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ABSTRACT In this paper, the impacts of work function variation (WFV), line-edge roughness (LER),
and ferroelectric properties variation on the threshold voltage, subthreshold swing (SS), Ion, and Ioff
variations are analyzed comprehensively for negative capacitance ultra-thin body SOI MOSFETs (NC-
SOI) compared with SOI MOSFETs (SOI). For LER induced threshold voltage variation (o Vt), NC-SOI
MOSFETs exhibit smaller oVt (= 3.8 mV) than the SOI MOSFETs (o0Vt = 17.6 mV). For analyzing
WFV of NC-SOI MOSFETs, two scenarios are considered including (I) same WFV patterns, and (II)
different WFV patterns between the external and internal metal gates. Compared with SOI, NC-SOI
with scenario (I) exhibits comparable WFV induced oVt (= 16.2 mV), and NC-SOI with scenario (II)
exhibits larger WFV induced oVt (= 28.5 mV). In scenario (II), different WFV patterns between the
internal and external gates result in Vgg (voltage drop across the ferroelectric layer) variations, which
increases the WFV induced o Vt for NC-SOI. LER dominates energy-delay product variations (¢ EDP), and
NC-SOI MOSFETs show smaller c EDP than SOI MOSFETSs. Besides, NC-SOI MOSFETs with thicker
ferroelectric layer thickness (Trg), larger coercive electric field (E¢), and smaller remnant polarization
(Po) show smaller LER induced oVt and oSS. Ferroelectric properties variations show negligible impact
on the WFV induced oVt and oSS.

INDEX TERMS Line-edge roughness, work function variation, negative capacitance FET (NCFET),

ferroelectric properties.

I. INTRODUCTION

Ultra-low power integrated circuits are important for
Internet-of-Things (IoT) applications and energy harvesting
system. Devices with higher Ion/Ioff ratio and steep slope
switching are essential to achieve the requirement of ultra-
low power systems. Negative capacitance FET (NCFET) [1]
is a promising device owing to its better subthreshold swing
and scalability [2]. Therefore, NCFET has been actively
explored in many aspects. For example, negative capaci-
tance ultra-thin-body SOI MOSFETs (NC-SOI) have been
analyzed for performance enhancements through capaci-
tance tuning [3], [4]. Khan et al [3] showed that the
relative improvement in device performance due to negative

capacitance of ferroelectric layer becomes more significant
in short channel devices due to the increased drain-to-
channel coupling. Yeung et al. [4] showed that NC-SOI
MOSFET with ultra-thin body thickness (T¢, = 0.5nm) can
achieve 10pA/um Ipopr, 200nA/pm Iy, at supply voltage
= 0.3V. NCFETs with sub-10nm ferroelectric layer were
fabricated and analyzed [S]-[7]. Lee et al. [6] experimen-
tally demonstrated NCFET with 1.5nm HZO ferroelectric
layer which paves a promising solution for sub-10nm tech-
nology node. The circuit performance of NCFET has also
been examined [8]-[11]. Khandelwal et al. [8] showed that
NC-FinFET improves inverter delay by 11 times compared
to 14 nm base FinFET at 0.2V supply voltage. Yuan et al. [9]
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FIGURE 1. The schematic of NC-SOI MOSFET. Vg eyt is the external metal
gate voltage, and Vg ;¢ is the internal metal gate voltage which is
amplified by ferroelectric layer with negative capacitance. FE layer is the
ferroelectric layer.

|
!

showed that a low viscosity (p < 0.1€2-m) is required for
NCFET to operate at the high gigahertz frequencies. The
operation speed of NCFET has been analyzed [12]-[14],
and Kobayashi et al. [13] showed that NCFET can operate at
> MHz, which is suitable for ultralow power IoT application.
The leakage from the ferroelectric layer in NCFET results
in degradation of the NCFET performance [15], [16]. The
line-edge roughness (LER) induced variability [17], [18] for
NCFETs have been presented. Lee and Su [17] showed that
NC-FinFETs exhibit superior immunity to Fin-LER induced
variations. The impact of ferroelectric parameters, such as
such as remnant polarization (Py), coercive electric field (E.),
ferroelectric thickness (Tg) have been discussed [19]-[21].
Lin et al. [19] showed that increasing Tpg and Ec, and
decreasing Py can enhance the voltage amplification factor
(Ay) for NCFETs. Pahwa et al. [20] showed that com-
pared with MFMIS NCFET, MFIS NCFET is more prone
to hysteresis and shows hysteresis at a lower ferroelectric
layer thickness. However, the analysis of NCFETs consider-
ing the combined effects of intrinsic process variations and
ferroelectric properties variation has rarely been examined.

In this work, the impact of work function variation (WFV),
LER, and ferroelectric properties variation on NCFETs are
analyzed comprehensively. This paper is organized as fol-
lows. Section II describes the simulation framework and
device parameters used in this work. To analyze the WFV of
NC-SOI MOSFETs comprehensively, the external and inter-
nal metal gates are assumed to have the same (Scenario I)
and different (Scenario II) WFV patterns, respectively. In
Section III, WFV and LER induced variations are ana-
lyzed for NC-SOI MOSEFTs compared with SOI MOSFETs.
Impacts of LER and WFV on the power-delay product vari-
ability and energy-delay product variability have also been
analyzed. In Section IV, the impact of ferroelectric prop-
erties variation on the WFV and LER induced threshold
voltage and subthreshold swing variations are investigated.
The conclusion is drawn in Section V.

Il. DEVICE DESIGN AND METHODOLOGY

Fig. 1 shows the schematic of NC-SOI MOSFET used in
this work. The device parameters are designed with gate
length Lg = 20.2 nm, device width W = 25 nm, chan-
nel thickness Tch = 3 nm and EOT (insulator shown in
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Fig. 1) = 0.65 nm for both NC-SOI and SOI MOSFETs. The
coercive electric field Ec = 1 MV/cm, remnant polarization
Py = 10 pC/em? [22], and the thickness of ferroelectric (FE)
layer Tpg = 4.5 nm are used for NC-SOI MOSFETs to
achieve hysteresis-free design. The hysteresis phenomenon
must be avoided for logic applications.

To investigate the LER induced variations, the line edge
roughness patterns are generated based on Fourier synthe-
sis approach [23] with the root-mean-square (rms) amplitude
A = 1.67 nm and correlation length A = 20 nm [24], and
then atomistic Monte Carlo simulations were performed in
TCAD. To assess WFV, an analytical model considering
metal material, and possible grain orientations with cor-
responding probability were considered [25]. The average
metal grain size is 4.3nm [26]. For analyzing the WFV
induced variations of NC-SOI MOSFETSs, two scenarios
are considered including (I) the external and internal metal
gates have the same WFV patterns, and (II) the external
and internal metal gates have different WFV patterns. The
drain current versus gate voltage (/4-V,) and gate charge ver-
sus gate voltage (Qmos-Vg) of SOI MOSFETSs considering
LER and WFV were obtained in TCAD simulations. Then,
the static Landau equation (dP/dt = 0) is used to derive
the voltage of ferroelectric layer (Vrg). The electric field in
ferroelectric layer (Erg) [27] can be expressed as

Erg = 20P + 4BP° 4+ 6y P’ (1)
where P is polarization of ferroelectric layer. In this work, y
is assumed to be 0, because the third term P> in equation (1)
is negligible [28]. The gate charge per unit area of SOI
MOSFETs (Qumos) can be expressed as Quyos = P+ €oE =~
P [27] if electric field is not high (i.e., E <« € 1, where
€o is the vacuum permittivity). Vpg can be expressed as
Erg X Trg = QaQpos + 4:3QMOS3) X Trg. In other words,
Vrg is a function of gate charge Quyos, and Quos equals
to the ferroelectric charge Qrg. For NC-SOI MOSFETs, the
external gate voltage can be expressed as

Vgs,ext = Vgs,int + VFE (2&)

Vgs,ext = Vgs,int + (ZWQMOS + 4/3QMOS3> xTrr (2b)

where Vg i, is the internal gate voltage of NC-SOI MOSFETs.
Vigs,int 1s assumed to be equal to the gate voltage V, of SOI
MOSFETs. Then, we can obtain the I vs. Vg oy and Qpos vs.
Vs, ext characteristics of NC-SOI MOSFETs. The Iy vs. Vg o
characteristics of NC-SOI MOSFETs using the simulation
methodology in this work have been calibrated with TCAD
simulator in which the Landau-Khalatnikov (L-K) theory self-
consistently coupled with the Poisson’s and current continuity
equations for NCFET analysis. The coefficients a and B are
related to the ferroelectric parameters, remnant polarization
Py and coercive field Ec. Ec is defined as the electric field
when dEpg/dP = 0, and Py is defined as the polarization
when Erg = 0. According to these two conditions, o and f
can be solved to be expressed as [27]
33 Ec 33 Ec

=T W =TS 3)
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The internal gate voltage is amplified by amplification factor
Ay which is defined as

_ OWVesint _ |CrEl
0Veserr  CreE+ Cpos  |Crel — Cuos
where Cyps is the capacitance of baseline SOl MOSFETSs
underneath the FE layer, and Crg is the capacitance of FE
layer. The subthreshold swing (SS) of NC-SOI MOSFETs

at Vg exr = OV can be improved against SOI counterparts,
and can be described as [4]

C
Ay FE

“4)

SSpaseline
SSnc—sor = —bai:l:t sol )

According to equations (4) and (5), it can be known
that higher Ay and larger improvements in SS for NC-SOI
MOSFETs can be achieved by better capacitance match-
ing between Cyos and |Cpg| (i.e., Cmos should be close
to and smaller than |Cpg| to achieve higher Ay). In this
work, the variability comparisons between SOI and NC-SOI
MOSFETs are analyzed comprehensively considering the
combined effects of intrinsic process variations and ferroelec-
tric properties variations. The leakage through FE layer [15]
is not considered in this work.

lIiIl. IMPACT OF LER AND WFV ON NC-SOI MOSFETS

In this section, line edge roughness (LER) and work func-
tion variation (WFV) induced threshold voltage variations
(o'Vt), power-delay product variations (¢ PDP), and energy-
delay product variations (¢ EDP) for NC-SOI MOSFETsS are
analyzed comprehensively.

A. LER INDUCED VARIATIONS

Fig. 2 shows the oVt comparisons between SOI and
NC-SOI MOSFETs considering LER and WFV, respec-
tively. Compared with SOI MOSFETs, NC-SOI MOSFETs
show smaller LER induced oVt (= 3.8 mV) than SOI
MOSFETs (¢ Vt = 17.6 mV). Fig. 3(a) and 3(b) show
the Vt difference (Vtnc_sor — Vtsor) between SOI and
NC-SOI MOSFETs versus Vt considering LER and WFV,
respectively. The threshold voltage of NC-SOI MOSFET
(Vitnc—son) is equal to certain Vg 0y, and threshold voltage
of SOI MOSFET (Vtsor) is equal to certain Vg, when
1; equals [100nA/wmx (W/Lg)]. Therefore, Vt difference
(Vitnc—sor — Vtsor) is related to Vpg and Ay according to
Eq. (2a) and Eq. (4). Fig. 3(c) shows SS versus Ay charac-
teristics for NC-SOI MOSFETs considering LER and WFV
(shown in inset). The SS of SOI MOSFETs are also plot-
ted in Fig. 3(c) for comparisons although SOI MOSFETs
do not have Ay characteristics. For considering LER in
Fig. 3(a) and 3(c), SOI MOSFET with the shortest aver-
age Lg and the worst short channel effects (SCE) exhibits
the smallest Vt and the highest SS. As can be seen, NC-SOI
MOSFET shows the largest (Vtnc—sor — Vtsor) and highest
Ay when its baseline SOI device underneath the FE layer
exhibits the worst SCE. This is because as Lg decreases,
the drain-to-channel field coupling is increased which
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FIGURE 2. Threshold voltage variations (sVt) comparisons between SOI
and NC-SOI MOSFETs considering LER and WFV. Compared to SOI
MOSFETs, LER induced oVt and the normalized threshold voltage
variations (o'Vt/;LVt) can be suppressed by negative capacitance effect in
NC-SOI MOSFETs. However, for WFV, NC-SOI MOSFETs show comparable
WFV (scenario I) induced oVt and larger WFV(scenario I1) induced oVt and
o Vt/Vt than SOl MOSFETs. Scenario | means the external and internal
gate have the same WFV patterns, and scenario 1l means the external and
internal gate have different WFV patterns. The red symbol line shows the
normalized threshold voltage variations (oVt/pVt). oVt and uVt are the
standard deviation and mean value of Vit variations.

increases Cpps, thus showing better capacitance matching
and higher Ay. However, NC-SOI MOSFET shows smaller
(Vtne—sor — Vtsor) and lower Ay when its baseline SOI
device exhibits larger Vt, lower SS, and better SCE control.
Therefore, NC-SOI MOSFETsSs exhibit smaller LER induced
oVt and oSS than the SOI MOSFETSs, and LER induced
oVt and oSS can be suppressed by negative capacitance
effect.

B. WFV INDUCED VARIATIONS

In contrast to LER induced oVt in NC-SOI MOSFETs, NC-
SOI MOSFETs show comparable WFV (scenario I) induced
oVt (= 16.2 mV) and larger WFV (scenario II) induced oVt
(= 28.5 mV) compared with SOI counterparts as shown in
Fig. 2. Fig. 3(b) shows that for SOI MOSFETs, WFV only
induces Vt variations, and shows negligible impact on oSS as
shown in the inset of Fig. 3(c). For NC-SOI MOSFET with
WFYV (scenario I), Vt difference (Vtnc—sor— Vtsor) is a con-
stant, thus showing comparable WFV(I) induced oVt com-
pared with SOI counterparts as shown in Fig. 3(b). Besides,
WEFV shows negligible impact on Ay as shown in the inset
of Fig. 3(c), because WFV only shifts Cyps horizontally.
Therefore, NC-SOI MOSFETs with WFV (scenario I) exhibit
negligible oSS.

For NC-SOI MOSFETs with different WFV patterns
between the external and internal gates (scenario II), there is
a work function difference between the external and internal
metal gates (across the FE layer), which results in Vg varia-
tions as shown in Fig. 4. Therefore, WFV (scenario II) shows
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FIGURE 3. The Vt difference (= Vtyc_so1 — Vtsor) between SOI and NC-SOI
MOSFETs versus Vt when considering (a) LER and (b) WFV. According to
equation (2), Vt difference (= Vtyc_so1 — Vtsor) is related to Vgg. The blue
arrow in () indicates the Vt difference between SOI and NC-SOL. (c) The
amplification factor (Ay @Vt) versus subthreshold swing (SS) characteristics
considering LER and WFV (shown in the inset). For LER, NC-SOI with larger
SS exhibits higher Av. However, WFV introduces flat-band variations and Vt
variations; while WFV shows negligible impact on the subthreshold swing
variations. The SS characteristics of SOl MOSFETs are plotted in Fig. 3(c) for
comparisons although SOl MOSFETs do not have Ay characteristics.

larger (Vtnc—sor — Vtsor) variations (Fig. 3(b)) and larger
oVt (= 28.5 mV) than WFV (scenario I) (6 Vt = 16.2 mV)
for NC-SOI MOSFETs.

298

2:5fINc-sol / '
—~ 2.0 WFV 1
=
3 15} .
o
€ 1.0} .
3
=05} ]
@]
0.0} ]
05 Vds=086V _

02 00
Vee (V)

06 -04 0.2

FIGURE 4. The gate charge (Qpos) versus Vgg characteristics of NC-SOI
MOSFETs considering WFV(I) and WFV(I1). For WFV(I), the external and
internal gates have the same WFV patterns, and thus no Vgg variation. For
WFV(11), the external and internal gates have different WFV patterns, which
means there is a work function difference between external and internal
metal gates. Therefore, WFV(Il) shows Vgg variations. In this figure, Qyos
increases as Vg eyt increases.
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FIGURE 5. Gate capacitance dispersions for NC-SOl MOSFETs

considering (a) LER, (b) WFV(I), and (c) WFV(Il), respectively, compared
with SOI counterparts. (d) The comparisons of gate capacitance variations
(0 Cgg) for NC-SOI and SOI MOSFETs at V44 = 0.86V. NC-SOl MOSFETs show
larger o Cgg than SOI MOSFETs due to Ay variations. For both NC-SOI and
SOl MOSFETSs, LER exhibits larger  Cgg than WFV due to its larger Ay
variations. (o is the standard deviation, and p is the mean value).

C. POWER-DELAY PRODUCT AND ENERGY-DELAY
PRODUCT

Power-delay product (PDP) is a measure of energy con-
sumed per switching event and is defined by the product of
power and gate delay. PDP is proportional to (Cgg - Vﬁd),
and therfore the PDP variability is determined by the Ci,
variations. Fig. 5(a), Fig. 5(b), and Fig. 5(c) show the
capacitance dispersions of NC-SOI MOSFETs considering
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FIGURE 6. (a) Power-delay product variations (¢PDP) and (b) energy-delay
product variations (¢ EDP) comparisons for SOl and NC-SOI MOSFETs
considering LER and WFV. For fair comparisons, NC-SOI and SOl MOSFETs
are analyzed at the same ploff. For both NC-SOI and SOl MOSFETs, LER
dominates o PDP and cEDP compared with WFV. Compared to PDP, EDP is
a more preferable metric which is used to balance power and
performance. NC-SOI MOSFETs exhibit smaller LER induced ¢EDP than SOI
MOSFETs due to its smaller gate delay variations. (o is the standard
deviation, and . is the mean value).

LER, WFV(), and WFV(I), respectively, compared with
SOI MOSFETs. Gate capacitance of NC-SOI MOSFET
(Cgg,Nc—sor) is defined as

1 1 \""_ |Crel-Cuos
—-— + =———=A,Cuyos
< Cre  Cuos > |Crel—Cumos '
where Cpos is the capacitance of baseline SOI

MOSFET. Fig. 5(d) compares the gate capacitance vari-
ations (0Cyq) at Vgg = 0.86V. NC-SOI MOSFETs show
larger 0 Cgy, than SOI counterparts due to A, variations at
Vad = 0.86V. For NC-SOI MOSFETs, LER induced o Cyg,
is larger than WFV(I) and WFV(I) induced o C,4, because
LER exhibits larger A, variations than WFV(I) and WFV(II).

Fig. 6(a) shows that PDP variations (6 PDP) and o Cy,
(Fig. 5(d)) exhibit similar trend because oC,, dominates
oPDP. Besides PDP variability, Fig. 6(b) shows the energy-
delay product variations (cEDP) for NC-SOI and SOI
MOSFETs. EDP is defined by the product of PDP and gate
delay, and EDP is a more preferable metric used to bal-
ance the power consumption and delay performance. As can
be seen, LER induced oEDP is larger than WFV induced
o EDP for both NC-SOI and SOI MOSFETs because LER
exhibits larger oPDP and gate delay variations (inset of
Fig. 6(b)) than WFV. Although NC-SOI MOSFETs show
larger LER induced o PDP than SOI counterparts, NC-SOI
MOSFETs show smaller LER induced o EDP than SOI
MOSFETs because gate delay variations dominate o EDP.
NC-SOI MOSFET exhibits smaller gate delay variations than
SOI MOSFET due to its larger effective drive current and
smaller gate delay [18].

IV. IMPACT OF FERROELECTRIC PROPERTIES VARIATION

In this section, the impact of ferroelectric properties varia-
tion on the LER and WFV induced variations for NC-SOI
MOSFETs are analyzed. Three cases are used to evaluate
the impact of ferroelectric properties variation include (1)
nominal case with Tpg = 4.5 nm, Ec = 1 MV/cm, and
Pg = 10 wC/em? [22], (2) case A with Tgg — 3%, Ec — 3%,
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FIGURE 7. Impact of ferroelectric properties variations on (a) Vt variations
(oVt) and (b) normalized Vt variations (o Vt/p.Vt) of NC-SOI MOSFETs.
Ferroelectric properties variations show negligible impact on WFV induced
aVit. However, LER induced oVt can be slightly suppressed in case B
compared to case A and nominal case. From case A to case B, oVt/uVt of
NC-SOI MOSFET slightly decreases for considering LER, WFV(1), and WFV(Il).

and Py + 3%, and (3) case B with Tgg + 3%, Ec + 3%,
and Py — 3%.

A. THRESHOLD VOLTAGE
Fig. 7 shows the impact of ferroelectric properties variation
on WFV and LER induced oVt for NC-SOI MOSFETs. As
can be seen, LER induced o Vt of NC-SOI MOSFETS can be
slightly suppressed in case B compared to case A and nom-
inal case. As Tgg increases, Ec increases, and Py decreases
(i.e., from case A to case B), (Vtnc—sor — Vtsor) and Ay of
NC-SOI MOSFET increases [19]. Fig. 8(a) and 8(b) show
that for considering LER, as ferroelectric properties change
from case A to case B, NC-SOI MOSFET with smaller
Vt and larger subthreshold swing (i.e., worse short channel
effect) shows larger increases in (Vtnc—sor — Vtsor) and
Ay than the NC-SOI MOSFET with larger Vt and smaller
subthreshold swing. In other words, NC-SOI MOSFET with
worse short channel effect (i.e., shorter Lg, lower Vt, and
higher SS) exhibits larger Vt shift as ferroelectric proper-
ties change from case A to case B; while NC-SOI MOSFET
with better short channel effect (i.e., longer Lg, larger Vt, and
lower SS) exhibits smaller Vt shift as ferroelectric properties
change from case A to case B. Therefore, NC-SOI MOSFETs
with case B show smaller Vt dispersion and smaller o Vt.
Fig. 8(c) shows that for considering WFV, as ferroelec-
tric properties change from case A to case B, NC-SOI
MOSFETs with different work function (i.e., Vt) show the
same increases in (Vtnc—sor — Vtsor) and Ay. In other
words, as ferroelectric properties change from case A to
case B, NC-SOI MOSFETs with different work function
exhibit the same amount of Vt shift. Therefore, WFV induced
o'Vt keeps the same for NC-SOI MOSFETs as ferroelec-
tric properties change from case A to case B as shown
in Fig. 7.

B. SUBTHRESHOLD SWING

As ferroelectric properties change from case A to case B
(i.e., Trg and Ec increasing, and Py decreasing), NC-SOI
MOSFETs show increase in Ay. According to eq. (5), SS
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FIGURE 8. (a) Impact of ferroelectric properties variation on

(Vtnc—sor — Vtsor) and Vit dispersion for NC-SOI MOSFETs considering LER.
(b) Impact of ferroelectric properties variation on Ay versus SS
characteristics for NC-SOI MOSFETs considering LER. (c) Impact of
ferroelectric properties variations on (Vtyc_so; — Vtsgp) versus Vit for
NC-SOI MOSFETs considering WFV(I) and WFV(II). Fig. 8(a) and 8(c) show
that pVt increases from case A to case B.

of NC-SOI (SSyc—sor) reduces as Ay increases. Therefore,
the mean of SS (uSS) of NC-SOI MOSFET decreases from
case A to case B as shown in Fig. 9(a). NC-SOI MOSFETs
considering LER show worse short channel effect and larger
WSS than NC-SOI MOSFETs considering WFV. The inset
of Fig. 9(a) and Fig. 8(b) show that for NC-SOI MOSFETs
considering LER, subthreshold swing variation (o'SS) can
be slightly improved from case A to case B. Fig. 9(a) inset
shows that NC-SOI MOSFETs considering WFV show
negligible 0SS (< 0.5 mV/dec).
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FIGURE 9. (a) Impact of ferroelectric properties variation on the mean of
SS (1.SS) for NC-SOI MOSFETs. The inset shows the impact of ferroelectric
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of ferroelectric properties variation on the normalized subthreshold swing
variations (o0 SS/.SS) of NC-SOl MOSFET. For considering LER, ¢SS and
oSS/uSS can be slightly improved as the ferroelectric parameters changes
from case A to case B. For considering WFV(I) and WFV(II), oSS

(< 0.5mV/dec) and 0SS/uSS (< 0.5%) are quite small, and therefore
ferroelectric properties variation shows negligible impact on WFV induced
oSS and 5SS/p.SS.
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FIGURE 10. Impact of ferroelectric properties variation on (a) mean of lon
(wlon) and (b) lon variation (olon) of NC-SOI MOSFETs. As Tgg increases,
Ec increases, and Py decreases (i.e., from case A to case B), nlon increases.
Normalized lon variations (clon/plon) is shown in the inset of Fig. 10(a).
From case A to case B, WFV(l) and WFV(Il) induced slon and olon/plon
increases slightly; while LER induced slon/plon decreases slightly for
NC-SOI MOSFETs.

C. ON AND OFF CURRENTS

Fig. 10(a) shows that plon of NC-SOI MOSFET increases
as ferroelectric properties change from case A to case B,
although nVt of NC-SOI MOSFET increases from case A to
case B as shown in Fig. 8(a) and 8(c). This is because as Trg
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FIGURE 11. Impact of ferroelectric properties variation on (a) mean of loff
(nloff) and (b) loff variation (s loff) of NC-SOI MOSFETs. The inset of

Fig. 11(a) shows normalized loff variations (o loff/.loff). For NC-SOI
MOSFETs considering WFV(1l), as Tgg increases, E¢ increases, and Py
decreases (from case A to case B), wloff of NC-SOI MOSFETs decreases
while WFV(Il) induced o loff/p1off slightly increases.

increases, Ec increases, and Py decreases (from case A to
case B), Ay increases (Fig. 8(b)) thus enhancing transcon-
ductance and Ion of NC-SOI MOSFET. olon of NC-SOI
MOSFETs slightly increases from case A to case B due to
its increased pLlon. Besides, NC-SOI MOSFETs consider-
ing WFV(I) exhibit larger olon than considering LER and
WEFV() due to its higher oVt as shown in Fig. 10(b).

The off state leakage current of MOSEFT is related
to Vt and SS (e, Iy oo 107V/55). Fig. 11(a) shows
that ploff of NC-SOI MOSFET decreases as ferroelec-
tric properties change from case A to case B due to its
enhanced Ay and decreased nSS. NC-SOI MOSFETSs con-
sidering WFV(II) exhibit higher o loff than LER and WFV(I)
because of its higher o' Vt, and NC-SOI MOSFETs consid-
ering LER show higher oloff than WFV(I) due to its higher
0SS. Fig. 12 shows that compared to SOl MOSFETs, NC-
SOI MOSFETs considering LER, WFV(I), and WFV(II)
show larger Ion variation (olon = 0.162 mA/pum,
0.185 mA/pm, and 0.328 mA/pwm) and smaller Ioff vari-
ation (oloff = 3.13e-10 mA/pwm, 1.67e-10 mA/pwm, 7.68e-
10 mA/pm), because NC-SOI MOSFETs show larger plon
and smaller ploff than SOI MOSFETs as shown in Fig. 12.
For NC-SOI MOSFETs, WFV(I) with highest oVt dom-
inates the Ioff and Ion variations, and shows largest
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FIGURE 12. loff versus lon characteristics of SOl and NC-SOl MOSFETs
considering LER and WFV. LER dominates the lon and loff variations of SOI
MOSFETs, while WFV(Il) dominates the lon and loff variations of NC-SOI
MOSFETs.

oloff/wloff and olon/plon than LER and WFV(I). For SOI
MOSFETSs, LER dominates the Ion and Ioff variations com-
pared to WFV. NC-SOI MOSFETs with WFV(II) still exhibit
smaller oloff/ploff than SOI MOSFETs with LER.

V. CONCLUSION

We analyze the threshold voltage, subthreshold swing, Ion,
and Ioff variations for NC-SOI MOSFETs considering
LER, two scenarios of WFV, and ferroelectric properties
variation. For NC-SOI MOSFETs, due to Vpg varia-
tion, WFV with scenario (II) dominates oVt, olon, and
oloff compared to LER and WFV(I). Besides, NC-SOI
MOSFETs exhibit smaller LER induced oVt and compa-
rable/larger WFV(I)/WFV(II) induced oVt than SOI coun-
terparts. Although NC-SOI MOSFETSs show larger WFV(I)
induced oVt than SOI MOSFETs, NC-SOI MOSFETSs with
WFV(I) exhibit smaller oloff and oloff/ploff than SOI
MOSFETs with LER. NC-SOI MOSFETs without internal
metal gate design may suppress the WFV induced variability.
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