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In this paper, using numerical simulations, analytical modeling and experimental data, we validate the ap-
plicability of the transconductance-to-current ratio (g,/Ip) derivative (d(g./Ip)/dVs) method for extracting the
threshold voltage (Vyy) in junctionless (JL) MOSFETs and show its advantages over the commonly-used trans-
conductance derivative (or double derivative of drain current) method (dg,,/dVg = d*I,/dVs?). It is shown that,
although both methods are based on the same theoretical Vyy-criterion, the d(g,,/Ip)/dVs; method is more ac-
curate than the d*I,/dV? method due to its lesser sensitivity to the gate-voltage-dependent mobility and series
resistance parasitic effects, being particularly important in JL. MOSFETs.

1. Introduction

Junctionless (JL) MOSFETs are presently considered to be one of the
best candidates for further downscaling of CMOS devices in the nan-
ometer region, due to their simple and flexible fabrication combined
with excellent short-channel performance [1-4]. The JL MOSFETs
feature a high channel doping, being the same as in source/drain (S/D)
regions, and a thin-film or multi-gate, nanowire-like structure needed to
provide full depletion of the carriers in the off-state of the device. Al-
though electrical characteristics of JL. MOSFETs are similar to those of
inversion-mode (IM) MOSFETs, the operation of both types of the de-
vices is not the same. In contrast to IM MOSFETs, in the on-state JL
MOSFETs show two operation modes featuring different conduction
mechanisms: (a) bulk conduction mode, in which the current flows in
undepleted semiconductor volume, and (b) surface accumulation mode.
This is similar to accumulation-mode (AM) silicon-on-insulator (SOI)
MOSFETs [5], but AM transistors feature a lower doped channel and, as
a result, a lower contribution of bulk conduction than JL devices. Be-
cause of these different conduction mechanisms, the traditional tech-
niques commonly used for electrical characterization of IM MOSFETs
are often inapplicable or leading to erroneous results in the case of JL
transistors [6,7]. Therefore, there is a necessity to develop specific
methods for the electrical characterization and parameter extraction of
JL MOSFETs.

The threshold voltage (V) which defines the device turn-on, is a
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critical parameter for any MOS transistor. Thus, an accurate and un-
ambiguous Vry determination from the experimental characteristics is
very important for CMOS device and circuit analysis, design and
modeling. In IM MOSFETs, the threshold voltage corresponds to the
transition from weak to strong inversion regime, i.e., from exponential
to linear variation of the inversion charge with the gate voltage. In JL
MOSFETs, the threshold voltage characterizes the transition from full
depletion to partial depletion regime. In the partial depletion regime,
the mobile charge (Q,,) varies non-linearly with the gate voltage (V).
As a result, the linear extrapolation methods, such as a linear extra-
polation of the drain current (Ip) versus Vg characteristics [8,9] and the
Y-function method [10], which are widely used for the V extraction
in IM MOSFETs, cannot be applied for extracting Vi in JL transistors.
In JL and AM MOSFETs, it is standard practice to determine the
threshold voltage by the transconductance (g,,) derivative (or second
derivative of the drain current) method, in which Vrz characterizing
the onset of bulk conduction is defined from the position of the first
maximum of d?Ip/dVs?, whereas the position of the second is used for
extracting the flat-band voltage (Vyg) [6,11]. Herewith it is assumed
that peak positions of d*Ip/dVs? coincide with those of the second de-
rivative of the mobile carrier charge, d*>Q,,/dVs?. However, as shown in
our previous publications [12,13], the positions of the maxima of d*Ip/
dV¢? in inversion-mode MOSFETs are influenced by the parasitic effects
of the gate-voltage-dependent mobility and the source/drain (S/D)
series resistance, which results in uncertainty of the extracted Vry
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values. These parasitic effects are expected to be significant in JL
transistors. The above detrimental effects can be eliminated by using
the capacitance derivative method [14]; however, it is not appropriate
for nano-scale small-area devices.

In [15] it has been proposed to determine Vry in the JL MOSFETs
from the gate voltage value, at which transconductance-to-current ratio
gn/Ip is equal to one half of its maximum value, which is shown to
correspond to the condition of the equality of drift and diffusion drain
current components. However, such Vry extraction is applicable only
when the subthreshold behavior of the device is close to ideal, and the
&n/Ip vs. Vg curve shows a well-defined plateau in the range of max-
imum, whereas it is often distorted due to gate-induced drain leakage,
short-channel effects, etc. [16].

Previously, we have proposed the transconductance-to-current ratio
(gn/Ip) derivative method for the experimental determination of the
threshold voltage in inversion-mode MOSFETSs, in which Vry is defined
from the gate voltage corresponding to the minimum of the d(g,/Ip)/
dVg versus Vi function [12]. It has been shown that, though the d(g,,/
Ip)/dV; method is based on the same theoretical Vyy-criterion as the
d’I,/dVs? method, it is however much less affected by the parasitic
effects of the series resistance and gate-voltage-dependent mobility
than the d*Ip/dVs? method [13]. Moreover, the d(g,/Ip)/dVs method
can be used both in linear and saturation regimes [17]. In contrast to
the capacitance derivative method, it is applicable to any nano-scale
devices.

In this work, using analytical modeling, simulations and experi-
mental data, we prove that the d(g,/Ip)/dV; method is valid for the
determination of the threshold voltage in JL MOSFETs, though the
principle of their operation is essentially different from that of IM
MOSFETs. Then, we demonstrate advantages of the proposed method
compared to the d*I,/dVs* method.

2. Method validation
2.1. Analytical modeling

The goal of our analytical modeling is to show that, in the long-
channel JL. MOSFETs in the case of constant mobility and very small
drain voltage, the minimum of the derivative of g,,/Ip in respect to V is
observed at the same gate voltage as the first maximum of the second
derivative of the mobile carrier density, or the second derivative of the
drain current. In our modeling, we use the derivations of previously
developed analytical models for JL MOSFETs [18-21]. Here, we assume
a long-channel, n-type symmetric Double-Gate (DG) JL MOSFET with
silicon body (Fig. 1).

Then, we assume a very small drain voltage (Vp — 0), so that the
channel potential can be considered independent of the position along
the gate length. With this assumption, the Poisson equation for the n-
type device with channel doping concentration Nj, can be written as:

2 .
4% _ qND(e;%_l)

dx2 Esi (1)

where ¢, = kT/q is the thermal potential; eg; is the permittivity of the
channel material; other symbols have their usual meaning. Integrating
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Fig. 1. Schematic representation of a DG JL MOSFET.
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from the middle of the channel thickness (x = 0) to the surface (x = tg;/
2) gives:

2
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where @, and @, are, respectively, the potentials at the surface and at
the middle of the semiconductor film thickness. With the use of para-
bolic potential approximation, which is justified in JL. MOSFETs in the
subthreshold region and around threshold, the potential in the channel
region can be expressed as [18]:

000 =g g + 9
[sgl s 0 0 (3)
From the boundary condition and Gauss’ law as well as the potential
balance in a MOS structure, for the symmetric DG device, we can write
[18-20]:

- Z My _gy= L
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where C,, is the gate dielectric capacitance per unit gate area, Vg is the
flat band voltage, ts; is the thickness of the semiconductor film body,
Q¢ the total charge density, Qqop = ¢-Np-ts; is the dopant charge den-
sity, and Q,, is half of the charge density of mobile carriers per unit gate
area.

Differentiating (4) twice with respect to Vi gives the relationship
between the second derivative of the mobile charge density d?Q,,/dV3
and the second derivative of the surface potential, d%¢/dVZ:
szm C d2¢S

Az v ©)

Using (4) and (5), we can obtain the relationship between the
second derivative of the mobile charge density, d>Q,,/dVZ, and the
second derivative of the potential in the middle of the semiconductor
body, d%,/dVg:

2 . 142 d2
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dVG 4651 Cox dVG dVG (6)
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pletion regime isn the symmetric DG JL MOSFET (independent on V).

From (5) and (6) it is seen that d?Q,,/dVZdiffers from d?¢,/dVZ and
d?¢,/dV¢ only by a constant factor (independent on Vi), and thus all
these three functions should exhibit an extremum at the same V; value,
at which the condition of equality to zero of their third derivatives is
met. Therefore, the threshold voltage extracted by the d’Ip/dVs?
method in an ideal JL MOSFET corresponds to the inflection point in
the rate of the variation of the mobile charge density Q,, surface po-
tential ¢, and potential at the middle of the semiconductor channel ¢,.

Now, using modeling results obtained in [18,20], we show that,
under our assumptions (i.e., a constant carrier mobility and very low
Vp), the d(g,./Ip)/dV versus Vg function should also show an extremum
at the same Vg value, as d?@,/dV; and d?Q,,/dVZ.

According to [18], the mobile charge density Q,, in DG JL. MOSFET
in the subthreshold and depletion regime at very low drain voltage
(Vp — 0) can be expressed as:

B 1-165) PR QU Sy ) ¢
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where Coy = (ti + %) is the effective gate capacitance for the de-
0X

@)
where Qg = 2e4¢,/tg;, Q0=% |7 Qgop'Qep-  Assuming mobility in-

dependence on Vi and considering (7), we can express the transcon-
ductance-to-current ratio g,/Ip as follows:
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Differentiating (8) with respect to Vg gives:

L(g_m) _ 1%

dVG ID gD[ dVGzl (9)
Combining (9) with (6) yields:

L(gﬂ) ___1 dQu

dVG Ip [ Cejf dVGZ ' (10)

As follows from (10), the derivative of the transconductance-to-
current ratio, d(g,/Ip)/dVg, differs from d?Q,,/dVZonly by a factor
(—1/¢,Coy), and therefore the peak positions of these two functions
along the V; axis should coincide.

The same result is obtained using the charge-based models for long-
channel DG and cylindrical gate-all-around (GAA) JL MOSFETs devel-
oped in [20-22]. Based on findings of [20,21], the charge-control
equation for long-channel DG and GAA JL MOSFETs in the depletion
region around threshold can be approximated by the following ex-
pression:

* Qdo,
Vot =V Qun _ ln(&) L O
¢[ 4QCP ZQCP Qeq (1 1)

where V§ = Vi — Vg, Vis the position-dependent channel potential, for
DG devices Qcp = 255i¢’t/t5i; Qeq = [(Cox%)_l + (chp)_l]_l = Ceijap with
C.f the effective gate capacitance in depletion region, for a DG device,

. -1
Copf = (ﬂ + i) [20]; for cylindrical GAA

s T o devices,

Cor = (£ + -1 '[22,23]
off = Cox + 4res; 4 :

On the assumption of very low Vp, when the channel potential can
be considered uniform over the length, differentiating (11) in respect to
Vi yields:

Qu _ 1 _ 1 Qu

dVG (dVG/de) fPt (1 + Qm/Qeq) ' (12)
By differentiating (12), we have:

PQn _ [L(d&)]d& _ Qn

dVG2 de dVG dVG ¢,2(1 + Qm/Qeq)3 ' (13)

Next, assuming a constant mobility and using (12), we get the fol-
lowing expression for g,/Ip in terms of Q, and Q.

Sn_ 1dQw 1 1
ID Qm dVG [ (1 + Qm/Qeq) (14)

Differentiating (14) with considering (12), we obtain:

d(g,/Ip) __ 1 Qn
avs ¢[2Qeq a+ Qm/Qeq)3 15)

which, within a factor (—1/Qeg) = (—=1/¢,Cy), coincides with d’Q,/
dVg? [see (13)]; i.e., we have the same result as previously obtained
[see (10)].

From the foregoing modeling results, it follows that in JL MOSFETs,
the peak position of the derivative of g,/Ip in respect to Vg can be used
for the threshold voltage extraction with the Vi criterion of the max-
imum of d?|Qy|/dVs?, as in the case of IM MOSFETS.

Now, we will find the value of Q,, in JL MOSFETs satisfying our Vg
criterion, which can be done by equating d®Q,/dVs® or dz(gm/ID)/dVG2
to zero. Differentiating (13) and using (12), we get:

_ 2Qm
d3Qm _ 1 (1 203‘1)Qm
3 - 3 5
dVG qDt (1 + QJ)
Qeq

(16)
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Setting d®Q,/dVs® = 0 in (16) gives the value of Q,, at threshold:

1 1
_Qeq - Ecejf'qor (17)

Qm |V(;:VTH = 5

Substituting (17) into (14) gives the value of g,/Ip at threshold:

&n _21_ z(gm)
Ip Ve=Vry 39 3\ max a8)

Thus, in the ideal long-channel DG JL MOSFET at very low Vp, the
condition of the maximum of d2|Qm|/dVG2 corresponds to the point on
the g,./Ip vs. Vg curve where d(g,,/Ip)/dV; shows a minimum and where
the value of g,,/Ip is equal to 2/3 of its maximum value, similar to that
in IM MOSFETs [16]. However, the value of the mobile carrier density
Q.. corresponding to this point is different in these two types of the
devices; in JL MOSFETs, it is equal to %Cej]--cp[, whereas in inversion-

mode MOSFETs, it is equal to %Cox-cpt [16]. Thus the mobile carrier
density N,,=|Qmn|/q at threshold condition satisfying the Vi criterion
of the maximum of d*N,,/dV¢? in JL MOSFETs is:

Nm |VG:VTH ~

1
E'Cefflcpt (19)

These findings provide a clearer view on the threshold voltage
evaluated by the methods based on the criterion of the maximum of the
second derivative of the mobile carrier density in JL MOSFETs.

The above modeling results are obtained on the assumption of a
very low drain voltage (Vp — 0), when the channel potential along the
gate length can be considered to be constant. For larger drain voltages
(Vp > kT/q), when the channel potential is position-dependent, the
obtained modeling derivations should be valid at the source edge of the
channel.

Though our modeling was performed for symmetric DG JL
MOSFETs, we can expect that the main findings are valid for various
types of multi-gate JL MOSFETs, considering the similarity of their
charge-control models [20,21,24]. Below the predictions of analytical
modeling will be verified by simulations.

2.2. Simulation results

Validation of modeling results was done using simulations for n-
type silicon-based JL MOSFETs, featuring different structure (double-
gate, single-gate, and tri-gate), different doping concentration
(Np =5 x 10 em™3and 1 x 10'° cm™3), different thicknesses of the
silicon channel, and different thicknesses of the gate oxide. The gate
work function in our simulations was assumed to be 4.7 eV. The
parameters of double-gate and single-gate long-channel JL. MOSFETs
were obtained by simulations based on numerical solution of the two-
carrier, 1-D Poisson equation for silicon-on-insulator (SOI) MOS struc-
tures with proper boundary conditions, using MATHCAD. The para-
meters of tri-gate nanowire (NW) JL MOSFETs were obtained by 3-D
classical simulations using the Synopsis Sentaurus Device Simulator
[25].

Fig. 2(a—c) show d2N,/dVZ and [—d?(InN,,)/dVZ] versus Vg de-
pendencies normalized to their peak values for long-channel single-gate
(Fig. 2(a)), double-gate (Fig. 2(b), and tri-gate nanowire (NW) JL si-
licon-on-insulator (SOI) MOSFETs (Fig. 2(c)) with two different channel
doping concentrations, Np = 5 x 10 and 1 x 10'/cm?®. It can be
seen from Fig. 2(a—c) that for different device configurations and dif-
ferent channel doping levels, there is a coincidence of the peak position
of [-d?(In N,,)/dVZ] with that of the lower-V; maximum of d2N,,/dV?, as
predicted by the analytical modeling.

Fig. 3 presents normalized d?N,,/dV3, d’¢/dVE, d’¢,/dVE and
[—d?(InN,,)/dV2] as a function of the gate voltage obtained by 1-D si-
mulations for a DG JL. MOSFET with doping concentration of 5 x 108/
cm?, silicon film thickness of 20 nm, and gate oxide thickness of 2 nm.
One can see that all the above functions reach their peak values at the
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Fig. 2. Normalized d2N,,/dV2 and [—d?(In N,,)/dVZ] versus gate voltage for long-
channel JL MOSFETs with different channel doping concentrations,
Np =5 x 10" and 1 x 10'°/cm?, and different device configurations: (a)
single-gate JL SOl MOSFETs with ts; = 10 nm, t,, = 1.3 nm and tgox = 145 nm;
(b) symmetric double-gate JL MOSFET with t;; = 10 nm and t,, = 1.3 nm; (c)
tri-gate NW JL SOI MOSFETs featuring Hyw = ts; = 8 nm, Wyy = 15 nm,
tox = 1.3 nm, tgox = 145 nm, and L = 100 nm.

same gate voltage, which is in a complete agreement with foregoing
modeling predictions (see relationships (5), (9) and (10)).

Results of 1-D simulations for a DG JL MOSFET with the same
parameters as in Fig. 3 are also presented in Fig. 4(a-d). Shown in
Fig. 4(a, b) are the mobile carrier density N,, (per unit gate area) versus
Vg dependence and its second derivative d°N,,/dVs?, whereas shown in
Fig. 4(c), (d) are the g,/Ip versus V function and its derivative, being
in the case of the constant mobility and very small drain voltage (Vp —
0) equal to d(InN,,,)/dV; and d*(InN,,,)/dVs?, respectively.

Fig. 5(a-d) present similar results for DG JL MOSFETs with gate
oxide thickness of 1.3 nm and various silicon film thicknesses,
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Fig. 3. Simulated d’N,,/dVZ, d’¢,/dVE, d*¢,/dV3, and [-d*(InN,,)/dV}] nor-
malized to their peak values as a function of the gate voltage in a double-gate JL
MOSFET, showing the coincidence of the peak positions of the above functions.
The device parameters are ts; = 20 nm, t,, = 2 nm, and Np = 5 x 10'%/cm®.

- DG JL MOSFET
10 “+ (@)
o y
£
3 10 18 3
e 103 N =5x10" cm™
= t5=20 nm
] i
t =2nm
10° . T :
> 1
o 2 1013_ '
5§~ |
== :
1
2, 1x10" 1 i
4 1
N'c 1
1
1
0 §
40 i
35 ' ()
~ 30- v 213(g /)
> i1 SO / m  D’max
< 25
=E 20 4
(=] 154
10
5]
0 T T T
0
o -504 (d)
2
>° -100
8
5 -1501
&
2 200/
<]
-250 T 7 T T T T
-0.6 -04 -0.2 0.0 0.2 04

Gate voltage V (V)

Fig. 4. Results of simulations for the long-channel symmetric DG JL MOSFET:
(a) the mobile carrier density N, per unit gate area versus gate voltage; (b) the
second derivative of the mobile carrier density in respect to the gate voltage
d?N,,,/dV; (c) gn/Ip versus Vg function on the assumption of constant mobility
and Vp — 0; (d) d(gn/Ip)/dVg versus Vi. The device parameters are the same as
in Fig. 3.
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Fig. 5. The same as in Fig. 4 for DG JL MOSFETs with gate oxide thickness
t,x = 1.3 nm and different thicknesses of the silicon film, t5; = 10 nm, 15 nm,
and 20 nm.
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Fig. 6. Normalized simulated “low-Vp d2Ip/dVE, [—d (g,,/Ip)/dVg], and
d?N;,,/dV2 as a function of V for the long-channel DG JL MOSFET, obtained on
the assumption of the electron mobility increasing with Vs as shown in the
inset, illustrating the shift of the peak position of d2I,/dVZ relative to that of
d?N,,/dVE and coincidence of the peak positions of [—d(g,/Ip)/dV;] and
d?N,,/dV2 (The device parameters are Np = 5 X 10'8/em®, t,, = 1.3 nm,
ts; = 20 nm).
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1.4
Simulations ;.7;
1.24 Tri-gate JL NW MOSFET =
8

1.0+ =
0.8
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Normalized derivatives
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Of4 " 0.6
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Fig. 7. Normalized “low-Vp, d*p/dVE, [—d(g,/Ip)/dVs], and d°N,,/dV2 as a
function of Vi in the long-channel tri-gate NW JL SOI MOSFET, obtained by
simulations assuming mobility increasing with Vi as shown in the inset, de-
monstrating severe distortion of the shape of the d*I,/dVs> curve
(Np = 5 x 10*®/cm®, Hyy = tg; = 8 nm, Wy = 20 nm, t,,e = 1.3 nm).

ts; = 10 nm, 15 nm, and 20 nm. Figs. 4 and 5 clearly demonstrate that
in the JL devices with different gate oxide thicknesses and different
channel thicknesses, the gate voltage corresponding to the maximum of
d?N,,/dVs? is coincident with that of the minimum of d(gn/Ip)/dV.
Therewith, at this gate voltage, the value of the carrier density is very
close to that given by (19), ie.,
Nolmax()’ = Nilminfacg,/my/ave) ® (1/2q)-Ce-@;, and the value of g,/Ip
is very close to 2/3 of its maximum value, as predicted by (18).

Thus, simulation results entirely confirm modeling predictions. In
particular, they confirm that in long-channel JL. MOSFETs with dif-
ferent geometries and device parameters, the position of the minimum
of d*[In(N,,)1/dVs% being for constant mobility and very small Vp
identical to d(g,/Ip)/dV, coincides with the position of the lower-Vg
peak of dzN,,,/dng, being identical to d*I,/dVs>. It is therefore con-
cluded that the peak position of [ —d(g,,/Ip)/dV;] can be used for the
Vg extraction in JL MOSFETs, similarly to that of d*Ip/dVs2

The finding that at the position of min[d(g,/I5)/dV¢], coinciding
with that of max[d?N,,/dVs?], the value of gn/Ip is equal to 2/3 of its
maximum value, can be used as an alternative method for the experi-
mental Vry extraction in JL MOSFETs with the Vg criterion of the
maximum of d?N,,/dV2 However, such Vyy extraction is possible only
when the g,,/Ip versus Vi curve has a distinct plateau in the subthres-
hold region, not distorted by parasitic effects, such as gate-induced
drain leakage (GIDL), V;-dependent mobility, short-channel effects, etc.

The foregoing modeling and simulation results are obtained on the
assumption that the carrier mobility (1) does not depend on the gate
voltage. However, as shown in previous experimental and theoretical
studies [26-29], the carrier mobility in heavily doped JL devices in a
wide range of operation, and in particular around threshold, is gov-
erned by Coulomb scattering at ionized impurities, which is char-
acterized by mobility increase with gate voltage.

In Fig. 6, we present normalized d2N,,/dV2, d*,/dVZ and
[—-d(g,/Ip)/dVs] versus Vi dependencies for a long n-channel DG JL
MOSFET at very low drain voltage, obtained on the assumption of the
electron mobility increasing with Vs as shown in the inset, and as is
typical for JL MOSFETs in bulk conduction regime [26,27]. Here the
“low-Vp” drain current was calculated as:

w
Ip(Vg) = q'f'ﬂ(VG)'Nm(VG)'VDs 20)
where 1 (V;) is the Vs-dependent carrier mobility, W/L is width-to-
length ratio taken to be equal to 1, and Vj, is the drain voltage taken to
be equal to 0.001 V. As is seen from Fig. 6, in the case of mobility
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Fig. 8. Comparison of experimental determinations of the threshold voltage by
d?Ip/dVe?, d(gn/Ip)/dVg and dCy./dV methods for 10 pm-long tri-gate NW JL
MOSFETs with different NW widths: (a) Wyw = 20 nm; (b) Wy = 40 nm; (c)
Wyw = 190 nm (Vp = 10 mV, Hyyw = t; = 10 nm, tgor = 1.3 nm).

increase with Vg, the peak positions of d°I/dV,” are shifted relative to
that of d°N,,/dVs? towards higher V; values; the lower the mobility
value at Vyy, the larger this shift.

In JL MOSFETs with thin or relatively low-doped channels, fea-
turing two closely located humps of d®N,,/dVs>, mobility increase with
Vg can result in severe distortion of the shape of the d*I,/dVs> curve,
transforming it to a one-hump curve, as shown in Fig. 7. Contrarily, the
peak position of [ —d(gn/Ip)/dV] in Figs. 6 and 7 remains almost un-
changed and coincides with that of the lower-V; peak of d?N,,,/dVs>.
These results indicate that in long-channel JL MOSFETs, the dg,/
dVe = d?I,/dVg? method should give overestimated Vry values due to
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mobility increase with Vs around threshold, while the d(g,/Ip)/dVgs
method should be more accurate due to its much lower sensitivity to the
Vs-dependent mobility.

3. Experimental results

The experimental data presented in this study have been obtained
on tri-gate nanowire (NW) JL MOSFETs fabricated at CEA-LETI using
(1 0 0) SOI wafers with a 145-nm-thick buried oxide and a 10-nm-thick
silicon film. Details of the device fabrication process are presented in
[30]. The target channel doping concentration in the measured devices
was =10'%/cm®. The real active doping concentration in the channel
region evaluated by the method proposed in [31] was found to be
=~5 x 10'® em 3. An additional S/D implantation with doping con-
centration of =10%°/cm® was performed to reduce S/D resistance. The
gate stack consisted of HfSiON with equivalent oxide thickness
EOT = 1.3 nm and a TiN/Poly-Si gate electrode.

The measurements were carried out on multi-fin tri-gate NW tran-
sistors with the nanowire height Hyy, = t5; = 10 nm and nanowire
widths Wy varied from 20 nm to 190 nm. Gate-to-channel capacitance
(Cg) measurements were performed at f = 300 kHz. Drain current
measurements used in this study were carried out at Vp = 10 mV (i.e,
Vp < ¢/2). All measurements were performed at room temperature
and zero substrate bias (Vg = 0).
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To verify experimentally the findings of modeling and simulations,
we performed a comparison of the results of the Vi extraction in tri-
gate nanowire (NW) JL MOSFETs by d*I,/dVs® and d(g./Ip)/dVg
methods with results of the gate-to-channel capacitance derivative
(dCgc/dV;) method which is insensitive to the Vs-dependent mobility.
Fig. 8 shows such a comparison of experimental V;; determinations by
dC,./dVg, d?I,/dVg? and d(gn/Ip)/dVs methods for 10 um-long multi-
fin JL NW devices with different NW widths, Wy, = 20 nm, 40 nm,
and 190 nm. One can see that, as expected, the d(g,/Ip)/dVs method
yields Vi values very close to those obtained by the dC,./dV; method,
being unaffected by the Vg-dependent mobility, whereas the d*Ip/dV>
method gives noticeably higher V5 values than dC,./dV. Note that the
discrepancy between results of d’Ip/dVg? and dCy./dVs methods is
larger for larger NW widths, namely, it is =100 mV for Wyy, = 20 nm,
=125 mV for Wy = 40 nm, and =250 mV for Wy, = 190 nm. It
should also be noted that in the long-channel JL. MOSFETs the observed
difference between Vr extractions by d?I,/dVg? and dC,./dVs methods
is typically much larger than that in long-channel undoped FinFETs or
ultra-thin-body SOI MOSFETs, where this difference is typically
30-40 mV [13].

Based on findings of simulations presented in Figs. 6 and 7 and
analytical modeling in [13], the observed difference between Vry ex-
tractions by the d*I,/dVs? and dC./dVi methods is attributable to
mobility increase with Vi around threshold due to impurity Coulomb
scattering, which shifts the peak position of d*Ip/dVs® to the higher Vg
values. As shown in [13], the shift of the maximum of d*I/dVg> re-
lative to the maximum of d*N,,,/dV? caused by mobility variation with
Vs is inversely proportional to the mobility value at threshold
u(Vg = Vpp). Thus, the error in the Vg extraction by the d?Ip/dVs?
method related to the Vs-dependent mobility should be larger in the
devices featuring lower p values around threshold. Therefore, the larger
discrepancy between the methods in JL MOSFETSs with larger nanowire
widths in Fig. 8 can be explained by the lower mobility at Vy in wider

devices. The latter is confirmed by the mobility results for different
nanowire widths presented in Fig. 9, showing the effective electron
mobility ps extracted by the split-CV technique as a function of gate
voltage overdrive. The vertical arrows in Fig. 9 indicate flat-band
conditions evaluated as proposed in [31].

As is seen from Fig. 9, in JL MOSFETs, in most of the operation
range, including the bulk conduction region and around threshold, g
increases with gate voltage, indicating the predominance of Coulomb
scattering. Therewith in this range and at Vg = Vyy, the value of p4 is
larger for smaller NW widths. Besides, in the devices with smaller NW
widths, p.s increases sharper with gate voltage. This is explained by
more effective screening of ionized impurities in narrow devices due to
a higher free carrier concentration [26-29,32]. The lower mobility
values near threshold also allow to explain the larger difference be-
tween Vry extractions by d?I,/dVg? and dC,./dVs methods in heavily
doped JL MOSFETs compared to undoped-channel SOI MOSFETs.

Thus, experimental results clearly demonstrate that, in long-channel
JL MOSFETs, the dI,/dV> method gives overestimated Vi values due
to mobility increase with V; around threshold related to Coulomb
scattering. It is expected that S/D series resistance, which can be re-
presented as mobility decrease with gate voltage, would have the effect
opposite to the mobility variation associated with Coulomb scattering.
Indeed, as has been demonstrated in [33], series resistance effects in JL
MOSFETS (which are enhanced with reducing the channel length) shift
the peak positions of d*I,/dV> curves to lower Vg values. Therefore, it
can be expected that the difference between the methods will decrease
with decreasing the channel length. This is confirmed by the results in
Fig. 10, which represents Vi extracted by d*I,/dVs? and d(g,./Ip)/dVg
methods in JL NW MOSFETs with Wy, = 20 nm as a function of the
gate length. As a consequence of the combined effects of the Vg-de-
pendent mobility and series resistance, the dIp/dV* method gives an
apparent stronger reduction of Vyy when decreasing the gate length,
whereas the d(g,,/Ip)/dVs method, which is less sensitive to the above
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parasitic effects, yields a weaker dependence of Vr on the gate length.

To check experimentally whether it is possible to determine Vg in
JL MOSFETs from the point where g,,/Ip = 2/3-(gn/Ip)max, as predicted
by modeling and simulations, in Fig. 11 we present the g,,/Ip versus Vg
dependencies and their derivatives for different gate lengths,
L = 10 ym, 100 nm, 50 nm, and 30 nm. Experimental results in Fig. 11
(a, b) show that in the 10-pm-long and 100-nm-long devices, the de-
termination of Vry from the peak position of [-d(g,,/Ip)/dV;] and from
the point where g,,/Ip = 2/3-(gn/Ip)max=2/3-(1/d,), gives indeed the
same Vg values. Surprisingly, in the devices with short channels
(L = 50 nm and 30 nm), for which g,,/Ip in the subthreshold region is
strongly lowered and distorted, at the point of maximum of
[—d(g,/Ip)/dV;] the value of g,/Ip is also very close to 2/3-(gm/Ip)max
though it is noticeably smaller than 2/3-(1/¢,). Nevertheless, we be-
lieve that, in the general case, the determination of Vg from the po-
sition of the maximum of [—d (g,,/Ip)/dV;] is more reliable and accurate
than that using (g,/Ip)max-

4. Conclusions

We have proposed a method for the experimental threshold voltage
extraction in JL MOSFETs from the gate voltage corresponding to the
minimum of the d(g,/Ip)/dVs; versus gate voltage function. Using
analytical modeling and numerical simulations, we have shown that
this method satisfies the criterion of the maximum of the second deri-
vative of the mobile carrier density, i. e., the same physical criterion
that underlies the dI,/dVs? method. Using simulations and experi-
mental data, it has been demonstrated that in long-channel JL
MOSFETs, the d?I5/dVg? method gives strongly overestimated Vry va-
lues due to mobility increase with gate voltage near threshold related to
impurity Coulomb scattering. The errors in the Vyy extraction by the
d?1,/dV? method related to the Vs-dependent mobility in JL. MOSFETs
are typically larger than in undoped-channel SOI MOSFETs, which is
explained by lower mobility values at threshold in heavily doped JL
devices. At the same time, simulation and experimental results de-
monstrate that the proposed d(g,/Ip)/dV; method for the Vyy extrac-
tion in JL MOSFETs is significantly less affected by the mobility var-
iation with Vg than the d?Ip/dV¢? method, and thus it is more accurate
and reliable.

Another interesting finding of modeling and simulations is that in
the ideal JL MOSFETs at very low drain voltage, the value of g,/I, at
the position of the minimum of d(g,/Ip)/dVs is equal to 2/3 of its
maximum value. This could be used as an alternative method for the
Vg extraction in JL. MOSFETSs with the Vg criterion of the maximum of
the second derivative of the carrier density. However, this method is
not applicable when the subthreshold behavior of the device is distorted
by the parasitic effects, such as gate-induced drain leakage, short-
channel effects, etc. Thus the d(g,/Ip)/dVs method seems to be pre-
ferable.

Acknowledgements

This work was funded by NAS of Ukraine (the project No. I1I-02-17).
Authors thank CEA-LETI for providing junctionless devices.

References

[1] Lee CW, Afzalian A, Akhavan ND, Yan R, Ferain I, Colinge JP. Junctionless multi-
gate field effect transistor. Appl Phys Lett 2009;94(5). 053 511.

Colinge JP, Lee CW, Afzalian A, Akhavan ND, Yan R, Ferain I, et al. Nanowire
transistors without junctions. Nat Nanotechnol 2010;5(3):225-9.

[3] Lee CW, Ferain I, Afzalian A, Yan R, Akhavan ND, Razavi P, et al. Performance
estimation of junctioless multigate transistors. Solid-State Electron 2010;54:97-103.
Colinge JP, Kranti A, Yan R, Lee CW, Ferain I, Yu R, et al. Junctionless nanowire
transistor (JNT): properties and design guidelines. Solid-State Electron

[2

—

[4

=

[5

=

[6]

[7

—

[8

—

[9

—_

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]
[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

Solid State Electronics 168 (2020) 107723

2011;65-66:33-7.

Flandre D, Terao A. Extended theoretical analysis of the steady-state linear beha-
viour of accumulation-mode, long-channel p-MOSFETs on SOI substrates. Solid-
State Electron 1992;35:1085-92.

Jeon D-Y, Park S, Mouis M, Berthome M, Barraud S, Kim G-T, et al. Revisited
parameter extraction methodology for electrical characterization of junctionles-
stransistors. Solid-State Electron 2013;90:86-93.

Rudenko T, Barraud S, Georgiev YM, Lysenko V, Nazarov A. Electrical character-
ization and parameter extraction of junctionless nanowire transistors. J Nano Res
2016;39:17-33.

Fowler AB, Hartstein AM. Techniques for determining threshold. Surf Sci
1980;98:169-76.

Krutsick TJ, White MH, Wong H-S, Booth RV. An improved model of MOSFET
modeling and parameter extraction. IEEE Trans Electron Dev 1987;34:1976-80.
Ghibaudo G. New method for the extraction of MOSFET parameters. Electron Lett
1988;24:543-5.

Terao A, Flandre D, Lora-Tamayo E, Van de Wiele F. Measurement of threshold
voltages of thin-film accumulation-mode PMOS/SOI transistors. IEEE Electron Dev
Lett 1991;12:682-4.

Flandre D, Kilchytska V, Rudenko T. Gm/Id method for threshold voltage extraction
applicable in advanced MOSFETs with nonlinear behavior above threshold. IEEE
Electron Dev Lett 2010;31:930-2.

Rudenko T, Kilchytska V, Md Arshad MK, Raskin J-P, Nazarov A, Flandre D. On the
MOSFET threshold voltage extraction by transconductance and transconductance-
to-current ratio change methods: Part I-effect of gate-voltage-dependent mobility.
IEEE Trans Electron Dev 2011;58:4172-9.

Lau MM, Chiang CYT, Yeow YT, Yao ZQ. A new method of threshold voltage ex-
traction via MOSFET gate-to-substrate capacitance measurement. IEEE Trans
Electron Dev 2001;48:1742-4.

Trevisoli RD, Doria RT, de Souza M, Pavanello MA. A physically-based threshold
voltage definition, extraction and analytical model for junctionless nanowire tran-
sistors. Solid State Electron 2013;90:12-7.

Rudenko T, Arshad MK, Raskin J-P, Nazarov A, Flandre D, Kilchytska V. On the g,/
Ip-based approaches for threshold voltage extraction in advanced MOSFETs and
their application to ultra-thin body SOI MOSFETs. Solid State Electron
2014;97:52-8.

Rudenko T, Kilchytska V, Md Arshad MK, Raskin J-P, Nazarov A, Flandre D. On the
MOSFET threshold voltage extraction by transconductance change and transcon-
ductance-to-current ratio change methods: Part II- Effect of drain voltage. IEEE
Trans Electron Dev 2011;58:4180-8.

Duarte JP, Choi S-J, Choi Y-K. A full-range drain current model for double-gate
junctionless transistors. IEEE Trans Electron Dev 2011;58:4219-25.

Sallese J-M, Chevillon N, Lallement C, Ihiguez B, Prégaldiny F. Charge-based
modeling of junctionless double-gate field-effect transistors. IEEE Trans Electron
Dev 2011;58:2628-37.

Lime F, Santana E, Iniguez B. A simple compact model for long-channel junctionless
double gate MOSFETs. Solid State Electron 2013;80:28-32.

Lime F, Moldovan O, Ihiguez B. A compact explicit model for long-channel gate-all-
around junctionless MOSFETs. Part 1: DC characteristics. IEEE Trans Electron Dev
2013;61:3036-41.

Duarte JP, Choi S-J, Moon D-I, Choi Y-K. A nonpiecewise model for long-channel
junctionless cylindrical nanowire FETs. IEEE Electron Dev Lett 2012;33:155-7.
Gnani E, Gnudi A, Reggiani AS, Baccarani G. Theory of the junctionless nanowire
FET. IEEE Trans Electron Dev 2011;58:2903-10.

Sallese J-M, Jazaeri F, Barbut L, Chevillon N, Lallement C. A common core model
for junctionless nanowires and symmetric double-gate FETs. IEEE Trans Electron
Dev 2013;60:4277-80.

Synopsis, Inc., Mountain View, CA, C-2009.06 ed., Sentaurus Device Reference
Manual; 2009.

Rudenko T, Nazarov A, Ferain I, Das S, Yu R, Barraud S, et al. Mobility enhancement
effect in heavily doped junctionless nanowire silicon-on-insulator metal oxide-
semiconductor field-effect transistors. Appl Phys Lett 2012;101:213502.

Rudenko T, Nazarov A, Yu R, Barraud S, Cherkaoui K, Razavi P, et al. Electron
mobility in heavily doped junctionless nanowire SOI MOSFETSs. Microelectron Eng
2013;109:326-9.

Wei K, Zeng L, Wang J, Du G, Liu X. Physically based evaluation of electron mo-
bility in ultra-thin-body double-gate junctionless transistors. IEEE Electron Dev Lett
2014;35:817-9.

Ueda A, Luisier M, Sano N. Enhanced impurity limited mobility in ultra-saled Si
nanowire junctionless field-effect transistors. Appl Phys Lett 2015;107:253501.
Barraud S, Berthome M, Coquand R, Casse M, Ernst T, Samson M-P, et al. Scaling of
trigate junctionless nanowire MOSFET with gate length down to 13nm. IEEE
Electron Dev Lett 2012;33:1225-7.

Rudenko T, Yu R, Barraud S, Cherkaoui K, Nazarov A. A method for extracting
doping concentration and flat-band voltage in junctionless multigate MOSFETSs
using 2D electrostatic effects. IEEE Electron Dev Lett 2013;34:957-9.

Goto K-I, Yu N-H, Wu J, Diaz CH, Colinge J-P. Mobility and screening effects in
heavily doped accumulation-mode metal-oxide-semiconductor field-effect transis-
tors. Appl Phys Lett 2012;101:073503.

Jeon D-Y, Park SJ, Mouis M, Barraud S, Kim G-T, Ghibaudo G. Impact of series
resistance on the operation of junctionless transistors. Solid State Electron
2017;129:103-7.


http://refhub.elsevier.com/S0038-1101(19)30726-9/h0005
http://refhub.elsevier.com/S0038-1101(19)30726-9/h0005
http://refhub.elsevier.com/S0038-1101(19)30726-9/h0010
http://refhub.elsevier.com/S0038-1101(19)30726-9/h0010
http://refhub.elsevier.com/S0038-1101(19)30726-9/h0015
http://refhub.elsevier.com/S0038-1101(19)30726-9/h0015
http://refhub.elsevier.com/S0038-1101(19)30726-9/h0020
http://refhub.elsevier.com/S0038-1101(19)30726-9/h0020
http://refhub.elsevier.com/S0038-1101(19)30726-9/h0020
http://refhub.elsevier.com/S0038-1101(19)30726-9/h0025
http://refhub.elsevier.com/S0038-1101(19)30726-9/h0025
http://refhub.elsevier.com/S0038-1101(19)30726-9/h0025
http://refhub.elsevier.com/S0038-1101(19)30726-9/h0030
http://refhub.elsevier.com/S0038-1101(19)30726-9/h0030
http://refhub.elsevier.com/S0038-1101(19)30726-9/h0030
http://refhub.elsevier.com/S0038-1101(19)30726-9/h0035
http://refhub.elsevier.com/S0038-1101(19)30726-9/h0035
http://refhub.elsevier.com/S0038-1101(19)30726-9/h0035
http://refhub.elsevier.com/S0038-1101(19)30726-9/h0040
http://refhub.elsevier.com/S0038-1101(19)30726-9/h0040
http://refhub.elsevier.com/S0038-1101(19)30726-9/h0045
http://refhub.elsevier.com/S0038-1101(19)30726-9/h0045
http://refhub.elsevier.com/S0038-1101(19)30726-9/h0050
http://refhub.elsevier.com/S0038-1101(19)30726-9/h0050
http://refhub.elsevier.com/S0038-1101(19)30726-9/h0055
http://refhub.elsevier.com/S0038-1101(19)30726-9/h0055
http://refhub.elsevier.com/S0038-1101(19)30726-9/h0055
http://refhub.elsevier.com/S0038-1101(19)30726-9/h0060
http://refhub.elsevier.com/S0038-1101(19)30726-9/h0060
http://refhub.elsevier.com/S0038-1101(19)30726-9/h0060
http://refhub.elsevier.com/S0038-1101(19)30726-9/h0065
http://refhub.elsevier.com/S0038-1101(19)30726-9/h0065
http://refhub.elsevier.com/S0038-1101(19)30726-9/h0065
http://refhub.elsevier.com/S0038-1101(19)30726-9/h0065
http://refhub.elsevier.com/S0038-1101(19)30726-9/h0070
http://refhub.elsevier.com/S0038-1101(19)30726-9/h0070
http://refhub.elsevier.com/S0038-1101(19)30726-9/h0070
http://refhub.elsevier.com/S0038-1101(19)30726-9/h0075
http://refhub.elsevier.com/S0038-1101(19)30726-9/h0075
http://refhub.elsevier.com/S0038-1101(19)30726-9/h0075
http://refhub.elsevier.com/S0038-1101(19)30726-9/h0080
http://refhub.elsevier.com/S0038-1101(19)30726-9/h0080
http://refhub.elsevier.com/S0038-1101(19)30726-9/h0080
http://refhub.elsevier.com/S0038-1101(19)30726-9/h0080
http://refhub.elsevier.com/S0038-1101(19)30726-9/h0085
http://refhub.elsevier.com/S0038-1101(19)30726-9/h0085
http://refhub.elsevier.com/S0038-1101(19)30726-9/h0085
http://refhub.elsevier.com/S0038-1101(19)30726-9/h0085
http://refhub.elsevier.com/S0038-1101(19)30726-9/h0090
http://refhub.elsevier.com/S0038-1101(19)30726-9/h0090
http://refhub.elsevier.com/S0038-1101(19)30726-9/h0095
http://refhub.elsevier.com/S0038-1101(19)30726-9/h0095
http://refhub.elsevier.com/S0038-1101(19)30726-9/h0095
http://refhub.elsevier.com/S0038-1101(19)30726-9/h0100
http://refhub.elsevier.com/S0038-1101(19)30726-9/h0100
http://refhub.elsevier.com/S0038-1101(19)30726-9/h0105
http://refhub.elsevier.com/S0038-1101(19)30726-9/h0105
http://refhub.elsevier.com/S0038-1101(19)30726-9/h0105
http://refhub.elsevier.com/S0038-1101(19)30726-9/h0110
http://refhub.elsevier.com/S0038-1101(19)30726-9/h0110
http://refhub.elsevier.com/S0038-1101(19)30726-9/h0115
http://refhub.elsevier.com/S0038-1101(19)30726-9/h0115
http://refhub.elsevier.com/S0038-1101(19)30726-9/h0120
http://refhub.elsevier.com/S0038-1101(19)30726-9/h0120
http://refhub.elsevier.com/S0038-1101(19)30726-9/h0120
http://refhub.elsevier.com/S0038-1101(19)30726-9/h0130
http://refhub.elsevier.com/S0038-1101(19)30726-9/h0130
http://refhub.elsevier.com/S0038-1101(19)30726-9/h0130
http://refhub.elsevier.com/S0038-1101(19)30726-9/h0135
http://refhub.elsevier.com/S0038-1101(19)30726-9/h0135
http://refhub.elsevier.com/S0038-1101(19)30726-9/h0135
http://refhub.elsevier.com/S0038-1101(19)30726-9/h0140
http://refhub.elsevier.com/S0038-1101(19)30726-9/h0140
http://refhub.elsevier.com/S0038-1101(19)30726-9/h0140
http://refhub.elsevier.com/S0038-1101(19)30726-9/h0145
http://refhub.elsevier.com/S0038-1101(19)30726-9/h0145
http://refhub.elsevier.com/S0038-1101(19)30726-9/h0150
http://refhub.elsevier.com/S0038-1101(19)30726-9/h0150
http://refhub.elsevier.com/S0038-1101(19)30726-9/h0150
http://refhub.elsevier.com/S0038-1101(19)30726-9/h0155
http://refhub.elsevier.com/S0038-1101(19)30726-9/h0155
http://refhub.elsevier.com/S0038-1101(19)30726-9/h0155
http://refhub.elsevier.com/S0038-1101(19)30726-9/h0160
http://refhub.elsevier.com/S0038-1101(19)30726-9/h0160
http://refhub.elsevier.com/S0038-1101(19)30726-9/h0160
http://refhub.elsevier.com/S0038-1101(19)30726-9/h0165
http://refhub.elsevier.com/S0038-1101(19)30726-9/h0165
http://refhub.elsevier.com/S0038-1101(19)30726-9/h0165

	A method for threshold voltage extraction in junctionless MOSFETs using the derivative of transconductance-to-current ratio
	Introduction
	Method validation
	Analytical modeling
	Simulation results

	Experimental results
	Conclusions
	Acknowledgements
	References




