case for Cygporm / L4 (not shown). We
thus consider the previous L.y, extraction satisfying and decide to go on with its values.

6.3 Impact of inner fringing on charge extraction

In this section, one will discuss the contribution of the inner fringing capacitance to the extracted
charge. It will be shown significant in short nodes, inducing 10% of relative error on @; for a
Lypast: = 25 nm transistor at Vgg = 0.8 V.

In the simple method of one attempted to extract the inversion charge Q); as

Vas
Qi(VGS) ~ Qext(VGS) = v ng,norm(v>dv

GS

with V(i4 chosen such that Cy. ;¢ is supposed small compared to C,; (Hyp.6) while Q;(V(ig) remains
negligible (Hyp.5). The variation of Vg with L, was neglected in this extraction (Hyp.4).

We now normalize all the curves to V,, before the extraction, hence fully taking into account Vg
dependence on L, (the influence of this elimination of (Hyp.4) on charge extraction will be addressed

in|Section 6.4.2). From the corrected expression of Cyg porm in FDSOI (Eq. (5.3)), one then writes:
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VOU
Qert(‘/ov) = Ve ng,normdv (63)
Vou
= Ve [Oggi(v:w) + nge,if(‘/ov) - nge,if(‘/ov,min)]dv (64)
VO’U
~ Qz(v;v) + A* [nge,if(v;)v) - nge,if(‘/ov,min)]dv (65)
~ Qz(‘/ov) + Qpar(‘/ov) (66)

With the conventional method, the extracted charge ().,; is thus composed of the inversion charge @);
and a parasitic charge (), due to the integration of the inner fringing terms.

The alternative capactiance extraction method discussed in [Section 5.2 was shown able to correct for
this inner fringing capcitance in the extraction of C,,; (see Figures and [5.9). As proposed by
Vandermolen et al. [34], it can thus naturally be used to estimate (); as

VOU VOU
QuilVar) = | " M(V)LegsaV ~ [ CpuV)av

(6.7)
VO*'U
The charges extracted from the conventional Cjg 6, method (Qcy¢) and from Ay L.sp (Q;4) are
compared in As expected, the Cyg ,0rm method overestimates (; in strong inversion due to

the integration of the inner fringing contribution [34].

As shown on the relative error introduced by @, is estimated to reach 30% at Vgg =
0.5V and 10% at Vgs = 0.8V for L. = 25nm. As such, it is seen that (Hyp.6) is a poor
assumption in short transistors, where the inner fringing capacitance significantly impacts the intrinsic
charge extraction. The important consequences for the extracted mobility will be discussed in the next
section.
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Fig. 6.7: Comparison between Qc,¢(Vis) extracted by integration of Cyg porm (Vo) (full) and Q;a(Voy)
extracted from integration of A;(Voy)Lesr = Cygi(Vow) (black dashed). The curves are plotted against
Vs = Voo + Vg with Vg their respective threshold voltage.
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Fig. 6.8: Relative difference between ().,; extracted by integration of Cyg yorm and (Q;4 from integration of
AiLeps = Cogi.

6.4 Improved mobility extraction

This section will present improved mobility results using the insights developed earlier in this chapter.
Normalization of the extraction to V,,, will firslty be seen to have an important influence on the ob-
tained mobility, mostly attributable to its impact on the extracted Rsp (see[Section 6.1.2).

With this normalization, the alternative capacitance extraction method proposed by Vandermolen et
al. will then be confirmed to correct effectively for the inner fringing contribution, yielding much im-
proved extraction results in short transistors. Therefore, after correction for Rgp bias dependence and
V,, normalization, the inner fringing capacitance will be identified as the major source of apparent
mobility degradation in short transistors.

6.4.1 Improved extraction results

Figure 6.9|shows the extracted mobility for the constant TCAD mobility model using integration of
Coygmorm Or of Ay Lesp ~ @ (further called "linear interpolation method"), Rgp bias dependence
being accounted for. The mobility behaviour is well extracted in the long transistor for Vg > 0.5V
using A; L.y, and its underestimation in the short transistor is reduced.

Figure 6.10| shows the same results now with normalization to V,,, before the extraction (fully lifting
(Hyp.4)). This is seen to have a non-negligible impact on the extracted mobility for L, = 25 nm.
As discussed in the effect is mostly attributable to the extraction of Rgp (an additional
impact on (); extraction will be precised in[Section 6.4.2)).

With this normalization, the linear interpolation method is now seen to reproduce the constant mo-
bility behaviour well for both long and short transitors over the entire strong inversion range. The
relative error between the extracted mobility and the TCAD imposed value is lower than 7.3% and
4.4% for Lyas = 150nm and Ly,.s, = 25nm respectively on the 0.3 < V,, < Vi, ma, range (see
Fig. A.11]in appendix).

Figures [6.11] and [6.12] show the same results, now applied to the full mobility TCAD model. The
extracted mobility in is similar for both transistor lengths. As mentioned in
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Fig. 6.9: ji. s extracted using Cyg norm integration (full) and A, L.y integration (dashed) for the simple mo-
bility model, without initial V,, normalization. The black line indicates the constant mobility ;z = 150cm?/V's

implemented in TCAD
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Fig. 6.10: sy extracted using Cyg norm integration (full) and A; L.y integration (dashed) for the simple
mobility model, with initial V,, normalization. The black line indicates the constant mobility . = 150cm?/V s

implemented in TCAD

this is expected as the doping level in the center of the channel is similar for all lengths, while the
mobility degradation due to the high doping of the source and drain diffusions is accounted for through
Rgsp (no neutral defect scattering was introduced in the model). As this S/D doping however lowers
Lvor €Xtracted from the comparison is made here against ji,, from a long L, = 1pum
transistor to minimize its effect.

From [Fig. 6.12} the relative error between the extracted mobility and fiy01,7,,=1,m 18 lower than 8.1%
and 5.3% for Ly,us = 150 nm and Ly,.s = 25 nm respectively on the 0.3 < V,, < Vjy mas range

(see in appendix).

50



CHAPTER 6. IMPACT AND CORRECTION OF THE INNER FRINGING CAPACITANCE

400 A
300 A
2
=z
£ 200 -
l_:0— —H ext from ng,norm
io == H ext fromAlLeff
100 ~ —n, forL =1pm
\ . vo g
v N
‘Y
0 "‘ z T T T T T 1
0 0.2 04 0.6 0.8 1 1.2
VGS [V]

Fig. 6.11: p. s extracted using Cyg norm integration (full) and A; L. s ¢ integration (dashed) for the full mobility
model, without initial V,,, normalization. Blue lines indicate L,, .. = 25 nm, red lines L,,,,s = 150 nm. The

black line indicates ji,,; for a Ly,qsx = 1 um transistor.
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Fig. 6.12: yi. ¢ extracted using Cyg norm integration (full) and A; L.y ¢ integration (dashed) for the full mobility
model, with inital V,, normalization. Blue lines indicate L,,,sx = 25 nm, red lines L,,,sx = 150nm. The

black line indicates fi,0; for a Ly,qsr = 1 pm transistor.

From these results, it is seen that after normalization to V,,, and correction for the Rsp bias depen-
dence, the inner fringing capacitance can be identified as the major remaining source of apparent
mobility degradation in short transistors. Using the linear extrapolation method effectively corrects
for its contribution and enables precise mobility extraction by split CV down to 25 nm in FDSOI

transistors. This is considered an important result of this work.
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6.4.2 Impact and correction of parasitic charge

The previous results showed how proper V,, normalization and the linear interpolation method enable
satisfying split CV mobility extraction by correcting for the parasitic contribution of Cy ;¢ to the
charge extraction. Here, the parasitic charge contribution will be studied in more detail using linear
interpolation of the extracted charge against L.;s. It will be seen that besides the inner fringing
capacitance terms, Vg dependence with L, also introduces error on (); when it is not taken into
account. Correcting for the constant term A() obtained from linear interpolation of the extracted
charge will be shown an effective alternative way to improve the extracted mobility.

From[Eq. (6.6)] the intrinsic charge (); one attempts to extract writes

VO v
1%

ngi(v)dv = Leff/

and is thus proportionnal to L.;s. When using the C .0, method as in the parasitic
contribution (), results from integration of the inner fringing terms, which are considered indepen-
dent of the length (Hyp.2). One can therefore also remove this contribution directly from Q).,; by

interpolating it against L. ;s as shown on

Q) = [ ¢

ov,min

i(V)av (6.8)

ov,min
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Fig. 6.13: Linear interpolation of ().;; obtained from integration of Cyg norm (starting voltage Vi =
—Vrumean) for Vo, = —0.3V (lower curve) to 0.85V (higher curve). Full normalization to the gate volt-
age overdrive was performed before the extraction

The extracted constant term A() is shown on [Fig. 6.14a Taking the derivative of AQ w.r.t. V,,, one
retrieves the contribution of the Cy,. ;; terms as expected (Fig. 6.14b)). Thus, equivalently to the linear
interpolation method, one can substract AQ to )., to retrieve the intrinsic inversion charge Q);.
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Fig. 6.14: (a) )., extracted from linear interpolation of ().,¢ against L ¢ (b) dgfo‘j compared to the parasitic
contribution B1 (Vo) — B1(Vou,min) = Cyge,if(Vow)

This method can also be applied to evaluate the parasitic charge resulting from V7 variation with L,
when it is neglected in the extraction (Hyp.4). Figures and show AQ and dAQ/dVgs ob-
tained from linear interpolation of the extracted charge against L. for the different charge extraction
methods (with and without normalization to V).
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Fig. 6.15: AQ(Vgs) extracted from linear interpolation of Q.. against Ly for the different (); extraction
methods, i.e. with or without inital V;, normalization and integrating either Cyg norm 0r A1Lcys. Vo, normal-
ized curves have been plotted against Vigg = V,,, + Vg with Vg their respective threshold voltage.
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Fig. 6.16: % for the different (); extraction methods. V,, normalized curves have been plotted against
Vas = Voo + Vrg with Vg their respective threshold voltage.

As expected, one has AQ) = 0 in the case of the V,, normalized, linear interpolation method (i.e.
using Ay L.sy) as
VO’U
QiA = /* Al(V)Lefde

is per definition direclty proportional to the used L.f;. However, when one doesn’t normalize the
curves to V,, before the integration, we have:

Vas
Qin = / AV Vi (Legg)) Leg dV (6.9)

Vov+VTH eff)

- / ALV + Virgr(Logg)) LogdV (6.10)
Ve +Vra(Legy)
Vas—Vru(Lesys)

_/ Ay(V)LogdV 6.11)
GS_VTH(Leff

Thus, because the integration was performed for the same Vg boundaries for all transistors, the
corresponding V,,, boundaries depend on L.y through the variation of V- with the gate length. This
introduces error on the extracted charge as seen on and is an additional impact of (Hyp.4)
on the mobility extraction (besides its (more important) effect on Rgp as discussed in|Section 6.1.2).

The same reasoning naturally applies to the integration of Cyg ;,0rm, Where AQ) is then mostly due to
the inner fringing terms, but also has a contribution of the V7 dependance on the length.

Simply substracting AQ) to the extracted charge is an alternative way to correct for both the impact of
the inner fringing and of the Vy variation with L.

shows the obtained mobility using Cg ,,orm OF A1 L. s and with or without normalization
of V,, prior to the extraction. As expected, using Cyg norm and neglecting V,,, normalization both
result in degraded extraction.

shows the same results with AQ substracted to the extracted charge. The mobility extrac-
tion is much improved for the methods which use Cyg .o Or neglect V,,, normalization. They now
give close results to the best V,,, normalized, A; L.y based extraction.
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Fig. 6.17: ji. s extracted using Cyg norm (dots) and A1 L.y (dash-dots) integration without V;,, normalization,
and Cyg norm (dashed) and A1 L.y (full) integration with V,, normalization for the full mobility model. The
black line indicates ji,o; from a L, 45, = 1pm transistor.
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Fig. 6.18: 1. s extracted with correction of AQ) for the full mobility model, using Cyg norm (dots) and Ay Ly
(dash-dots) integration without V,, normalization, and Cyg norm (dashed) and A; Ly (full) integration with
V,w normalization. The black line indicates fi,,; from a L, s = 1pm transistor.

6.5 Summary and conclusion

This chapter studied the impact of the inner fringing capacitance on the split CV mobility extraction.
A first step was to normalize the extraction to V,,, = Vi — Vg to fully account for Vy variation with
L4 and get rid of (Hyp.4). This was seen to have a non-negligible impact on the extracted mobility,

mainly attributable to influence on Rgp extraction.

One then assessed the impact of the inner fringing on L., estimation. It was seen to be perturbed by
the inner fringing capacitance term at V,, ,,;,. Nevertheless, L.;; was considered well extracted in
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our case.
The contribution of the inner fringing capacitance was shown significant in short transistors. Using
C,4i as obtained from the alternative capacitance extraction method was confirmed to correct for this
contribution. Mobility extraction results in good agreement with the TCAD implemented mobility
(less than 10% relative error) were then obtained. This indicates that the inner fringing capacitance,
through the parasitic charge it generates, can be identified as the major source of the remaining mobil-
ity underestimation by the split CV method in short transistors (after V,, normalization and Rsp (Vi)

correction).

Finally, correcting for the constant A() term obtained from linear interpolation of the extracted charge
against L. sy was proposed as an alternative way to correct for for both the impact of the inner fringing
and of the Vrp variation with L.

In the next chapter, measurements on 28nm FDSOI transistor will be used to qualitatively back up
above insights from the TCAD analysis.
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Validation on 28FDSOI measurements

In the previous chapter, TCAD simulations were used to assess the limitations of the split CV mo-
bility extraction technique in FDSOI transistors down to L,,,sx = 25 nm. The increased importance
of parasitics neglected by the ususal approximations was shown responsible for erroneous mobility
extraction in short transistors. Notably, the access resistance bias dependence and the inner fringing
capacitance contribution to the extracted charge were identified as the major sources of difficulties.
An improved mobilty extraction was then presented and seen to correct for these phenomena. Its
different steps are recalled here:

1. Extraction of V- for all transistor lengths and normalization of C-V and I-V curves to V,, =
Ves — Vrr

2. Extraction of L.y from Cyy norm = Cyg — Cog(Vovmin) at Vpg =0V
3. Extraction of the bias dependent Rgp(V,,) with the total resistance method
4. Extraction of the intrinsic gate capcitance by the linear interpolation method proposed in [34]

5. Computation of the effective mobility

In this chapter, this method will be applied to measurements of 28nm FDSOI transistors.

A quantitative analysis would require several identical measurements on each device such that one
can estimate the measurement error and study how it propagates in the extraction. Different sets of
devices should also in all rigor be measured to get a statistical insight on the variability of their pa-
rameters. In the frame of this work, single measurements on one set of devices with different gate
lengths will be used. The aim is to qualitatively back up the insights from the TCAD simulations.
The bias dependence of Rgp as extracted with the total resistance method will indeed be retrieved.
Moreover, the linear interpolation method proposed by Vandermolen et al. [34] will be confirmed suc-
cessfull in modeling the gate capacitance Cy,. Extracted mobility results with the above corrections
will finally be presented.

7.1 Devices description and measurement set-up

The measured devices are 28nm FDSOI UTBB transistors from ST-Microelectronics [25]]. Their
structure and gate stack were closely reproduced in the TCAD deck, and were thus described in
The used mask lengths are L,,,s; are 25, 35, 45, 60, 90 and 150 nm and the actual gate length after
lithography is given by Ly = 0.9L,,qs, + 3 nm. BEach transistor has 10 fingers with W4, = 2 um,
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and 6 devices are connected together, giving W, s = 120pum. The effective with W, s, is then given
by Weff =0.9=x Wmask-

DC I-V curves were measured for Vps = 50 mV and Vs = [0.2,1.2 V] with a 10 mV” step.
S parameters were obtained for Vs = 50 mV and Vps = 0V (cold regime), Vs = [0.2, 1.2 V] with
al0mV stepand f = [10 M Hz,35GHz| with a 99.12 M H z step.

The measured S-parameters are de-embedded using the open pad method [S3]] and then converted to
Y parameters. shows the obtained imaginary part of Y}, versus frequency for a L, =
25 nm transistor (port 1 refers to the gate, port 2 to the drain contact, the source and bulk are fixed at
the reference ground).

x 10

2 T T T T 1
5 6 7 8 9 10

f [GHz]

Fig. 7.1: Im(Y1;) versus frequency for Vigg = —0.2V (lowest curves) to 1.2 V' (highest curve)

The total gate capacitance is then extracted from the slope of Im(Y3;) = 27 fCy, by linear interpo-
lation against the frequency over f = [5, 10 GH z|. The obtained C,,(Vg) curves for the different
lengths are shown in (note averaging the value of Im(Y;;) over the same frequency range
and dividing it by the pulsation 27 f gives sensibly same results).

7.2 Threshold voltage extraction and normalization to V,,

Figure /.3| shows the extraction of the threshold voltage Vi by different methods. I-V and C-V
curves were spline interpolated to 500 points between Vg i = —0.2V and Vg e = 1.2V
Extracting Vg from the maximum of dC,,/dVg resulted in difficulties as the dC,,/dVg curve is
seen perturbed by periodic oscillations (see[Fig. A.13). Moreover, even after smoothing by a moving
average filter, an increase in Vy is obtained when reducing the length from L,,,sx = 65nm. A
similar result was obtained by Vandermolen in [34]. The origin of this is unclear, and might stem
from an increased importance of the parasitic bottom channel [38]].

The extraction of Vg might also be perturbed by a measurement error on Cy,. Its value cannot be
estimated here as no repeated measurements were available. One can cite similar measurements from
[54], where an error of +7 f F' on the total gate capacitance Cy, was estimated. Such a value would in
our case represent a variation of the order of +10% of Cy, (Vs = Vi) for Lyese = 25 nm.

From these elements, it is decided here to rather use the results from the non-linear optimization
method. As seen on|[Fig. 7.3| its obtained V- values are close to the ones extracted from dC'y,/dVis
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Fig. 7.2: Total gate capacitance Cy4 versus Vs extracted from linear interpolation of /m (Y1) against 27 f for
f =[5, 10 GHz] (colors) and from averaged value of Im(Y11) over f = [5, 10 GH z] divided by 27 f (black
dashed)

0.55 A
; 0.5 1
=]
>
—f— Max. ngg/dVg
0.45 lin. extrap.
=& ratio method
=&-=non-lin. optim.
2nd deriv.
0.4 - .

T T T

0.04 006  0.08 0.1 0.12  0.14
Lg [pem]

Fig. 7.3: Vrp extracted by several methods: maximum gate capacitance derivative, linear extrapolation, ratio
method, non-linear optimzation and second derivative method. The g,,,/I; method gives erroneous results
which are thus not shown here (note no further efforts were made in correcting them).

for L,,qsk > 65 nm and do not show an increase for lower lengths.

I-V and C-V curves are then normalized to V,, = Vizs — Vg and spline interpolated from V,,;, i, =

VGS,min - VTH,mean to ‘/ov,ma:v = VGS,ma:p - VTH,mean (See ' The result is shown in
figures 7.4 and Clyg.norm Obtained as
ng,norm(v:)v) = Ogg(‘/ov) - ng(‘/ov,min) (71)

with Vo, min = —0.67 V' is also shown on[Fig. 7.5
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Fig. 7.4: Measured drain current Ip versus V,, = Vigg — Vg for the different transistor lengths. Vpg =
50mV

%1013

Fig. 7.5: Measured total gate capacitance Cyqy and Cyg norm versus Vo, Vpg = 50mV.
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7.3 Extractionof L.;f
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Fig. 7.6: L.s; extraction from linear interpolation of measured ng,norm(Vov = Vov,maz, Vps = 0V') versus

L, data. The blue line indicates the zero on the capacitance axis.

shows the extraction of L. from linear interpolation of Cyg norm (Voo = Vovmazs Vs =
0V') against L,. Using all lengths, one obtains AL = 6.5nm, with the four smallest ones AL =

7.5 nm and with three smallest ones AL = 6.6 nm. It should again be underlined that the extraction
might be impacted by measurement errors on the gate capcitance and by errors in the threshold voltage
extraction (both impacting the value of Cyg norm (Vo maz))- It is therefore preferable to use the largest
number of available lenghts to extract L.y .

7.4 Access resistance Rgp(Vs) extraction

IFigure 7.7| shows the extraction of Rgp with the total resistance method for different overdrive volt-
ages in strong inversion. As discussed in application of this method assumes that /i s ¢
is independent of the gate length (such that 12,,, can be considered linear with respect to L.y ).

Note that the linear interpolation of R,, will not only be impacted by possible fi.¢; variation with
L.y, but also by uncertainty on L.; and Vg extraction for the different transistors.

nevertheless shows an extracted Rgp(V,,) behaviour in agreement with the tendency from
TCAD results. Rgp decreases by a significant 42% from V,, = 0.2V to V,, = 0.7V (when using
all gate lengths). This figure also assesses the linearity of R,,. Using only the three smallest gate

lenghts results in an increase of the extracted Rsp value by 6.5% at V,, = 0.7V, rising to 13% at
Voo = 0.2V

7.5 Gate capacitances

Figure 7.9[shows the linear interpolation of the total gate capacitance Cy,(V,,,) versus L.ys. Measure-
ment errors on Cy, influence the linear interpolation both directly via the Cy, values and indirectly
via their impact on L.y extraction.
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Fig. 7.7: Rgp extraction from linear regression of the total resistance R,,, = Vpgs/Ip for V,, = 0.2V (higher
curve) to V,, = 0.7V (lower curve). Vg was extracted with the non-linear optimization method.
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Fig. 7.8: Rgp from linear regression of the measured R,, (V) for different number of lengths N (starting
from the smallest one). Vg was extracted from the non-linear optimization method.

Nevertheless, the ability of the linear interpolation method to model the gate capacitance is confirmed
here for both long and short transistors. The gate capacitance is reconstructed from its linear interpola-
tion coefficients with less than 2.5% relative error for all lenghts and overdrive voltages (see
in appendix). Figures[7.10]and[7.11]|show the results for L,,4s; = 150 nm and Ly,qs, = 25 nm (results

for all lengths can be found in , figures [A.T4{A.T9).

One remarks here the important contribution of parasitics to Cy, for L,,,s, = 25 nm, which outweighs
the intrinsic part on the entire voltage range.
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Fig. 7.9: Interpolation of the total gate capacitance Cy, against L.y for V,, from Vy, ;i (lowest curve) to
Vov,maz (highest curve)
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Fig. 7.10: Modeling of the total gate capacitance Cy, by the linear interpolation method. The inital gate capaci-
tance (dashed purple curve) is well reconstructed from the A and B terms (yellow). Ly, 451, = 150nm, Leyr =
132nm
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Fig. 7.11: Modeling of the total gate capacitance Cy4 by the linear interpolation method. The inital gate capac-
itance (dashed purple curve) is well reconstructed from the A and B terms (yellow). Ly,qsp = 25nm, Leyp =
19.5nm

7.6 Mobility results

shows the mobility obtained using Cyg norm With AQ correction and using A; L. s from
the linear interpolation of Cy,. Normalization to V,, and correction for the bias dependence of Rgp
are performed in both cases. The reader is referred to in appendix for the impact of the
different corrections on the extracted mobility. Extracted mobilities using Vg from the maximum of
dCy,/dVes are also shown in appendix (Figures|A.22|and |A.23).

Fig. 7.12: Split CV extracted mobility, V7 extracted from the non-linear optimization method. Dashed:
integration of Cyg norm» Rsp(Vou), AQ correction, Full: integration A1 Lcs¢, Rsp(Vou)
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Fig. 7.13: p.ys extracted from the measurements with AL, #f integration, correction g p (Vo) and full V,
normalization. Vg was extracted with the non-linear optimization method

Figure 7.13| shows the extracted mobilities for all transistor lenghts. One retrieves the expected be-
haviour and qualitative mobility values (quantitative discussion is difficult here as, it would again re-
quire to account for measurement uncertainty and variability). The unexpected increase near V5, 44 18
not considered physical. It might be attributable to the extrapolation of the curves near V,, 4, during
normalization to V,,,. One also remarks that the maximum mobility is extracted for L,,,sx = 65 nm
(the same result was obtained using dCj,/dVg extraction of Vi, see[Fig. A.23). This could be due
to mechanical stress in the channel, more pronounced in short nodes and thus leading to an optimum
L.s¢ in terms of mobility. The effect of the back channel (as for V,y extraction from dC,/dV,)
might also be a possible explanation. Assessing these hypotheses would again require more extensive
measurements.

7.7 Summary and conclusion

In this chapter, the improved mobility extraction method developed from TCAD simulations was
applied to measurements of 28nm FDSOI transistors. The purpose was to back up the insights of the
TCAD simulations in a qualitative manner.

The important bias dependence of Rgp as extracted with the total resistance method was indeed
retrieved and seen to have major impact on the extracted mobility. Moreover, the linear interpolation
method from Vandermolen et al. [34] was confirmed successfull in modeling the gate capacitance C'y,.
Extracted mobility results with the above corrections were finally presented, showing qualitatively
expected values and behaviour.

It was underlined throughout the extraction that a meaningful quantitative discussion would require
estimation of the measurement errors and device variability. In the frame of this work, the single
measurements on one set of devices were nevertheless sufficient to retrieve the main tendencies from
the TCAD analysis.
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Conclusion and outlook

Carrier mobility extraction is challenging in advanced transistors as the relative importance of para-
sitics rapidly increases with reduction of the dimensions. Extraction methods initially designed for
long transistors must thus be adapted by incorporating proper extraction and correction of these par-
asitics for highly scaled devices.

This work aimed at studying the application of the well known split CV method in advanced FDSOI
transistors with gate lengths down to L,,.sx = 25 nm. TCAD simulations were proposed as a useful
tool to assess the method at its different steps. Indeed, they make it possible to study its intrinsic
limitations reliably, free of possible measurement or de-embedding artifacts, and can provide the link
with the device physics.

A two-dimensional TCAD simulation structure was provided by CEA-Leti, with geometry and dop-
ing profiles considered close to 28FDSOI technology. Its inital constant mobility model was comple-
mented by a more physical, qualitatively correct mobility behaviour. Both models were then used to
assess the performance of the mobility extraction procedure.

A simple conventional split CV method was firstly applied to the TCAD extracted I-V and C-V curves.
The extraction is valid in strong inversion and linear regime. In these conditions, one has

2
Pefs = Doy b
QiVps

with V,, s = Vps — RspIp. Computing the effective mobility s thus requires the extraction of the
effective length L., inversion charge (); and access resistance Rgp.

The inversion charge (); is ideally obtained by integration of the intrinsic gate capacitance, and thus
requires the elimination of parasitics from the total gate capacitance Cy,. As classically done, one
defined:

ng,norm(VG57 Leff) = Ogg(VG37 Leff) - ng(VG’S,mina Leff)

with Vizgmin chosen in accumulation. Assuming the following usual contributions to the total gate
capacitance:

ng = ngi(VGSa Leff) + nge,ov + nge,Of(Leff) + ngeﬁif(VGS)

one obtained

ng,norm(‘/GS) Leff) ~ ngi(VG.5'7 Leff) + nge,if(VGS)

which already showed the parasitic contribution of the inner fringing capacitance. The latter expres-
sion relies on the following assumptions:
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* (Hyp.1) The outer fringing and overlap capacitances Cygc o and Cgc o, are considered inde-
pendent of the gate voltage

* (Hyp.2) The inner fringin capacitance Cy,. ;s is taken independent of the length L./

* (Hyp.3) The inner fringing capacitance Cy,. ;¢ is assumed shielded in accumulation regime (at
Vas = Vasmin)

* (Hyp.4) The threshold voltage variation with L. is assumed low enough for the extraction to
be performed at the same V; 5 for all transistors.

The inversion charge (); was then computed as
Vas

Qi(VGS> ~ A* ng,normdv

GS

thus further assuming:
* (Hyp.5) Qi(Vias = V(ig) is negligible
* (Hyp.6) Cyge.ir is small with respect to Cyg; for Vg > Vig

The effective length was then computed as classically from linear interpolation of Cyg ;.0 in strong
inversion and Vpg =0V

ng,norm(VGS = VGS,max) ~ ngi(VGS = VGS,max) ~ C(/)z(Lg - AL)
relying again on (Hyp.1 - 4).

The series resistance Rgp was extracted at maximum gate voltage (assuming (Hyp.4)) with the total
resistance method, considering

* (Hyp.7) The mobility /i is assumed independent of L.y

* (Hyp.8) Rgp is extracted as a single value, considering no dependence on V.

With the above described steps, the conventional method was seen unable to extract the effective mo-
bility correctly from TCAD simulations of a L,,,sx = 25 nm FDSOI transistor. This thus motivated
the deeper study of its limitations for short devices proposed in this work.

TCAD simulations were used to evaluate the validity of the different assumptions in short transistors.
They evidenced the increased impact of underlap-related parasitics neglected by the above approx-
imations, as represented on The main insights from the TCAD simulations were verified
qualitatively on 28FDSOI measurements to back up the analysis.
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Fig. 8.1: Impact of parasitics on split CV s extraction

One firstly studied the importance of the series access resistance Rgp. The total resistance method
was used to extract Rgp in function of the gate bias from TCAD I-V curves. The excellent linearity
of the total resistance I?,,, against L. showed that the underlying (Hyp.7) was verified in our TCAD
simulations. This was attributed to the absence of neutral defect scattering in the model.

The extracted Rsp showed a significant decrease with Vg (by 50% from V,, = 0.3V to V,, =
0.87V), in agreement with previous analyses from FDSOI measurements which had linked this be-
haviour to the turning on of underlap parasitic access transistors. This dependence with the gate bias
was seen to have a major impact on the extracted mobility values and their evolution with V(;, making
(Hyp.8) unsuited in short transistors.

While previous articles have discussed the influence of this behaviour on the low-field mobility
extracted with the Y function, notably showing it generates an erroneous mobility degradation with
L.y, this effect has to the author’s knowledge up to now been neglected in split CV fi. (Vi) extrac-
tions.

The important bias dependence of Rgp as extracted with the total resistance method was well retrieved
from the available 28FDSOI measurements.

The linearity of the total resistance I?,, against L.s; was not as good as in the TCAD simulations.
While this could de attributed to dependence of s on L.¢r, measurement error and variability are
also part of the picture and should be taken into account for quantitative interpretation. Nevertheless,
this bias dependence of the access resistance was confirmed to have a major impact on the mobility
extracted from the measurements, in good agreement with the observations from TCAD simulations.

The UTSOI compact model offers a parameter to describe the Rgp bias dependence in a similar
manner as proposed in [[11]] (note this effect is however neglected by default). Seen the significance
of this variation, it would be an interesting continuation of this work to confront this compact model
to TCAD simulation and measurements results .

One secondly studied the parasitic contributions to the gate capacitance.

The state of the art of inner fringing capacitance modeling in FDSOI transistors was first reviewed.
It was highlighted that in FDSOI (contrary to bulk) the inner fringing capacitance is known not be
shielded in accumulation due to the absence of dynamic hole response at usual frequencies. This
was verified here by TCAD simulation, and means that (Hyp.3) is not valid in FDSOI. Therefore, the
expression of Cyg orm had to be rewritten:
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ng,norm = ng(VGS> Leff) - CQQ(VGS,mina Leff)
~ ngi(VG57 Leff) + nge,if<VGS) - nge,if(VGS,min)

showing the appearance in Cyg ,orm Of an additional inner fringing term in accumulation.

An alternative capacitance extraction method based on linear interpolation of (), against the gate
length has been proposed by Vandermolen et al. and used for split CV mobility extraction from
28FDSOI measurements. This method was assessed in this work, and confirmed able to model C,,
with precision (less than 2.5% relative error on C, values for all considered gate voltages and tran-
sistor lengths).

The method proposes a way to discriminate between the different contributions to C,, with the ex-
tracted intrinsic gate and inner fringing capacitances being of particular interest here. The extracted
inner fringing capacitance was indeed seen different from zero in accumulation, in agreement with
literature and Vandermolen’s results.

From TCAD simulation of the device charges, it was further shown that this inner fringing capacitance
can be partly linked to gate modulation of the underlap charges.

It was mentioned that a physical charge-based model for the inner fringing was introduced with the
UTSOI2.2 compact model to improve its description of short channel capacitances. The results of
this work further confirm the importance of this addition. Furthermore, the alternative capacitance
extraction method used here could be useful to confront this model both to TCAD and measurements
results, and potentially help improve its precision.

One finally studied the impact of this inner fringing capacitance on the mobility extraction. Its
contribution to the extracted charge was seen significant in short nodes (10% at Vs = 0.8V for
Lypask = 25nm), meaning (Hyp.6) cannot be assumed for these devices. The above mentioned alter-
native capacitance extraction method was confirmed effective to correct for this contribution.

Normalization to the overdrive voltage was performed to fully remove the influence of (Hyp.4) from
the extraction. This was seen to have a non-negligible impact on the mobility obtained in short nodes,
mainly attributable to the influence on the extracted Rgp.

With this full normalization, using the intrinsic gate capacitance from the alternative capacitance
extraction method enabled to extract the mobility in good agreement with the TCAD model for all
gate lengths (less than 10% deviation from the TCAD implemented mobility in the 0.3 < V,,, < 0.87
range for all transistor lengths). This important outcome thus validates the great interest of this method
for capacitance and mobility extraction.

Comparing with results using Cyg norm, the contribution of the inner fringing capacitance was thus
indicated to be the major remaining cause of mobility underestimation in short transistors (after V,
normalization and bias dependent Rgp correction). This has to the author’s knowledge not be reported
in literature.

Alternatively, performing linear interpolation on the extracted charge was also proposed as a practical
way to get rid of parasitic charge contributions and improve the extraction from Cyg ,0rm.-

These insights on the gate capacitances were evaluated on the 28FDSOI measurements. The threshold
voltage Vi p extracted from the maximum of dC,,/dV;s was found to increase for gate lengths below
65 nm, and the non-linear optimization method was then used instead for the extraction.

The alternative capacitance extraction method was confirmed sucessfull in modeling the measured
gate capacitance C, (less than 2.5% error for all lengths and overdrive voltages). Using this method
and correcting for the bias dependent [Rgp, one finally extracted mobilities with the qualitatively
expected values and behaviour.
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In summary, the results of this work indicate the importance of the V- variation with L, access re-
sistance bias dependence and inner fringing capacitance contribution to C,, in short transistors. When
not properly accounted for, these parasitics can result in underestimation and erroneous behaviour of
the mobility extracted by the split CV method in short FDSOI devices. An improved method correct-
ing for these effects was thus proposed and seen able to extract the mobility from TCAD simulations
with less than 10% error down to L, = 25 nm.

In the frame of this work, single measurements on one set of devices were sufficient to retrieve the
main tendencies from the TCAD analysis. It should however be stressed that a meaningful quantitative
discussion of the experimental results would require repeated measurements on several sets of devices
in order to account for measurement error and device variablity.

This preciser information about the method’s reliability and expected precision would then enable to
compare its results to other extraction procedures as e.g. the Y function method.

One could then also interpret its results in a more quantitative way. Notably, this work hints at the
fact that extracted degradation of the apparent mobility with L., usually attributed to neutral defect
scattering, might be at least partly caused by improper correction of above discussed parasitics (in
agreement with results reported for the Y function method).

The improved . s extraction could thus result in a more reliable understanding of the mobility degra-
dation phenomena at play in advanced FDSOI nodes, and in turn be beneficial to compact modeling
of these technologies.

The presented method is furthermore deemed interesting for characterization of other advanced de-
vices as FInFET’s or multiple gate transistors. Indeed, the procedure solely relies on device mea-
surements, and doesn’t need any pre-assumed expressions of the inversion charge and mobility de-
pendance on the gate volage. Any bias dependence of the access resistance is also easily taken into
account. Furthermore, the method doesn’t require precise knowledge of WW.¢;, which might not be
known reliably in such devices [22].

It might also be advantageously applicable to other working conditions. The method could for exam-
ple be suited to study the impact of different back gate biases and conduction by the back channel.
Different temperatures (cryogenic, high temperature) could be of interest for specific applications,
and also yield better insight on the underlying mobility phenomena [§]].

Finally, in a more general way, the approach followed here, i.e leveraging TCAD simulations to
assess an extraction procedure at each step, is certainly applicable to other extraction methods. TCAD
simulations eliminate potential measurement artifacts and thus enable reliable study of the intrinsic,
device-level limitations of the extraction. Comparing their results to the ones from measurements
at the different steps might also be helpful to evidence the occurence of measurement issues in the
extraction.
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Appendix

A.1 Additional results from TCAD simulation
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Fig. A.1: Extraction of Vg (TCAD simulation) from dCyy/dVs (colors) and d( A1 (Vas)Lesy)/dVas (black
points).
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Fig. A.2: Vrg extracted from dCy,/dVis and d(A1(Vgs)Lers)/dVas. The extracted values are superim-
posed.
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Fig. A.3: Modeling of the gate capacitance Cy4 by the linear interpolation method (TCAD simulation). The
inital gate capacitance (dashed purple curve) is well reconstructed from the A and B terms (yellow). L,,qsk =
25nm
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Fig. A.4: Modeling of the gate capacitance Cy, by the linear interpolation method (TCAD simulation). The
inital gate capacitance (dashed purple curve) is well reconstructed from the A and B terms (yellow). Lyqs: =
25nm
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Fig. A.5: Modeling of the gate capacitance Cy, by the linear interpolation method (TCAD simulation). The
inital gate capacitance (dashed purple curve) is well reconstructed from the A and B terms (yellow). L,qs6 =
35nm
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Fig. A.6: Modeling of the gate capacitance Cy, by the linear interpolation method (TCAD simulation). The
inital gate capacitance (dashed purple curve) is well reconstructed from the A and B terms (yellow). Lyqs: =
45nm
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Fig. A.7: Modeling of the gate capacitance Cy, by the linear interpolation method (TCAD simulation). The
inital gate capacitance (dashed purple curve) is well reconstructed from the A and B terms (yellow). L,qs6 =
65 nm
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Fig. A.8: Modeling of the gate capacitance Cy, by the linear interpolation method (TCAD simulation). The
inital gate capacitance (dashed purple curve) is well reconstructed from the A and B terms (yellow). Lyqs: =
90nm
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Fig. A.9: Modeling of the gate capacitance Cy, by the linear interpolation method (TCAD simulation). The
inital gate capacitance (dashed purple curve) is well reconstructed from the A and B terms (yellow). L,qs6 =
150nm
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Fig. A.10: Relative error between the total gate capacitance Cy, from TCAD and its reconstruction by the
linear interpolation method Cg 1r,
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Fig. A.11: Relative error between fi.,¢ from the split CV method (using V,,, normalization, Rgp(V,,) correc-
tion and integration of Ay L.ys) and prcap = 150 em? /V s implemented in the simple TCAD model.
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Fig. A.12: Relative error between fic,; from the split CV method (using V,,, normalization, Rgp(V,,) correc-
tion and integration of A L.ys) and fi,0 from a Ly, = 1 pm transistor with the full TCAD model.

A.2 Additional measurement results

GS [F/V]

dC /dV
gg

Fig. A.13: Difficulty of Vi extraction from the maximum of dCy,/dVis (measurements). Cg, was spline
interpolated to 500 points between Vgg = —0.2V and Vg = 1.2 V. A moving average filter of length 20 was
then used to smooth dCy,/dVgs. Colors show dCy,/dVis for the different lengths, black dashed the result

after smoothing.
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Fig. A.14: Modeling of the total gate capacitance Cy, (from measurements) by the linear interpolation method.
The inital gate capacitance (dashed purple curve) is well reconstructed from the A and B terms (yellow).
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Fig. A.15: Modeling of the total gate capacitance Cy, (from measurements) by the linear interpolation method.
The inital gate capacitance (dashed purple curve) is well reconstructed from the A and B terms (yellow).
Lask = 30nm

83



APPENDIX A. APPENDIX

-13
5 X 10
A*0.036591 yim
—B
A*0.036591 pim + B et
L5912 _ initial € -
2g #

[F/pum]
|

0.5 1

-08 -06 -04 -02 0 02 04 06 038

Fig. A.16: Modeling of the total gate capacitance Cy, (from measurements) by the linear interpolation method.
The inital gate capacitance (dashed purple curve) is well reconstructed from the A and B terms (yellow).
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Fig. A.17: Modeling of the total gate capacitance Cy, (from measurements) by the linear interpolation method.
The inital gate capacitance (dashed purple curve) is well reconstructed from the A and B terms (yellow).
Lask = 65 nm
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Fig. A.18: Modeling of the total gate capacitance Cy, (from measurements) by the linear interpolation method.
The inital gate capacitance (dashed purple curve) is well reconstructed from the A and B terms (yellow).
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Fig. A.19: Modeling of the total gate capacitance Cy, (from measurements) by the linear interpolation method.
The inital gate capacitance (dashed purple curve) is well reconstructed from the A and B terms (yellow).
Loyask = 150nm

85



APPENDIX A. APPENDIX

0.025 -
_Lmask =25nm
0.02 - _Lmask =35nm
Ugg Lmask =45nm
< —L =
= 0.015 - mask = 090
= —L =90nm
& LmaSk =150
S =150
0 \
= 1 A
oo (g}
[ :
O T T T J M’ T '.‘JTVA“TM\’
-0.8 -06 -04 -02 0 0.2 0.4 0.6
vV _[V]
ov

Fig. A.20: Relative error between the measured total gate capacitance Cy, and its reconstruction by the linear
interpolation method Cyg i, = AlLcyy
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Fig. A.21: Split CV extracted mobility from measurements, Vg extracted from the non-linear optimization
method. Dots: Cyg norm, constant Rgp. Dash-dot: Cyg norm, Rsp(Vou), Dashed: Cyg norm, Bsp(Vov), Qpar
correction, Full: A1 Lcs¢, Rsp(Vou)
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Fig. A.22: Split CV extracted mobility from measurements, V7 extracted from the maximum of dCyq/dVis.

Dots: Cyg.norm, constant Rgp. Dash-dot: Cyg norm. Rsp(Vow), Dashed: Cyg norm, Rsp(Vov), Qpar correc-
tion, Full: Ay Lcsf, Rsp(Vou)
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Fig. A.23: 1. extracted from measurements with Ay Lcs ¢, Rsp(Voy), , Vo extracted from the maximum of
dCyq/dVas
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