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ABSTRACT The stress induced by the capping electrode is critical to stabilizing the ferroelectric phase in
Si-doped HfO2 which is being actively explored for embedded non-volatile memory applications. While
TiN is commonly used as the electrode of choice owing to its thermodynamic stability with HfO2, its
work function (WF) (=4.8eV) results in reduced memory window (MW), and higher interlayer field
(EIL) in bulk Ferroelectric FETs (FeFETs). This is attributed to the built-in electric-field that arises from
the WF difference between the metal and the semiconductor. This effectively reduces the ferroelectric
hysteresis, and thus, the MW at the read current. Optimizing the MW and the EIL would entail changing
the WF, and thus, the capping electrode—essential to retaining the desired ferroelectric properties. We,
therefore, propose using the silicon on insulator (SOI)-FeFET architecture which provides an additional
knob—back-gate bias (Vbg)—to optimize the MW while reducing the EIL. Further, we show that unlike
the bulk FeFET, where a small deviation from the optimal WF dramatically shrinks the MW, the SOI-
FeFET facilitates a relatively constant MW over a wide range of Vbg. Thus, the SOI-FeFET simplifies
the MW & EIL optimization and provides an improved MW versus EIL trade-off in comparison to the
bulk FeFET.

INDEX TERMS Ferroelectric FET (FeFET), interlayer field (EIL), memory window (MW), silicon on
insulator (SOI), non-volatile memory (NVM).

I. INTRODUCTION
With the recent discovery of ferroelectricity in doped
hafnium oxide (f -HfO2), there is a renewed interest in
evaluating the 1T-FeFET architecture [1], [2] for embed-
ded non-volatile memory (NVM) applications. This is
because unlike classical perovskite based ferroelectrics
(example PZT, BaTiO3), f -HfO2 is not only scalable (to
tFE < 10nm) but also CMOS compatible. The stabi-
lization of the ferroelectric orthorhombic (o) phase in
f -HfO2 usually requires the incorporation of dopants
such as silicon (considered here) as well as mechanical
confinement [3], [4]. The mechanical confinement in f -HfO2
is achieved using a capping electrode which restrains the
shearing of the HfO2 unit cell during nucleation in the
tetragonal phase, and thus, suppresses transformation to
the monoclinic phase [5]. TiN is usually the metal of
choice for achieving this mechanical confinement since it
not only provides the required tensile stress [10], but is

also thermally stable and has high oxidation and wear
resistance [11].
However, with a work function (WF) of 4.8eV [12], using

TiN as the gate metal for the FeFET creates a built-in
field, which shifts the traversed charge (QFE) vs. volt-
age (VFE) characteristics of the ferroelectric to negative
polarization values [13], [14]. This results in reduced fer-
roelectric hysteresis at the read current (charge), and thus,
a smaller memory window (MW). Moreover, this asymmetry
also entails a dramatic increase in the maximum interlayer
field (EILmax) at negative polarization values (illustrated in
the following sections). Therefore, the asymmetry not only
degrades the read distinguishability in the array and limits
array size (due to a lower MW) [15] but is also likely to com-
promise the reliability & the endurance (due to higher EIL).
Optimizing these parameters, i.e., enhancing the MW while
keeping the EIL at minimum, entails a reduction in the built-
in field, which can be achieved in the bulk FeFET (Fig. 1(a))
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FIGURE 1. Schematic of (a) Bulk; (b) SOI FeFET; (c) Modeling framework
used for the simulations; (d) Experimental & modeled QFE-VFE
characteristics. The simulated QFE-VFE characteristics show excellent
match with the experimental data reported by S. Mueller et al. [18].

TABLE 1. Device parameters used in simulation of bulk and SOI FeFET.

by using a different metal with a lower WF. However, replac-
ing TiN while retaining the ferroelectric property in f -HfO2
can be challenging [16], [17].
Therefore, in this work, we investigate the SOI architecture

for implementing the FeFET (Fig. 1(b)), wherein the back-
gate bias (Vbg) provides an additional knob to target the
optimal MW while reducing the EIL, without requiring an
electrode replacement. Further, we evaluate the advantages
of the SOI FeFET in terms of the MW vs. EIL trade-off
compared to the bulk case.

II. SIMULATION FRAMEWORK
We use the Preisach’s theory [6] to model the charge
(QFE) vs. voltage (VFE) characteristics of the ferroelectric.

Fig. 1(d) shows the simulated QFE-VFE characteristics
calibrated to the experimental measurements shown by
S. Mueller et al. [18]. It can be observed that our model
(Fig. 1(c)) is not only able to emulate the minor QFE-
VFE loops but also captures the history dependent switching
behavior of the ferroelectric. While remnant polarization (Pr)
values as high as 24μC/cm2 have been demonstrated in
doped f -HfO2 [19], we choose f -HfO2 with a relatively low
Pr of 9μC/cm2(Ps = 9.5μC/cm2) [18]. This is because even
though higher Pr provides a larger MW [20], it comes at
the cost of dramatically higher interlayer field (EIL) which
is well beyond the typical breakdown field of the interlayer.
Further, we consider SiON as the interlayer of choice [21],
since it exhibits a higher dielectric constant (= 7.5ε0) [22]
in comparison to SiO2 which further reduces EIL.

To evaluate the FeFET electrostatics, we model the gate
stack as a series combination of a MFM (metal-ferroelectric-
metal) capacitor and the baseline transistor, for both the
SOI and the bulk architectures. A substrate doping of
5.5 × 1018 cm−3 [23] is considered for the bulk as well
as the SOI FeFET. The bulk FeFET requires higher doping
in order to constrain the short channel effects, and main-
tain low OFF state leakage which is essential for ensuring
proper array operation [15]. While conventional SOI transis-
tors (which have a floating body) usually use lower channel
doping, a higher substrate doping is required in case of the
SOI FeFET to ensure sufficient GIDL current during the
program operation (i.e., to write the high VT state) in order
to supply hole carriers to the channel [24], [25].
In contrast to the stand-alone MFM capacitors, the addi-

tional capacitive contributions in the FeFET arising from
the interlayer capacitance (CIL) and semiconductor capaci-
tance (Cs) take up a significant portion of the applied gate
voltage (VGS) which consequently reduces the net voltage
drop across the ferroelectric layer (VFE). The reduced VFE
along with the condition for charge conservation in the gate
stack results in the ferroelectric operating on a minor loop
trajectory with reduced charge and hysteresis in comparison
to the saturation loop. The flow chart and the equations to
compute the minor loop trajectory for the ferroelectric in
the FeFET for both the bulk and the SOI architectures is
shown in Fig. 1(c). The parameters used in the simulation
are specified in Table I.

III. RESULTS AND DISCUSSIONS
Fig. 2(a-b) shows the evolution of the semiconductor poten-
tial (ψs) and the interlayer field (EIL) as a function of the
write voltage, Vwrite, (applied to the gate) in case of the
bulk FeFET; a positive write voltage (Vwrite = Verase) is
used to program the device to the low VT state while a neg-
ative write voltage (Vwrite = Vprog) is used to program the
FeFET to the high VT state; |Vprog| = |Verase|, unless speci-
fied otherwise. The resulting QFE-VFE characteristics of the
ferroelectric are shown in Fig. 2(c). Here, we consider two
cases: bulk FeFET with TiN as gate electrode (�WF = 0V),
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FIGURE 2. Comparison of (a) semiconductor potential (�s) (b) Interlayer
Field (EIL), and (c) QFE-VFE characteristics of bulk FeFET with TiN
(�WF = 0V), and �WF = 0.35V, respectively, at Vwrite = ±2.3V. Similar plots
are generated in (d), (e), (f) for the SOI FeFET with Vbg = 0V and
Vbg = 5.8V, respectively, for Vwrite = ±2.3V; the maximum EIL (EILmax)
occurs when the FeFET is in accumulation. Variation of the MW and the
EILmax as a function of (g) WF & (h) Vbg for bulk & SOI FeFET, respectively.

and �WF = 0.35V, which is required to obtain an opti-
mized MW and EIL; the latter case would require replacing
TiN with a lower WF metal. Similar characteristics are also
evaluated for the SOI FeFET architecture for Vbg = 0V (un-
optimized MW and EIL), and Vbg = 5.8V (optimized MW
and EIL) as shown in Fig. 2(d-f).
In case of the bulk FeFET with TiN electrode, we

observe a MW of 0.98V (evaluated at a charge density
of 0.02μC/cm2 to enable MW measurement at a constant
current of 1μA) which is less than the maximum width
(=1.13V) of the hysteresis loop (minor) traversed by the fer-
roelectric. Additionally, this relative asymmetry in the QFE
vs. VFE characteristics also increases the EIL (=13.2MV/cm)
during the program operation when the FeFET channel is in
accumulation (Fig. 2(b)).
In the bulk FeFET, recovering the reduced MW neces-

sitates a reduction in the WF by 0.35eV in comparison

FIGURE 3. Evolution of (a) MW (b) maximum Interlayer field (EILmax) as
a function of write voltage (Vwrite) for both bulk and SOI FeFET. The SOI
architecture with back gate bias of 5.8V shows significantly lower (30%)
EILmax and slightly improved MW (7% improvement) in comparison to
bulk FeFET (TiN, �WF = 0V) at Vwrite = ±2.3V.

to TiN, as shown in Fig. 2 (a-c). Subsequently, this also
minimizes the interlayer field and makes the EIL vs. Vwrite
curve symmetric during the erase (semiconductor channel in
inversion) & the program (semiconductor channel in accumu-
lation) operation. Achieving this symmetry would typically
entail replacing TiN with a lower WF metal which can be
a challenge for maintaining the desired ferroelectric proper-
ties. Substituting TiN with other metals usually offsets the
ferroelectric properties (Pr, coercive field, Ec) [16] as well as
affects the symmetry of the QFE-VFE characteristics, which
is unfavorable for the FeFET’s application as NVM. TiN also
facilitates lower leakage in comparison to other metal elec-
trodes owing to the relatively high Schottky barrier at the
TiN/o-HfO2 interface [17]. Therefore, optimization of the
bulk FeFET by replacing TiN with a lower work-function
metal may be practically challenging.
In contrast, the SOI architecture for the FeFET provides

an additional knob - the back-gate bias (Vbg) - which can
help tune the built-in field to achieve maximum ferroelectric
hysteresis resulting in enhanced MW as well as lower EIL.
This is confirmed in Fig. 2 (d-f), where it can be observed
that using an appropriate Vbg = 5.8V enhances the MW to
1.05V (MW for Vbg = 0V is 0.94V) while reducing the
EILmax to 9.3MV/cm (EILmax for Vbg = 0V is 13.3MV/cm)
at Vwrite = ±2.3V. The back-gate bias is applied only during
the program/erase operation, and hence does not contribute
to static power consumption.
The back-gate bias ensures that the ferroelectric hystere-

sis loop is symmetric, and hence, the effective hysteresis
width (and MW) observed at read bias (conditions specified
above) is higher than the case with Vbg = 0V (Fig. 2(f))
even though the maximum hysteresis width for Vbg = 0V
(centered at −1.85μC/cm2) is higher than the maximum
hysteresis for Vbg = 5.8V. We also note that the back-
gate bias (Vbg = 5.8V) results in EIL = 9.3MV/cm for
both the program and the erase operation. This magnitude
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is higher in comparison to the EIL observed during the
erase operation (=6.2MV/cm), but significantly lower when
compared to the EIL observed during the program opera-
tion (=13.3MV/cm) when Vbg = 0V (Fig. 2(e)). Therefore,
applying the back-gate bias reduces the maximum field
experienced by the device, which is likely to improve the
endurance.
The symmetric QFE vs. VFE characteristics (Fig. 2(f)),

facilitated by the back-gate bias (Vbg = 5.8V), also
reduces the maximum depolarization field (Edep ∝ Pr [26])
(=0.17MV/cm at Vwrite = ±2.3V) in comparison to the max-
imum Edep(=0.31MV/cm at Vprog = −2.3V) for Vbg = 0V.
The lower Edep is likely to improve the retention of the
device [18].
Further, we evaluate the MW and the EILmax as a function

of the shift in the gate metal work function (�WF), and the
back-gate bias (Vbg) for the bulk and the SOI FeFET, respec-
tively, as shown in Fig. 2(g) and Fig. 2(h). It can be observed
that for the bulk FeFET, there is a dramatic roll off in the MW
along with a significant increase in the interlayer field as we
move away from the optimal WF point. This would imply
a considerable degradation in the FeFET performance for
a small deviation from the target work function of the metal.
In contrast, the MW remains relatively constant for the SOI
FeFET over a wide range of Vbg while minimizing the EIL.
This can be attributed to the reduced sensitivity of the thresh-
old voltage (and therefore, MW) to the back-gate bias [27].
In the device configuration simulated here, this corresponds
to an optimal back-gate bias (=5.8V) where EILmax is at its
lowest value (=9.3MV/cm) while enabling a maximum MW
(=1.05V). The relatively constant MW is likely to simplify
the FeFET design. Moreover, the magnitude of Vbg can be
scaled down to ∼4V by reducing the buried oxide thickness
to ∼5nm [28].
In addition, we consider the evolution of the MW and the

EILmax as a function of the write voltage (Vwrite), as shown in
Fig. 3(a-b). It can be observed that in comparison to the base-
line bulk FeFET (with TiN), the SOI FeFET with appropriate
Vbg (=5.8V) consistently exhibits lower EILmax and higher
MW; at Vwrite = ±2.3V, a 30% reduction in the EILmax along
with a slight enhancement (7%) in the MW is achieved (com-
pared to the bulk FeFET with TiN gate metal). Furthermore,
we also assessed the possibility of using asymmetric pro-
graming conditions, i.e., Vprog < Verase instead of back-gate
bias to improve the MW vs. EILmax trade-off. However, since
the hysteresis width and MW are strong functions of the write
voltage (Fig. 3), there is a steep reduction in the MW as Vprog
is reduced. The back-gate bias still offers a better MW vs. EIL
trade-off in comparison to the asymmetric program voltage
scheme.
Thus, the SOI architecture provides a better MW vs.

EIL trade-off enabling a MW of ∼1V for write voltages
as low as ±2.3V with EIL below the typical breakdown
field of the interlayer. This provides a pathway to realizing
a FeFET-based NVM technology with sub-1fJ/bit program
energies.

IV. CONCLUSION
In summary, we show that the SOI architecture can be lever-
aged to overcome the design constraints of the bulk FeFET
imposed by the work function of the TiN gate electrode.
Besides eliminating the need for WF tuning, the SOI FeFET
with appropriate Vbg enables lower EIL and slightly higher
MW making the SOI FeFET a promising architecture for
ferroelectric NVM technology.
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